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Mr. John Hildyard, Bookfeller in York.

* James Graham, Efq; Senior, Advo-
cate.

# Mr, David Graham, Advocate,

* John Graham, Efg;

Mr. William Granger, Writing Mafter
in Edinburgh.

* Alexander Grant
Efqs

* Sir Archibald Grant of Monymulk,
Bart.

# Mr. John Grant, junr. of Elchies, Ad-
vodate,

* Mr. John Grant, Writer in Edinburgh,

* Mr. John Srant, Writer in Melrofe.

M. George Grant, Baillie of Melrefe,

Rev. Mr. Andrew Gray, Minifter at Ealt
Kilpatrick. :

* Mr. And. Gray, Merchant in Glafgow.

# James Gray, Efq; of Iren Mill.

3

*

of Ballendalloch,

James Gregory, M, D. Profeffor of Me-
ditine in King’s College, Aberdeen.
John Gregory, M. D). Profeffor of Phi-

lofophy in King’s College, Aherdeen.
(aptain John Greenfield in Dalkeith.
The Rev. Mr. Godwyn, Fellow of Ba-
liol College, Oxon.
Mr. Green of Corpus Chrifti College,
Oxon.

® James Gie, Efg; of Bifhop Burton,
H.
* The Right Hon, the Earl of Har-

rington.

* —- the Earl of Haddinton.

* ——— the Earl of Harborough.

% —=— the Earl of Hertford,

* the Earl of Hoptoun, 2
Books.

* the Earl of Home.

* the Lord Vilcount Hillfho-
rough,

* The Right Rev. the Lord Bithop of
Hereford.

¥ The Hon. Sir William Harbord, Knight
of the Bath.

The Rev. Mr. Hall, Fellow of C. C.
College,-Oxon.

* Richard Haffel, Efq; F. R, S.

Abraham H4all, M. D,

* John Hamilton, Efg; F. R. S:

* William Hay, Efq;

* The Rev. Hopton Haynes, A. M.

Nicolas Harris, Efg; -

* — Hall, Efg;

* The Rev. Dr. Hayter, Archdeacon of
York.

Newbury Hamilton, Efg;

* David Hartley, M. D.

The Hon. Mifs Rachel Hamilton.

Robert Hamilton, Efg;

Benjamin Hayes, Efq;

The Hon. Charles Hamilton, Efgs

Henry Harnage, Efq;

Mr. John Hanbury.

Harrington, M. D. at Bath.

Jofeph

*

* Rk # ¥ Kk %
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Jofeph Harvey, M. D. of Stourbridge.

* Cefar Hawkins, Efq;

* George Hadow, M. D.

* Mungo Haldane of Gleneagies, Efg;

* Patrick Haldane, Efq; Advocate, his
Majefty’s Sollicitor.

* William Hall, Efq; one of the princi-
pal Clerks of Seffion.

Mr. John Hall near Glafgow.

* Alexander Hamilton of Innerwick,
Efg;

* Alexander Hamilton of Pencaitland,
Efqg; '

* Archibald Hamilton of Dalziel, Efg;
Advocate.

The Rev. John Hamilton, Minifter at
Bowton.

John Hamilton, A. M.

Mr. Andrew Halyburton, Writer in
Edinburgh.

Mr. Thomas Haworth, Surgeon at Black-
burn in Lancafhire.

Mr. Cherry Hart, Student at Edinburgh,

Hugh Hawthorn of Wigg, Efq;

* Alexander Hay of Drumelzier, Efq;

* John Hay of Lawfield, Efq;

* The Right Hon. Lady Margaret Her-
bert.

% The Hon. Robert Herbert, Efqg;

* o Mrs, Herbert.

The Rev. Mr. Hemington of Chrift
Church, Oxon.

Mr. William Herring, Pre-
bendary of York.

Mr. John Hewthwaite of St. John’s Col-
lege, Cambridge.

William Henderfon, M. D. at Stirling,

* Robert Hepburn, Efq; Advocate.

The Rev. William Hepburn, Minifter at
Inverkeillor,

e Mr. Hill Chaplain to the Lord
Archbithop of Canterbury.

* John Hill, Efq; 2 Books.

* Mr. Howel, Surgeon.

# John Holland, M. D. of Chefterfield.

* The Hon. Charles Hope Weir, Efq;
2 Books.

*

Francis Hodgfon, Efqg; of Pickering.

* Robert Hoblyn, Efq;

* Beaumont Hotham, Efq; 4 Books,

* William Hollier, Efq;

* Peter Holford, Efqg;

Chandos Hofkyns, Efq;

* Benjamin Hoadly, M. D.

* Alexander Home, Efg; Advocate, his
Majefty’s Sollicitor.

Henry Home, Efq; Advocate.

* Patrick Home of Billie, Efq;

* The Hon. Alexander Hume Camp-
bell, Efq; 3 Books.

* Sir Edward Hulfe, Bart.

* The Rev. Edward Hudfon, D. D,

* Alexander Hume, Efq;

Mr. Robert Hunter, Profeflor of Greek
in the Univerfity of Edinburgh.

Francis Hutchefon, Efg; Student at Glaf-
gow.

The Rev. Mr. Harrifon, Fellow of Tri-
nity College, and Hebrew Profeffor,
Cambridge.

* Mr. Jofeph Harris.

The Rev. Mr. Heaton, Fellow of Cor-
pus Chrifti College, Cambridge.

— Mr. Holcombe, Re&or of Pul-
chrahan.

* Roger Hope Elletfon, Efq; of Trinity
College, Cambridge.

Mr. Hebden,

Mr. Hill,

Mr. Howkins,

Mr. Holmes,

Mr. Holdfworth,

Mr. Favel Hopkins,

Mr. Hudfon, J s

Mr, George Hugget of Sydney College
Cambridge,

)

we) '105 uy fo

I

* The Right Hon. John Idel, Efq; Lord
Chief Baron of the Exchequer in Scot-
land.

(4 * Theo-
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* Theodore Jacobfen, Efq;

* Mr. John James.

John Jacobs, M. D. N

% Adam Inglis, jun. of Cramond, Efqs
Advocate.

Alexander Inglis of Murdifton, Efg;

Mr. John Inglis, Secretary to the Poft-
Office at Edinburgh

* William Jones, Efg;

* M. de Joncourt, Profeffor at Beis-le-
duc.

John Jolliffe, Efq;

The Rev. Mr. Jones, Rector of Metton.

James Johnfton, Efq,

* John Johnfton, M. D. Profeffor of
Medicine in the Univerfity of Glai-

ow.

Thge Rev. Mr. George Johnfton, Minif-
ter at Monekie. .

* John Johnfton, A. M.

M. Cuthbert Johnfon, Student at Edinb.,

Mr. Lewis Johnfton, Student at Edinb.

* Ambrofe Ifted, Efq;

* James Jurin, M. D. F.R. S,

* Jefus College Library Cambridge.

The Rev. Mr. John Jardine, Minifter at
Libertoun.

K.

* The Right Rev, the Lord Bifhop of
Kildare.

# The Hon. Thomas Kennedy, Efg;
one of the Barons of the Exchequer
in Scotland.

The Rev. Mr. Keene,

* . Kecke, Efq;

* James Struthers Ker of Littledean,
Efg; :

* James Ker, Efq;

* William Kilpatrick, Efq; one of the
Principal Clerks of Seffion,

The Rev. Mr. Kinrofs,

* Ralph Knight, Efq;

3

The Rev. Mr. Knight, Fellow of Tri-
nity Col. Cambridge.

Mr. Killinghall, Fellow Commoner of
Magdalen College, Cambridge.

L.

%

The Moft Hon. the Marquis of Lo-
thian,
The Right Hon. the Farl of Lauder-

dale.

*

the Earl of Leven.

the Earl of Lincoln.

the Earl of Londonderry.

Lord Lonfdale.

The Right Rev. the Lord Bifhop of

Landaff,

Nathaniel Lardner, D, D.

* The Rev. Dr. John Lawfon, Senr.
Fellow of Trinity College, Dublin.

Mr. Langwith, Curate of Thorn-

* ¥ %k ¥ ¥

ton.

=———— Mr. Larenby of Scarborough.

* Lamont, M. D.

* William Law of Elvingfton, Efq; Ad-
vocate.

Gilbert Lang, A, M. Student at Glaf-

gow.

Archibald Lawfon, A. M.

* James Leatherland, M. D.

* James Lever, Efq; F. R.S.

* The Rev. Dr. Legh, Vicar of Hallf-
fax, 4 Books.

* Edward Leeds, Efq; King’s Serjeant
at Law.

* John Learmont, M. D. at Edinburgh.

Mr.. Leigh, Gent. Commoner of C, C,
Col. Oxon.

The Rev. Mr. William Leechman, Pro-
feflor of Divinity in the Univerfity of
Glafgow.

John Leith Forbes, of Whitehaugh, Efq;

* Thomas Lidderdale of Lynn Regis
M. D.

Patrick



A LIST of the SUBSCRIBERS.

Patrick Lindfay, Efq; Deputy Secretary
of War.

* James Livingftone, Efg; Advocate.

George Lloyd, Efg; F. R. S.

* William Locke, Efq;

* John Lockhart of Lee, Efq;

* George Lockhart of Carnwath, Efq.

* John Lockhart of Caftlehill, Efq;

George Logan, A. M.

The Rev. Mr. James Lorimer, Minifter
at Mow{wald.

Mr. John Love, Re&or of the Grammar
School at Dalkeith,

* Robert Lowis, M. D. at Edinburgh.

* Mon{. Lulofs, Profeffor at Leyden.

* The Rev. Mr. Ludlam, Fellow of St.
John’s College Cambridge.

* Sir Berkly Lucy, Bart.

Mr. Rober Luke, Goldfmith in Glaf-
gow.,

The Rev. James Lumfden, Minifter at
Towil.

* The Hon. George Lyttleton, Efq;

* The Rev. Dr. Lambe, Dean of Peter-
borough.

Daniel Locke, Efq;

Mr. Lort of Trinity College, Cambridge.

Mr? Thomas Ludlam of St. John’s Col-
lege, Cambridge.

M.

His Grace the Duke of Marlborough.
the Duke of Montagu.

the Duke of Montrofe.

Her Grace the Dutchefs of Montagu,

The Right Hon. the Ear] of Macclef-
field, 2 Books. \

the Ear] of Marchmont,

ok ok # X

* the Earl of Moray.

* the Earl of Morton, 10
Books.

* the Countefs of Morton.

* the Lord Viicount Middle-
ton,

¥ ————— the Lady Vifcountefs Middle-
ton,

¥ eme— the Lord Vifcount Molef-
worth.

* Nicolas Mann, Efq; F.R.S.

William Maghie, M. D.

* Mrs. Martin,

* The Hon. Mrs. Matham.

Mrs. Mafon.

George Maconchy, M. D.

Robert Mackey, Efg;

David Mallet, Efg;

Francis Mackmahone, Efg;

The Hon. John Maule, Efq;

Mr. Manwaring.

* Alexander Macfarlane of Jamaica,
Efg; F. R. S.

Mr. Andrew Millar,
Books.

* John Mackye, Efg;

* Norman Macleod, Efq;

John Macaul, A. M.

Mr. Alexander Machonochie of Meadow-
bank.

The Rev. Mr. William Maculloch, Mi-
nifter of Cambuflang,

Mr. John Macoul, Attorney at Glaf-
gow,

* Colonel Mackdowal of Caftlefemple.

* Andrew Mackdowal, Efgq; Advocate.

% FEbenezer Mackfait, M. D. at Edin-
burgh. .

* Mr. John Mackfarlane, Writer to the
Signet.

% William Macfarlane, M. D. at Edin-
burgh.

* Kenneth Mackenzie, Elg; Profeffor of
Civil Law in the Univerfity of Edin-
burgh, 2 Books.

* Mr. Charles Macky, Profeffor of Hif-
{tory in the Univerfity of Edinburgh.

* The Rev. Mr. John Maclaurin, Minif-
ter at Glalgow,

% John Maclea, A. M. ‘

* Mr. Alexander Macmillan, Deputy
Keeper of the Signet.

b2 The

* ¥ % k % %

Bookfeller, 20



ALIST of the SUBSCRIBERS.

The Rev. Daniel Macqueen, Minifter at
Stirling.

* Charles Maitland, Efg; of Pitrichie,
2 Books,

* Manwaring, M. D,

Mr. George Mark, Teacher of Mathe-
maticks at Dundee,

* Arthur Martin, A, M.

* Sir John Maxwell of Pellock, Bart.

* James Maxwell, M. D. Phyfician to
the Army.

James Maxwell of Carnfalloch, Efq;

* Lieutenant Maxwell.

* The Rev. Mr. William Maxwell, Mi-

nifter at Rutherglen.

Richard Mead, M. D. F.R. S.

Mifs Medley.

* Mifs Catharine Medley.

* Rev. Mr, Menzies.

* Sir Robert Menzies of Weem, Bart.

* The Rev. Mr, Robert Menzies, Mi-
nifter at Comrie,

Robert Mercer of Kirkland, M. D.

Francis Milbank, Efq;

"Thomas Milner, M. D.

* The Rev. Mr. Milner of Aéton,

David Mitchell, Efg; 2 Books.

Andrew Mitchell, Efq; 5 Books.

David Middleton, Efq;

John Mitchell, M. D.

Mr. Andrew Mitchell, Apothecary,

The Rev, Dr, Nihel, F. R, S.

* Sir Andrew Mitchell, Bart.

Mr. Thomas Millar, Advocate.

* James Millikin of Millikin, Efg;

* Richard Milne, Student at Edinburgh.

The Rev. Mr. Morris.

Jofeph Moyle, Efq;

Cromwell Mortimer M. D. Sec. R. S.

The Rev. Mr. Thomas Mole.

James Monro, M. D.

* Rev. Mr. Mortlock, Fellow of Tri-
nity College Cambridge,

* George Montagu, Efg;

* James Moyfer of Beverley, Efg;

2
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* The Hon, Baron Mounteney in Ires
land.

* William Morehead, Efq;

Roger Morris, Efq;

* Edward Montagu, Efg; 2 Books.

The Rev. Mr. Morris of Hertford Col-
lege Oxon.

* Sir Henry Monro, Bart.

Mr. Gael Morris.

* Mr. Alexander Monro, Profeflor of

Anatomy in the Univerfity of Edinb.

* Mr. John Monro, Student at Edinb. -

* Mr. Donald Monro, Student at Edinb.

Mr. Robert Montgomery, Merchant m
Edinburgh,

The Rev. Mr. David Moubray, Minifter
at Currie.

Mr. John Moult, Student at Edinburgh,

* Mr. John Moultrie, Student at Edinb.

* Mr. John Van Muifchenbroek.
‘The Hon. Alexander Murray, Efg;

the Lady Murray.

* William Murray, Efq; his Ma-
jefty’s Sollicitor.

Peter Murdoch, Efg; at Glafgow.

* Mr, James Muir, Profeflor of Greek
in the Univerfity of Glafgow.

The Rev. Mr. James Murifon, Principal
of St. Leonard’s College, St. Andrews,

* Mr. Archibald Murray, Advocate, one
of the Commiffaries of Edinburgh,

Mr. James Murray in Langtoun.

* John Murray, Efq; one of the principal
Clerks of the Seffion,

* James Mytton, Elq;

The Rev. Sir William Moncrief, Bart.
Minifter at Blackford.

‘The Rev. Mr. John Mathefon, Minifter
at Edinburgh,

The Rev. Mr. Maiters, Fellow of Cor-
pus Chrifti College, Cambridge.

~——— Mr. Marfhall of Chrift’s College
Cambridge.

Mer. Mafterman of Trinity College Cam-

bridge,
Mr,
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Mr. Robert Mackay of London.

* Mr. Walter Maitland.

* Dr. Morifon, Fellow of Trinity Hall
Cambridge. '

* Humphry Monoux, Efq; of Sandys in
Bedfordfhire.

The Rev. Mr. Lewis Monoux,

* Hutchinfon Mure, E{q;

— Milward, M. D.

N.

# The Right Hon, the Countefs of Nor-

thampton.
the Lord Newport, Lord

Chancellor of Ireland.

* The Right Rev. the Lord Bifhop of
Norwich.

Mr. James Napier, Merchant in Edin-
burgh.

Mr. James Naifmith, Writer in Edin-
burgh. ’

Mr. Ephraim Neilfon, Merchant in Ber-
wick.

% Arnold Nefbitt, Efq;

The Rev. Dr. Newcome, Dean of Ro-
chefter, 3 Books.

* Richard Newcome, D. D:

Mr. Henry Newcome.

% Peter Newcome, A. M. F.R.S.

The Rev. Mr. Newton, of Trinity Col-
lege, Cambridge.

Mr. Newton, Fellow of Sidney
College.

Mr. Nightingale, of Scarborouzh.

* William Nifbet, of Dirleton, Efq;

* The Philofophical Society at Northamp-
ton.

Mr. John Nourfe, Bocicfeller. 2o Books.

O.

*

* The Right Hon. the Earl of Orrery.
* The Right Rev. the Lord Bifhop of
Oxfard.

# The Right Hon. Arthur Onflow, Efg;
* Robert Oates, of Fullforth, Efq;
The Rev. Mr. Oakely, Fellow of Jefus
College, Cambridge. 6 Books.
William Ogilvy, of Hartwood-Myres,

qs3

The Rev. Mr. Henry Ogilvy, Minifter
at Lunen.

Mr. James Ogilvy, Minifter at
Aberdeen.

* Charles O’'Hara, Efg;

* William Ormfton, jun. M. D. of
Spittle.

* John Ord, Efq; of Trinity College,
Cambridge.

The Rev. Mr. John Ofborne, Principal
of Marifhal College, Aberdeen.

Alexander Ouchterlony, Efq; F.R.S.

William Oxenden, Efq;

P.

* The Right Hon. the Earl of Pem.
broke.

the Countefs of Pembroke,

the Earl of Pomfret,

the Earl of Portmore,

*
*
*

. * The Right Rev, the Lord Bithop of

Peterborough.

Mr. Parkhurft, of Clare-hall, Cambridge.

James Parfons, M. D. F. R. S.

Mr. Paul, of Trinity College, Camb.

* Mrs. Paylor.

* The Rev. Mr. Patton.

* Edward Parfons, Efg;

The Rev. Mr. Parkinfon,
Coleby.

* Capt. Paton.

* Robert Paul, Efq;

* The Rev. Robert Paton, Minifter at
Lafwade.

Mr. William Paton, Preacher at Edin-
burgh.

* The Rev, Dr. Peck, Chancellor of
Ely,

Re&or of

Henry
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Henry Pelham, Efq;

Mr. Peel, A. M. Fellow of Pembroke-
Hall, Camb.

* Mr. William Petrie.

# Pembroke-Hall Library, Camb.

The Rev. Mr. Perin, Fellow of Exeter
College, Oxon.

Mr. John Philips, Surgeon.

* Sir John Pkilips, Bart.

* The Rev. Dr. Marmaduke Philips.

* George Pitt, Efqs )

Mr. Piper, of Trinity Coll. Cambridge.

* Andrew Plummer, M. D. Prof.
of Medicine in the Univerfity of Edin-
burgh. ‘

* Sir Henry Pope Blount, Bart.

The Rev. Mr. Powel, of St. John’s
Coll. Camb. 20 Books.

—— Pownall, Efg; of Lincoln,

* John Potter, Efq;

* Arthur Pond, Efq;

Sir Robert Pollock, of Pollock, Bart.

* The Rev. Mr. Robert Pollock, Prof. of
Divinity, in the Marifhal Coll. Aberd.

* Mr, Thomas Polwarth, Student at Edin-
‘burgh.

Mr. Thomas Potts, Sheriff Clerk of Rox-
burgh.

#* Benjamin Prideaux, Efgq; F.R.S. 2.

Books.

* George Proctor, Efq;

* John Pringle, M. D. 2 Books.

The Rev. Mr. James Primrofe, Minifter
at Crichton.

* Alexander Pringle, of Whitebank,
Efq',

#* Mr. Robert Pringle, Advocate.

Mr. Walter Pringle, Advocate,

George Pringle of Newball, Efq;

* The Hon. Lieutenant Gen. Pultney.

William Pym, Efq;

‘The Rev. Mr. Pyle, Fellow of Corpus
Chrifti Coll. Camb,

George Pringle, of Newhall, Efq;

John Plumtree, Efq; '

‘The Rev. Mr. Chailes Plumtree,

Q.

* His Grace the Dukeof Queenfbury and
Dover, 3 Books. .

# Her Grace the Duchefs of Queentbury.

# Sir William St. Quintin, Bart.

* Henry Quin, M. D.

R.

* His Grace¢ the Duke of Richmond.

# The Right Hon. the Earl of Rothes,

* The Lord Romney.

* The Lord Rofs,

* The Right Rev. The Lord Bifhop of
Rochefter.

* Mr. Allan Ramfay.

¥ Mr. David Ramfay Karr, Surgeon of
Kippila,

The Rev. Mr. Ray, Vicar of St. Peters
in St. Albans. '

‘Mr. Alex. Rait, Prof. Philof. in King’s
Coll. Aberdeen.

* Mr. Robert Ramfay, of Black Craig,
Advocate, '

Mr. William Rawling, of Sheernefs.

Mr. John Ramfay, Jun. of Memus.

The Rev. Mr. Thomas Rankin, Mini-
fter at Aberdalgie.

* Andrew Reid, Efq;

* Mr. John Redman, Student at Edin-
burgh,

The Rev. Mr. George Redpath, Mini-
fter at Stitchill,

Puiip Redpath, A. M.

The Rev. Mr, Robert Riddel, Minifter
at Lilicaflief.

Mr. John Kigg, Student at Edinburgh.

Richard Roderick, Efg;

* Bryan Robinfon, M. D.

* The Rev. Mr. Charles Rofe of An-
tigua.

* John Rochfort, Efq;

The
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The Rev. Mr. Rothery, of Chelfea.

Thomas Robinfon, of Pickering, Efg;

George Rofs, Efg;

The Hon, Willlam Rofs, Efq;

Mr. William Robertfon, Writer at

Edinburgh.

The Rev. Mr. William Robertfor, Mi-
nifter at Glad{muir,

Mr. Archibald Robertfon, at Pinkie.

Mr. John Robertfon, Writer in Glafgow.

* Baily Rogers, Efg; at Cork,

Robert Rogers, Efq; at Mountpleafant,

Alexander Rofs, M, D. at Aberdeen,

Mr. Andrew Rofs, Merchant at Rapahan-
noch in Virginia.

* Mr. George Rofs, Prof. of Humanity
in the. Univerfity of Glafgow.

* The Rev. Dr. Rqoke, Mafter of Chrift’s
College, Camb.

Mr. John Rooke, Merchant in London,

The Rev. Mr. Rowning.

The Rev. Dr. Rutherforth, of St. John’s
Coll. Camb.

Mr. Richard Ruffet, of Spittle Fields.

* F Kk F ¥

Mr. James Ruffel, Surgeon at Edin-
burgh.

# John Rutherford, M. D. Prof. of
Medicine in the Univerfity of Edin-
burgh.

* John Rutherford, of Faldonfide,
M. D.

* Robert Rutherford, of Fairnailie, Efq;
Mr. William Ruffel, Commiffary Clerk
at Edinburgh.

S.

"%

The Right Hon. The Earl of Scarbe-
rough.

- Karl of Selkirk.
o Earl of Shaftfbury.
- Lady Georgina Spencer,
e Earl of Stamford.
———— Earl of Strafford.
== Earl Stanhope, 5 Books.
e Countefs Stanhope:

[ % % % % % %

% e — FEarl of Sutherland.

¥ e Countefs of Sunderland..
* . late Earl of Stair,

* w——— Lord Sandys.

% — o . Vifcount Stormont,

: ~—— —— Lord George Sackville..

i——— Lady Somerville.

Lady Jane Scott.

Joan Mendes Saquet, M. D, of E-
vora,

The Rev. Mr. Samuel Savage.

* Sir George Savile, Bart. 2 Books.

Alex. Sandylands, M. D.

The Rev. Mr. Sandford, Fellow of Ba-
liol Coll, Oxon.

Mr, Matthew Sandilands Dyfart,.
Minifter at Fccles,

'The Rev. Mr. Stanford of Trinity Coll.
Oxon.

*

*

— Salway, L.L. D.
* Mr. Francis Saunders, Apothecary at.
York.
Mr. John Scolfield.
George Lewis Scott, Efg;
David Scott, of Scotftarvet, Efg;
Mr. Robert Scott.
Sir William Scott, of Ancram, Bart:.
Robert Scott, of Duninald, Efq;
Walter Scott, of Harden, Efg;
William Scott, Efq;
John Scott, in Belford, Efq;
Mr. Lawrence Scott, Merchant in Glaf-
gow.
The Rev: Mr. Alexander Scott, Minifter
at Innerkip.
Mr. David Scott, Minifter at-
Auchterhoufe.
— Vi, Thomas Scott, Minifter at:
Cavers.
Thomas Scott, of Stonage, Efq;
* Sir Thomas Seabright, Bart.
¥ John Serjeant, Efq;
* The Rev. Dr. Gregory Sharpe.
John Sharp, Efq;
Mr. William Strahan,

*

* ¥ * Kk *

Mr,
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My, Shaw,
Mz, Sinclair,
Mr. Storer,
Mr. Stenton,
Mr. Alexander Sheriff, Merchant:

* Mr. James Short, F. R. S. 5 Books.
The Rev. Mr. Sinclair, Rector of Su-

ftead,
Francis Sitwell, Efq; of Renifhaw.

of Trinity College Camb.

* Mr. Robert Simfon, Prof. of Math,

in the Univerfity of Glafgow:

Thomas Simfon, M. D. Profefior of Me-
dicine, St. Andrews,

* Andrew Skene, of Dyce, Efq;

* George Skene, of Skene, Efq;

* George Skene jun. of Skene, Efq; -

Mr. Francis Skene, Prof. of Philof. in
the Marifhal Coll. Aberdeen.

* The Hon. Lieutenant Gen. Skelton.

‘The Rev. Mr. Skottowe, Fellow of
Corpus Chrifti Coll. Camb.

* Sir Hans Sloane, Bart.

* William Sloane, Efg;

* Edward Smyth, M. D.

* Mr. John Smith, Bookfeller in Dublin
4 Books.

Ditto, 6 Books.

* Sir Hugh Smithfon, Bart,

* The Rev. Robert Smith, D, D, Mafter
of Trinity College, Cambridge.

* Wavell Smith, Efq;

* Mr. Samuel Smith, of Grays Inn,

The Rev. Mr. William Smith, Minifter to
the Garrifon in the Caftle of Edin-
burgh.

* Mr. James Smollet Advocate.

* John Spooner, Efg;

The Rev. Harry Spence, Minifter at
Weymefs.

# Mr. James Spruel, Merchant in Glaf-
gow.

* Mrs. Stanley, 5 Books.

* Mifs Stanley.

* Mifs Sarah Stanley,

* The Rev. Dean Stopford.

* Mr., William Stryntar, Surgeon.

* The Hon, James Steuart Mackenzie,
2 Books.

* The Rev. Dr. Sterne, Precentor of
York.

William Scurrock, Efqs
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A N

ACCOUNT

OF THE

Lire and WRriTINGs of the AUTHOR.

CYO LIN MACLAURIN was defcended of anancient family, which
had been long in poffeflion of the ifland of T7rrie, upon the coaft of
Argyleflure. His grand-father, Daniel, removing to Inverara, greatly
contributed to reftore that town, after it had been almoft entirely ruined in
the time of the civil wars ; and, by fome memoirs which he wrote of his
own times, appears to have been a perfon of worth and fuperior abilities.
fobn the fon of Daniel, and father of our author, was minitter of Glen-
derule ; where he not only diftinguithed himfelf by all the virtues of a
faithful and diligent paftor, but has left, in the regifter of his provincial {ynod,
lafting monuments of his talents for bufinefs, and of a public fpirit. He
was likewife employed by that fynod in completing the verfion of the pfalms
into Irzfb, which is ftill ufed in thofe parts of the country where divine
fervice is performed in that language. He married a gentlewoman of the
family of Cameron, by whom he had three fons ; %obn, who is fiill living,
a learned and pious divine, one of the minifters of the city of Glafgow ;
Daniel, who died young, after having given proofs of a moft extraordinary
genius ; and Golin, born at Kilmoddan in the month of February 1698.

His father died fix weeks after ; but that lofs was ina good meafure fup-
plied to the orphan family, by the affeGionate care of their uncle Mr. Danze!
Maclaurin minifter of Kilfinnan, and by the virtue and prudent ceconomy.
of Mrs. Maclaurin. After fome ftay in Argylefbire, where her fifters and
fhe had a fmall patrimonial eftate, the removed to Dumbarton, for the more
convenient education of her children : but dying in 1707, the care of them
devolved entirely to their uncle.

In 1709 Colin was fent to the univerfity of Gla/gow, where he continued
five years, applying himfelf to his ftudies with that fuccefs which might be
expected from parts like his, cultivated with the moft indefatigable care and

2 diligence.
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diligence. We find, amongft his oldeft manufcripts, fragments of a diary
in which he kept an account of every day, and of almoft every hour of the
day ; of the beginning and fuccefs of every particular ftudy, enquiry or in-
veftigation : of his converfations with learned men, the fubjecs of them, and
the arguments on cither fide. Here we read the names of the celebrated
Mr. Robert Simfon, Dr. obnflon, and feveral other gentlemen of learning
and worth ; who all vied who thould moft encourage our young philofopher,
by opening to him their libraries, and admitting him into their moft inti-
mate fociety and friendfhip. He could not, afterwards, find time to keep
fo formal a regifter of his life, but we are aflured the habit never left him ;
and that every hour of it was continually filled up with fomething which he

could review with pleafure.

His genius for mathematical learning difcovered itfelf (o early as at twelve
years of age, when, having accidentally met with a copy of Euclid in a
friend’s chamber, in a few days he became mafter of the firft fix books
without any affiftance : and thence, following his natural bent, made fuch
a furprizing progrefs, that very foon after we find him engaged in the moft
curious and difficult problems. Thusmuch is certain, that in his fixteenth
year, he had already invented many of the propofitions afterwards publithed
under the title of Geometria Organica. ' '

In the fifteenth year of his age he took his degree of mafter of arts, with
greatapplaufe ; on which occafion he compofed and publicly defended a Thefes
on the power of gravity : and after having {pent a year in the ftudy of divinity,
he quitted the univerfity, and lived, for the moft part, in an agreeable country
retirement at his uncle’s houfe, till near the end of 17717, In this retirement,
he purfued his ftudies with the fame affiduity as he had done at the uni-
verfity ; continuing his favourite refearches in mathematicks and philofophy,
and at other times reading the beft claffic authors ; for which he naturally
had an exceeding good tafte.

In the intervals of his ftudies, the lofty mountains amidft which he lived
would often invite him abroad, to confider the numberlefs natural curiofities
they contain, and the infinite variety of plants that grow on them ; or to
climb to their tops, and enjoy the moft extenfive and moft diverfified prof-
pets. And here, his fancy being warmed by the grand fcenes which pre-
fented themfelves, he would fometimes break out into a hymn or poetic
thapfody on the beauties of nature, and the perfeGions of its Author. Of
thefe fome fragments fiill remain ; which, tho’ fo unfinithed that it can be

only
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only thro’ forgetfulnefs they have not been deftroyed, yet thew a genius cap-
able of much greater things in that way. His friends, however, are obliged
to the accidents that have preferved them, together with fome others of his
juvenile performances ; for however unfit they may be for the public view,
they thew the progrefs he had made in the feveral parts of learning, at the
time they were written : and what can be more delightful, than to ob-
ferve the gradual openings and improvements of a mind like that of Mr,

Maclaurin 2

In the autumn of 1717, he prefented himfelfa candidate for the profeffor-
fhip of mathematics in the marifhal college of Aberdeen, which he obtained
after a comparative tryal of ten days with a very able competitor : and
being fixed in his chair, hefoon revived the tafte of mathematical learning,
and raifed it higher than it had ever been even in that univerfity.

During the vacations of 1719 and 1721, he went to London with a view
of improving himfelf, and of being introduced to the illuftrious men there.
In his firft journey, befides Dr. Hoadly then bithop of Bangor, Dr. Samuel
Clarke, and feveral other eminent men, he became acquainted with Sir Jfzac
Newton ; whofe friendfhip he ever after reckoned the greateft honour and
happinefs of his life. He was admitted a member of the Royal Society ;
two papers of his were inferted in their tranfactions, and his book intitled
Geometria Organica was publifhed with the approbation of their prefident.

In his fecond journey to London in 1721, he became acquainted with
MartinFolkes, Efq; now prefident of the royal fociety ; with whom he thence
forth cultivated a moft entire and unreferved friend(hip, frequently inter-
changing letters with him, and communicating all his views and improve-

ments in the {ciences.

In 1722, Lord Polwarth, Plenipotentiary of the King of Great Britain
at the congrefs of Cambray, engaged Mr. Maclaurin to go as tutor and com-
panion to his eldeft fon, who was then to fet out on his travels,

After a fhort ftay at Parss, and vifiting fome other towns in France, they
fixed in Lorrain ; where, befides the advantage of 2 good academy, they
had that of the converfation of one of the moft polite courts in Eurgpe.
Here Mr. Maclaurin gained the efteem of the moft diftinguithed perfons of
both fexes, and at the fame time quickly improved that eafy genteel be-
haviour which was natural to him, both from the temper of his mind, and

from the advantages of a graceful perfon,
a2 It
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Tt was here likewife that he wrote his piece on the percuffion of bodies,
which gained the prize of the Royal Academy of Sciences for 1724 5 the fub-
ftance of this tract is inferted in his Treatife of Fluxions, and alfo in Book 11.
Chap. 2. of the following work.

M. Maclaurin and his pupil having quitted Lorrain, were got as far on
their tour as the fouthern provinces of France, when Mr. Hume was feized
with a fever, and died at Montpelier. An event fo thocking muft have affected
a heart les fenfible and tender than Mr. Maclaurin’s : in fome letters written
on this occafion, he appears quite inconfolable. His own grief for his_pupil,
his companion, and friend ; and his fympathy with a family to which he
owed great obligations, and which had fuffered an irreparable lofs in the
death of this hopeful young nobleman, rendered him altogether unhappy.
Travelling and every thing elfe was become diftafteful, fo he fet out im-
mediately on his return to his profeflion at berdeen.

But being now univerfally diftinguifhed as one of the firft genius’s of the
age, fome of the curators of the univerfity of Edinburgh, were defirous of en~
gaging him to fupply the place of M. Fames Gregory, whofe age and infirmi--
ties had rendered him incapable of teaching. Several difficulties retarded this
defign for fome time ; particularly, the competition of a gentleman eminent
for mathematical abilities, who had good intereft with the patrons of the
univerfity ; and the want of an additional fund for the new profeflor. But
both thefe difficulties were got over, upon the receipt of two letters from
Sit Ifaac Newton, Inone, addrefled to Mr. Maclaurin, with allowance to
fhew it to the patrons of the univerfity, Sir Jfzac exprefles himfelf thus;
*“-Iam very glad to hear that you have a profpect of being joined to Mr.
‘¢ James Gregory in the profeflorthip of the mathematics at Edinburgh, not
‘¢ only becaufe you are my friend, but principally becaufe of your abilities,
" yeu being acquainted as well with the new improvements of mathe-
‘“ matics, as with the former ftate of thofe fciences; I heartily with you
¢ good fuccefs, and fhall be very glad of hearing of your being elected ; I
“ am, withall fincerity, your faithful friend and moft humble fervant,”

In a fecond letter to the then Lord Provoft of Edinburgh, which Mr. Mac-
laurin knew nothing of till fome years after Sir Ifzac’s death, he thus writes,
“ Iam glad to underftand that Mr. Maclaurin is in good repute amongft
“ you for his fkill in mathematics, for I think he deferves it very well ;
“ and to fatisfy you that I do not flatter him, and alfo to encourage him
““ to accept the place of affifting Mr, Gregory, in order to fucceed him, I
“ am ready (if you pleafe to give me leave) to contribute twenty pounds

2 per
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“.per annum towards a provifion for him, till Mr. Gregory’s place become
¢ void, ifIlive {o long, and I will pay it to his order in London.”

In November 1725, he was introduced into the univerfity : as was at the
fame time his learned collegue and intimate friend, Dr. Alexander Monro,
profeflor of anatomy. After this the mathematical cloffes foon became
very numerous, there being generally upwards of a hundred young gentle-
men attending his le¢tures every year : who being of different flandings and
proficiency, he was obliged to divide them into four or five clafles, in each
of which he imployed a full hour every day, from the firft of November to
the firft of June.

In the firft or loweft clafs, (fometimes divided into two) he taught the firft
fix books of Euclid’s Elements, plain trigonometry, practical geometry, the.
elements of fortification, and an introduction to algebra. The fecond clafs
ftudied algebra, the 11th and r2th books of Euclid, {pherical trigonemetry,
conic fections, and the general principles of aftronomy. The third clafs
went on in aftronomy and perfpetive, read a part of Sir Jfaac Newton’s
Principia, and had a courfe of experiments for illuftrating them, performed
and explained to them. He afterwards read and demonfirated the elements
of fluxions: thofe in the 4th clafs read a fyftem of fluxions, the do¢trine of
chances, and the reft of Newton’s Principia.

All Mr. Maclaurin’s leGures on thefe different fubjeCs were given with
fuch perfpicuity of method and language, that his demonfirations {eldom
ftood in need of repetition : fuch, however, was his anxiety for the im-
provement of his fcholars, that if atany time they feemed not fully to com-
prehend his meaning, or if, upon examining them, he found they could not
readily demonftrate the propofitions which he had proved, he was apt rather
to fufpe@ his own expreflions to have been obfcure, than their want of
genius or attention ; and therefore would refume the demontftration in fome
other method, to try if, by expofing it in a different light, he could give
them a better view of it.

Befides the labours of his public profeffion, he had frequently many other
employments and avocations. If an uncommon experiment was faid to
have been made any where, the curious were defirous of having it repeated
by Mr. Maclaurin : if an eclipfe or comet was to be obferved, his telelcopes
were always in readinefs. 'The ladies too would {ometimes be entertained
with his experiments and obfervations ; and were furprized to find how
eafily and familiarly he could refolve the queftions they put to him. His
advice and affiftance, efpecially to the young gentlemen who had been his

pupils,
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pupils, was never wanting; nor was admittance refufed to any, except in
his teaching hours, which were kept facred. His acquaintance and friend-
fhip was likewife courted by the ingenious of all ranks; who, by their fond-
nefs for his company, took up a greatdeal of his time, and left him not
mafter of it, even in his country retirements. Notwithftanding the ne-
ceflary labour and the many interruptions and avocations ‘J&"hICh he had, he
continued to purfue his own ftudies with the utmoft afliduity, reading what-
ever was publifthed, from which he could expect any information or im-
provement. But to have time for fo much ftudy and writing, he was obliged
to take from the ordinary hours of fleep, what he beftowed on his {cholars
and friends ; and by this, no doubt, greatly impaired his health.

Sir Ifaac Newton dying in the beginning of the year 1728, his nephew
Mr. Conduitt propofed to publith an account of his life, and defired Mr,
Maclaurin’s afbiftance ; who, out of gratitude to his great benefactor, chear-
fully undertook and foon finithed the hiftory of the progrefs which philo-
fophy had made before Sir Jfzac’stime. This was the firft draught of the
following work ; which was immediately fent up to Lozdon, and had the
approbation of fome of the beft judges. Dr. Rundle, in particular, after-
wards bithop of Derry, was fo pleafed with the defign, that he mentioned
it to her late Majefty ; who did it the honour of a reading, and exprefled a
defire to fee it publithed. But Mr. Conduitt’s death having prevented the
execution of his part of the propofed work, Mr. Maclaurin’s manufcript
was returned to him. To this he afterwards added the more recent proofs
and examples, given by himfelf or others, on the fubjecs treated of by Sir
Jfaac, and left it in the ftate in which it now appears.

Mr. Maclaurin had lived a batchelor to the year 1733 : but being formed
for fociety as well as for contemplation, and defirous of mixing more
delicate and interefting delights with thofe of philofophy, he married’ Anne,
daughter of Mr. Walter Stewart {ollicitor-general to his late Majefty for
Scotland 5 by whom he had feven children, of which, two fons Fobn and
Colin, and three daughters, have furvived him.

Dr. Berkley bithop of Cliyne, having taken occafion from fome difputes
that had arifen concerning the grounds of the fluxionary method, in a treatife
intitled the Analyft, publithed in 1734, to explode the method itfelf, ard,
at the fame time, to charge mathematicians in general with infidelity in re-
ligion ; Mr. Maclaurin found it neceflary to vindicate his favourite ftudy,
and repel an accufation in which he was moft unjufly included. He began
an anfwer to the bifhop’s book ; but as he proceeded, fo many difcoveries,
fo many new theorics and problems occurred to him, that, inftead of

vindicatory
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vindicatory pamphlet, his work came out a complete fyftem of fluxions,

with their application to the moft confiderable problems in geometry and
natural philofophy.

This work was publithed at Edinburgh in 1742, in two volumes in quarto ;
in which we areat a lofs what moft to admire, his folid and unexceptionable
demonttrations of the grounds of the method itfelf, or itsapplication to fuci:
a variety of curious and ufefal problems.

His demonflrations had been, feveral years before, communicated to
Dr. Berkley, and Mr, Maclaurin had treated him with the greateft perfonal
refpect and civility : notwithftanding which, in his pamphlet on tar-water,
he renews the charge, as if nothing had been done; for this excellent rea-
fon, that different perfons had conceived and exprefled the fame thing in.
different ways,

A fociety having fubfifted fome years at Edinburgh for improving me-
dical knowledge, Mr. Maclaurin propofed to have their plan made more
extenfive, fo asto take in all the parts of phyfics, together with the anti-
quities of the country, This was readily agreed to ; and Mr. Maclaurin’s
influence engaged feveral noblemen and gentlemen of the firft rank and
character, to join themfelves, for that purpofe, to the members of the former
focicty. The Earl of Morton did them the honour to accept of the
effice of prefident ; Dr. Plummer profeffor of chymiftry, and Mr. Maclaurin
were appointed fecretaries ; and feveral gentlemen of diftinction, Englifh
and foreigners, delired to be admitted members,

At the monthly meetings of the fociety, Mr. Maclaurin generally read
fome performance or obfervation of his own, or communicated the con-
tents of his letters from foreign parts ; by which means the fociety was in-
formed of every new difcovery or improvement in the {ciences.

Several of the papers read before this fociety, are printed in the sthand
6th volumes of the Medical Effays. Some of them are likewife publithed
in the Philofophical Tranfactions, and Mr. Maclaurin had occafion to infert
a great many more in his Treatife of Fluxions, and in his account of
Sir Jfaac Newton’s philofophy. By which means the publication of any
volume of the works of the fociety has been retarded : but we may hope
their labours will fill be continued with fuccefs, notwithftanding the lofs
they have fuftained by Mr, Maclaurin’s death. 4

He
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. He likewife propofed the building an aftronomical cbfervatory, and a
convenient fchool for experiments in the univerfity ; of which he drew
an elegant and well contrived plan: and as this work was to be carried
en by private contributions, employed all his influence to raife money
for that purpofe ; with fo much fuccefs, that had not the unhappy
diforders of that country intervened, the fabrick might by this time
have been faradvanced. The Earls of Morton and Hoptoun fhewed their
liberality as well as their love of the {ciences, upon this occafion ; as did the
honourable Baron Cler, vice- prefident of the philofophical {ociety : and feveral
noblemen and gentlemen offered to contribute what inftruments of value
they were poflefled of, as foon as the obfervatory fhould be ready to receive
them.

-

The Earl of Morton being to fet out for Orkney and Shetland in 1739, to
vifit his eftates there, wanted at the fame time to fettle the geography of
thefe countries, which is very erroneous in all our maps; to examine their
natural hiftory, to {urvey the coafts, and to take the meafure of a degree of
the meridian : and, for this purpofe, defired Mr. Maclaurin’s affiftance.
But his family affairs not permitting him to take fuch a journey, he could
do no more than draw a memorial of what he thought neceflury to be ob-
ferved, furnith the proper inftruments, and recommend Mr. Shorz, the fa-
mous optician, as a fit operator for managing them.

The account which he received of this voyage, made him ftill more fen-
fible of the erroneous geography we have of thofe parts, by which many
thipwrecks have been eccafioned ; and therefore he erﬁployed feverzl of his
fch;))clars, who were then fettled in the northern counties, to furvey the
coafts, |

The reverend Mr. Bryce compofed from obfervations a map of the coaft
of Caithnefs and Strathnaver, with remarks on the natural hiftory and ra-
rities of the country, together with dire@ions for fea-faring people. This
map was prefented to the Philofophical Society at Edinburgh, and publithed
by their order. The reverend Mr. Bonnar drew likewife a map of the
three moft northerly iflands of Sherland, which is among Mr. Maclaurin’s
papers; and we expelt foon the geography of the Orkneys corrected by Mr.
Mzcke]zzze. It wus from obfervations like thefe, made by tkilful perfons,
and with the beft inftruments, that M. Maclaurin expected-to fee'a good
map of Scotland; not from the flavith copying of map-fellers, nor from
a painful colledting, and patching together of old draughts and. fur-

veys
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veys of little authority ; which he thought muft contribute more to per-
petuate than to rectify errors.

Mr. Maclaurin had fiill another fcheme for the improvement of geo-
graphy and navigation, of a more extenfive nature. After reading all the
accounts he could procure of voyages, both in the fouth and north feas, he
imagined the fea was open all the way from Greenland to the fouth fea,
by the north pole. Of this he was {o much perfuaded, that he has
been heard to fay, if his fituation could admit of fuch adventures, he would
undertake the voyage even at his own charges. But when fchemes, for
finding out fuch a paffage, were laid before the parliament in 1744, and he
was confulted concerning them by feveral perfons of high rank and influ-
ence; before he could finith the memorials which he propofed to have fent,
the premium was limited to the difcovery of a north-weft paflage, and
Mr. Maclaurin ufed to regret that the word weff was inferted, becaufe he
thought that paffage, ifat all to be found, muft lie not far from the pole.

Such was the zeal of this worthy perfon for the public good, in every in-
ftance ; the laft, and moft remarkable, is that which we are now going to
relate.

When it was certainly known, in 1745, that the rebels, after having got
between Edinburgh and the King’s troops, were continuing their march
fouthwards, Mr. Maclaurin was among the firft to roufe the friends of our
happy conftitution, from the unlucky fecurity they had hitherto continued
in : and tho’ he was fenfible that the city of Edinburgh, far fiom being
able to ftand the attack of a regular army, could not even hold out any con-
fiderable time againft the undifciplin’d and ill-armed force that was coming
againft it; yet, as he forefaw of how much advantage it would be to the
rebels, to get pofleflion of that capital ; and, the King’s forces under the
command of Sir fobu Cope being daily expected ; he made plans of the walls,
propofed the feveral trenches, barricades, batteries, and fuch other defences
as he thought could be got ready before the arrival of the rebels, and by
which, he hoped, the town might be kept till the King’s forces thould come
to its relief. The whole burden, not only of contriving, but alfo of over-
feeing the execution, of thefe hafty fortifications fell to Mr. Maclaurin’s
fhare; he was employed night and day, in making plans, and running from
place to place ; and the anxiety, fatigue, and cold to which he was thus
expofed, affeting a conftitution naturally of weak nerves, laid the foun-
dation of the difeafe of which he died.

b How
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How this plan came to be negle€ted, and in what manner the rebels got
pofleflion of the town, is not a proper enquiry for this place. They got
offefion of it ! and, their {pirits being raifed by this unaccountable fuccefs,
and by the fupply of arms and provifions which it gave them, they foon
after defeated the King’s troops at Preflon.  The moderation which they
had affe®ed before that unhappy battle was now laid afide, and obedience
was to be given to whatever proclamations or erders they thought fit to iffue,
under pain of military execution. Among other defpotic orders, one was,
commanding all who had been volunteers in defence of the town, before a.
flated time, 10 wait on their fecfetary of ftate, to fubfcribe a recantation of
what they hid done, and a promife of fubmiffion to their pretended go-
vernment, under the pain of being deemed and treated asrebels. Mr. Mac-
laurin had been too a&ive and diftinguifhed a volunteer, to think he could
efcape .the fevereft treatment, if he fell into their hands after neglecting to.
make the fubmiffion required ; he therefore withdrew privately into England,
before the laft day of receiving the fubmiffions ; but, previous to his efcape,
found means to convey a good telefcope into the caftle, and concerted a me-
thod of fupplying the garrifon with provifions.

As foonas his Grace, Dr.Thomas Herring thenLord Archbithop of York, was:
informed that Mr. Maclaurin had fled to the north of England, he invited him
in a mott friendly and polite manner, to refide with him during his ftay in that
country. Mr. Maclaurin gladly accepted of the invitation, and foon after
exprefles himfclf thus in a letter to a friend ; « Here (fays he) I live as
¢ haprily as a man can do, who is ignorant of the ftate of his family, and
“ who fees the ruin of his country.” His Grace, of whofe merit and
goodnefs, Mr. Maclaurin ever retained the higheft fentiments, afterwards
kept a regular correfpondence with him ; and when it was fufpected that
the rebels might once more take pofleflion of Edinburgh, after their retreat
from England, invited his former gueft again to take refuge with him,

At York he had been obferved to be more meagre than ordinary, and with.
a fickly look ; though not being apprehenfive of any danger at that time, he
did not call in the affiftance of a phyfician: but having had a fall from his
horfe on his journey fouthward, and, when the rebel army marched into
England, having on his return home been expofed to moft tempeftuous cold
weather, upon his arrival he complained of being much out of order.
In a little time his difeafe was difcovered to be a dropfy of the belly, to re-
move which, variety of medicines; prefcribed by the moft eminent phy-
ficians at London, as well as thofe of Edinburgh, and three tappings, were
ufed without making a cure.
4 His
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His behaviour, during this tedious and painful diftemper, was fuch as be-
came a philofopher and a chriftian ; calm, chearful, and refigned ; -his
fenfes and judgment remaining in their full vigour, till within a few hours
of hisdeath, Then, for the firft time, his amanuenfis to whom he was
dictating the laft chapter of the following work (in which he proves the
wifdom, the power, goodnefs, and other attributes of the Deity) obferved
fome hefitation or repetition : no pulfe could then be feltin any part of his
body, and his hands and feet were already cold. Notwithftanding this
extremely weak condition, he fate in his chair, and {poke to his friend Dr,
Monro wih his ufual ferenity and ftrength of reafon, defiring the Dr. to
account for a phznomenon which he then obferved in himfelf : flathes of
fire fceming to dart from his eyes, while in the mean time his fight was
failing, fo that be fcarce could diftinguih one obje& from another. I. a
little time after this converfation, he defired to be Liid vpon his'bed ; where,
on Saturday the 14th of Fune, 1746, aged 48 years and 4 months, he had
an eafy paflige from this world to that ftate of blifs, which he had the moft
elevated ideas of, and which he moft ardently longed to pofiefs.

The grief for the lofs of this excellent-perfon was as general as the efteem
which he had acquired, with all ranks of men : but thofe of greateft worth,
and who had moft intimately known.him, were the moft deeply affe¢ted.
Dr. Monro, in an oration fpoken at the firft meeting of the univerfity after
Mr. Maclaurin’s death (from which the fubftance of the foregoing account
is taken) gives, particularly, avery moving picture of the grief of the late
Lord Prefident Forédes, on this occafion. A likenefs of character, and a per-
fet harmony of fentiments and views, had clofely united them in their
lives ; in their deaths, they were alas! too little divided : the prefident
likewife, worn out in the fervice of his country, was foon to be the fubje@

of a general mourning.

In the fame difcourfe the Doltor fhews, in a variety of inftances,
that acute parts and extenfive learning were, in Mr. Maclaurin, bat
inferior qualities; that he was ftill more nobly diftinguifhed from :he
bulk ‘of mankind, by the qualities of the h.a.t; his fincere love to G .p
and Men, his univerfal benevolenre and unaffected piety ; together
with a warmth and conftancy in his friendihips, that wusin a manrer pe.u-
liar to himfelf. He profeffes likewife, that af er an intimacv with him for
fo many years, he had but half known his worth ; whch then only dif-
clofed itfelf in its full luftre, when it came to {.ffer the fevere teft of that
diftrefsful fituation, in which every man muft at laft find himfelf; and
which only minds prepared like his, armed with virtue and chriftian hope,

can bear with dignity, .
2
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But the bounds we are confinel to, do not permit us to follow the pro-
fe(Tor in this delightful track ; nor would the modefty of Mr. Maclaurin's
furviving friends bear with our being fo particular. We muft content
ourfelves to confider him in the chara&er in which he was univerfally known;
by giving a fhort account of his works, and of the tafte and mannef in
which he cultivated the mathematical fciences; purfuing with fuch inde-
fatigable pains, ftudies that feem, to many, rather curious than ufeful.

His firft work, compofed in his early youth, was the Geometria Orga-
nica, in which he treats of the defcription of curve lines by cpntmucd mo-
tion. The firft and fimpleft of curves is defcribed by the motion of a right
Tine on a plane, round one of its extremities. Sir Ifaac Newton had thewn,,
that the Comic SetZions might all be defcribed by afluming two centres.or
polesin a plane, and moving round them two given angles, fo as the inter-
{e@ion of two legs be always found in a ftreight line, given in pofition in
the fame plane ; for thus the interfeGtion of the other two will trace fome
conic feétion. In a fimilar way, he defcribes fuch lines of the third order,
as have a double point, that 1s to fay, which returning upon themfelves,
pafs twice through the fame point ; but the defcription of the far greater
number of thofe lines, which have-no fuch point, Sir J/zac declares to be a
problem of much more difficulty. This was referved for Mr. Maclaurin;
who not only happily refolved it, but carried the fame method of de-
fcription much higher. By affuming more poles, or by moving the angular-
points along more lines given in pofition, or, laftly, by carrying the inter-
feions along curve lines, inftead of ftreight, he has extended, or given hints.
of extending, the method as far asit can go.. And becaufe, by the motion
of rulers actually combined, as the cafe requires, fuch defcriptions may be
effeted, he calls them by the general name of Organical. When he wrote
this treatife, the fubjeGts being new and entertaining, his invention in its
prime, and the ardor of his curiofity continually urging him on to farther
difcoveries, he did not take time to finith every demonftration in fo elegant
a manner as he might have done. His page, we muft own, isincum-
bered with algebraical calculations, and thefe have offended the delicate eyes
of fome critics; but, in anfwer to this, we may fay that what offends
them, may be very acceptable to younger ftudents: nor indeed fhould we
at all have mentioned this blemifh in fo great a work, if himfelf had not
fomewhere hinted at it, and, in a letter to one of his friends, exprefled an
intention of refuming, with his firft leifure, that whole theory, and adding
to it a fupplement ; the greateft part of which had been printed feveral
years ago, but whereof we have only an abftract in the Philofophical Tran{-

- ' » actions,
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altions, N? 439. In the fame volume, he gives a new theory of the
curves which may be derived from any given curve, by conceiving per-
pendiculars to its tangents to be drawn continually through a given point,
whofe interfeCtions with the tangents will form a new curve ; from which
laft a third may be formed in the fame manner, and {o on 7n infinifum. This
furnifhes many curious theorems : there are likewife fome propofitions con-
cerning centripetal forces and other fubjects, which, with the quotations he
ufes, thew the great progrefs he had already made in every part of mathe-
matical learning, and how well acquainted he was with the writings of the
beft authors,

We fhall not here repeat what has been faid concerning his piece which
gained the prize of the Royal Academy of Sciences in 1724. In the year
1740, the Academy adjudged him a prize which did him ftill more ho-
nour, for accounting for the motion of the Tzdes, from the theory of gravity ;
a queftion which had been given out the former year, without receiving
any folution. He happened to have only ten days time to draw up this
paper, and could not find leifure to tranfcribe a fair copy, fo that the Parzs
edition of it isincorret ; but he afterwards revifed the whole, and inferted
it in his Treatife of Fluxions.

Nor need we mention the occafions on which feveral pieces which he

fent to the Royal Society were written : the following lift will thew their
dates, and the fubjets treated of in them.

1. Of the conflruttion and meafure of curves, N° 356.
2. A new method of defcribing all kinds of curves, N° 359.

3. A Letter to Martin Folkes, Efg; on equations with impoffible rocts,
May, 1726. N° 394.

Continuation of the fame, Match 1729. N° 408.

4.

5. Decem. 212, 1732. On the defeription of curves ; with an account
of farther improvements, and a paper dated at Nancy, 27th Nov, 1722.

N° 439.
6. An account of the Treatife of Fluxions, January 27¢b, 1742-3.. N2 467.

2. e The fame continued, March 10th, 1742-3. NI 469. o 1
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8. A rule for finding the meridional parts of a fpheroid with the [ame
exatinefs as of a [phere, Augult 1741. N°. 461.

9. Of the bafes of the cells wherein the bees depofit their boney, Novem. 3.
1743. N 471.

But the great work, on which he beftowed the moft labour, and which
will for ever do him honour, is his Treatife of Fluxions.

The occafion of it was related above, namely, the objections of fome
ingenious men againft the doctrine of fluxions, on account of the different
modes of explication which had been ufed by different authors. Nor can
it be denicd, that the terms infinite and infinitefimal were become much
t0o familiar to mathematicians, and had been abufed both in arizhmetic and
geometry: At one time introducing and palliating real abfurdities, and, at
others, giving thefe fciences an affected myfterious air which does not
belong to them. To remedy this growing evil, and for ever take away the
handle which it gave to cavilling, Mr. Maclaurin found it neceflary, in
demonftrating the principles of fluxions, to reject altogether thofe excep-
tionable terms, and to fuppofe no other than finite determinable quantitics,
fuch as Euclid treats of in his geometry ; nor to ufe any other form of
demonftration than what the antients had frequently ufed, and which
had been allowed as fritly conclufive from the firft rife of the fcience :
by which means, he has fecured this admirable invention from all future
attacks, and at the fame time done juftice to the accuracy of the great
inventor. The work coft him infinite pains; but he did not grudge it:
he thought that in proportion ‘¢ as the general methods are valuable, it
#¢ is important that they be eftablithed above all exception, and fince they
‘¢ fave us fo much time and labour, we may allow the more for illuftrating
“ the methods themfelves *.”

To his demonftrations of 'this'do&rine he has-added many valuable im-
provements of it, and has happily applied it to fo many curious and ufeful
enquiries, that his work may be called a-flotehotife of mathematical learn-
ing, rather than a treatife on'one branch of it. The particulars we need
-not enumerate, efpeciallyas there is printed in the Philofophical Tranfa&ions
No. 468, 469. a clear and methodical account of them; to which we re-
fer the reader. ' ’

* Introd, to Fluxions, at'the end,

Throughe



ofthe AUTHOR, Xv

Throughout this whole work, though not equully perfe& in all its
parts, becaufe of the infinite extent of the field into which he was led,
there appears a very mafterly genius, and an uncommon adrefs.

An ordinary artift follows the firft, not generally thebe(t, road that pre-
fents itfelf, and arrives perhaps at the folution of his problem ; but it will
fcarcely be either elegant or clear; one may fee there is ftill fomething
wanting, the refult being little more fcientific than that of an arithmetical.
operation, where the given numbers and their relations have all difappear-
ed. This was not the eafe of Mr. Mac/aurin ; he had a gpick compre-
henfive view, taking in at once all the mcans of inveftigation ; he could
felect' the fitteft for his purpofe, and apply them with exquifite art and.
method. This is a faculty not to be acquired by exercife only ; we ought
rather to call it a {pecies of that tafte, che gift of nature, which in mathe-
matics, as in other things, diftinguifhes excellence from mediocrity.

We have in all Mr. Maclaurin’s latter works, efpecially in his treatife of
flaxions, numberlefs inftances of this adrefs: We need only inftance in
his reducing fo many folutions which vfed to be managed by the higher
orders of fluxions to thofe of an inferior order, and many of the queftions.
concerning the maxima and minima, even fome of. the moft difficult, to
plane geometry.

Thefe are all the writings which our author lived to publith ; fince his.
deceafe two volumes more have appeared, his treatife of Algebra, and this,
account of Sir Ifzac Newton’s philofophy.

His Agebra, tho' it had not the advantage to be finithed by his own:
hand and publithed under his eye, is yet allowed to be excellent in its.
kind ; containing, in no lirge volume, a ccmplete elementary treatife of
that {cience, as far as it hus. hitherto. been carried.; all the moft ufeful.
rules, which lie {cattcred in fo many authors, being clearly laid.-down and.
demonftrated, and in the order which he had found to.be the beft in a.
long courfe of merhodical teaching: He is more fparing, it is true, in the:
practical applications than moft other writers,, but this was defignedly ; he
was of opinion. that many of. thofe applications deferve. to be treated of a-
part ; and.to have taken toomuch.of them into his plan, would have been.
like disfiguring the elements of Exclid, by wmixing with them the rules of
practical geometry.. To this work is fubjoined, as a proper appendix, his.
latin tra&t De Linearum Geometricaruin proprietatibus generalibus. It is.

carefully printed from a manufcript all written and corrected by the au-
thor’s,
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thor's own hand ; and we need only add, that as it was of the laft, fo it
appears to have been, in his own judgment, one of the beft of his per-
formances.

The account of Sir Ifzac Newton’s philofophy lies now before the reader ;
who, by cafting his eye on the fable of contents, may fee the author’s de-
fign and method ; and in perufing the work itfelf will not, we hope, find

himfelf difappointed.

One queftion however may be put, which it is proper for us to obviate.
Why, in this account, Sir Jfzac Newton's grand difcoveries concerning light
and colours, are but tranfiently and in general touched upon? To this it
is anfwered, that our author’s main defign feems to have been to explain
only thofe parts of Sir Jzac’s philofophy that have been, and are ftill,
controverted. But it is known that, ever fince the experiments, on which
his do&rine of light and colours is founded, have been repeated with due
care, this doérine has fuffered no conteftation : Whereas his fyftem of
the world, his accounting for the celeftial motions, and the other great
appearances of nature, from gravity, is mifunderftood and even ridiculed
to this day : the weak charge of sccult qualities has been frequently repeated;
foreign profeflors ftill amufe themfelves with imaginary triumphs ; even the
polite and ingenious Cardinal de Polignac is {educed to lend them the har-
mony of his numbers.

It was proper therefore that thefe Gentlemen fhould once more be told
(and by Mr. Maclaurin) that their objections are altogether out of f{eafon ;
that the fpectres they are daily combating are a creation of their own, no
more related to Sir Ifzac Newton’s doctrines than obfervation and experience
are to occult qualities ; that the followers of Sir Jfzac Newton will for ever
affert their right to ftop where they find they can get no farther upon fure
ground ; and to make ufe of a principle firmly eftablithed in experience,
adequate to all the purpofes they apply it to, and in every application
uniform and confiftent with itfelf; * although they, perhaps, defpair of
tracing the ulterior caufe of that principle.

But befides that Sir Ifaac Newton's treatife of optics wanted no defence, it
may be faid likewife, that it fcarce admits of an explication ; it is fuch an ab-
folute mafter-piece of philofophical writing, that it can as little be abridged
as enlarged ; and we had better take all his experiments, illuftrations and proofs
in the words in which he has delivered them, than rifque the injuring them
by a different drefs. As for the hints which he could not further purfue, and

* Qf this we fee a frefh inftance in a fecond admivable difcovery of Dr. Bradley’s; of a {mall
nutation of the earth’s axis, from the motion of the nodes of the lunar orbit,
which



of the AUTHOR. Xvii

which he propofes as queries; Mr. Maclaurin had too fiund a judgment,
and had too thoroughly imbibed the genius and {pirit of his great Mafter, to
run away with them as materials for rearing doubtful theories : He leaves
them as he found them, till future difcoverics can give them another name,

Befides his printed and more finithed works, Mr. Maclaurin had by
him a number of manufcript papers, and imperfect eflays on n:athematical
and other fubjects. Thefe the increafe of his diftemper did not give him
time to put in order, or to leave part'cular dire&ions how they were to be
difpofed of : He therefore intrufted them all together to the care of threz
gentlemen, in whofe hands he knew they “would be perfectly fafe:
his honoured friend Mar¢in Foikes, Efy; prefident cf the royal focmy
Andrew Mitchell, E{q; member of parliament for the fhire of Aberdeen,
who, he knew, would fpare no pains to do juftice to the memory of a
perfon whom he had fo lonz, and fo entirely, loved; and the reverend
Mr. Fobn H:ll, chaplain to his grace the archblﬂmp of Canterbury, with
whom he had for fome years cultivated a moft intimate frxend‘lnp in
confequence of this truft, thefe Gentlemen immediately {et about pub-
lithing what Mr, ]Wﬂc/zzz:rin had defigned and prepared for the prefs;
his algebra, and the account of Sir [faac Newtor’s philofophy: and
becaufe they could not take upon themfelves the immediate care of thefe
editions, they appointed, for that purpofe, a perfon whofe regard for the
author’s memory was a fure pledge of his utmoft diligence. They like-
wife fet on foot and follicited a fubfcription for the following work ;
which the fituation of Mr. Maclaurin’s family made neceflary. For not to
mention, that the thoughts of a philofopher are not much turned to the
faving of money, nor is his curiofity to be gratified but at a confiderable-
expence, Mr. Maclaurin’s liberality was greater than his fortune could well
bear : it was not advice and recommendation only that he furnifthed to
young men, in whom he could difcover a promifing and virtuous difpo-
fition ; he often fupplied them with money till his recommendations could
take place. This however will not, we hope, upon the whole, be any
lofs to bis family ; as it has been remembred, and rewarded by the generous
manner in which many gentlemen of worth have promoted this fubfcription.

If we now look back vpon the numerous writings of our author, and
the deep refearches he had been engaged in, his patience and aﬁiduxty will
be equally aftonithing with his genius. To endeavour to account for it
to a perfon who has not himfelf tatted the pleafures of a contemplative
mind, would be a vain attempt. Whoever has devoted himfelf to worldly
views, or to the mere joys of fenfe and imagination, muft be a ftranger
to the charms of #ruth, naked, unportioned, and unadorned; fuch as

c M.,
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Mr. Maclaurin courted her, through his whole fife, with a moft faithful
and perfevering paffion. Call his fpeculations but a kind of luxury; it is
however a higher and more refined luxury than other purfuits can furnifh :
an exercife, in which the human faculties find themfelves the moft rationally
employed, and the moft fenfibly ftrengthened and improved. At the fame
time, it beft diftinguithes the limitsto which they are confined ; infpiring
that humility which belongs to man, and makes a principal part of true
wifdom, the knowledge of one’s felf.

How great an example Mr. Maclaurin was of this virtue, thofe who had
the happinefs of his acquaintance can teftify, and his writings abundantly
thew. The farther he advanced in the knowledge of geometry and of
nature, the greater his averfion grew to perfect {yftems, hypothefes, and
dogmatizing ; without peevifthly defpifing the attainments we can arrive
at, or the ufes to which they ferve, he faw there lay infinitely more beyond
our reach; and ufed to call our higheft difcoveries but a dawn of know-
ledge, fuited to our circumftances and wants in this life ; which, however,
we ought thankfully to acquiefce in for the prefent, in hopes that it will be
improved in a happier and more perfect ftate.

In weak and unexperienced minds, it is true, the ftudy of mathematics
has often wrought quite different effects : fometimes an overweening and moft
ridiculous felf-conceit, with a contempt of all other ftudies ; at other times
a rath confounding of the different kinds of evidence, and the diﬁ’erené
{ubjets to which they can be applied; fometimes, becaufe demonftrative
evidence is the moft perfect, it has been taken for'granted there is none
other ; or moral evidence, to bring it to the fame level, has been difguifed
in an awkward and difadvantageous drefs. Butto oppofe the fingle example
of Mr. Maclaurin to fuch pretenders, will be a fufficient cenfure of their ab-
furd condu& ; and at the fame time a fufficient anfwer to the unjuft re-
prozches, which, on occafion of thefe abufes, have been thrown out againft
mathematicians.

It was not mental p]eafure} and improvement only, that Mr. Maclurin
fought in his favourite ftudies ; he faw their great importance in all the arts
of civil life, iu affifting (as my Lord Bacon exprefles it *) the powers of man
and extending hisdominion 1n nature. Whofoever is the leaft acquainted wit};
the hiftory or the prefent ftate of trade and manufattures, is fully apprized
that there is nothing great or beautiful, nothing convenient or expeditious
nothing univerfally beneficial, but wants #beir direGtion : nor are even thé
hints which accident throws ir our way, to be improved to any tolerable
purpofe, without the help of Arithmetic and Geometry,

% N, Organ. Lib. I,
2 To
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To this view of genetal utility, Mr. Maclaurin had accommodated all his
ftudies; and we find in many piaces of his works an applicaiion, even of
the moft abfirufe theories, to the perfe&ting of me hanical arts.  He had
refolved, for the fame purpofe, to compofe a courfe of practical mathe-
marics, and to refcue {overal ufeful branches of the fcience, from the bad
treatment they often meet with in lefs (kilful hands. But ull this his death
has deprived us of ; unlef. we would reckon as a part of his intended work,
the tranflation of Dr. David Gregory’s practical geometry, which he revifed
and publifhed, with additions, in the year 17435.

In his life-time, however, he often had the pleafure to ferve his friends
and country by his fupe:ior fkill. Whatever difficulty occurred concerning
the conftruction or perfecting of m-:chines, the working of mines, the im-
provement of manufacures, the conveying of water, or the execution of
any other public work, Mr. Maclaurin was at hand to refolve it.  He was
likewife employed to terminate fome difputes of confequence, that had arifen
at Glafgow concerning the gauging of veflels ; and for that purpofe, prefented
to the commiffioners of excife two elaborate memorials, containing rules
by which the officers now act, wiih their demonftrations.

But what muft have given him a higher fatisfactionthan any thing elfe of
this kind, was the calcolations he made, relative to that wife and humane
provifion, which is now eftablithed by law, for the children and widows of
the Scorch clergy, and of the profeflors in the univerfities ; entitling them
to certain annuities and fums, upon the voluntary annoal payment of a
certain fum by the incumbent. In contriving and adjufting this fcheme, Mr.
Maclaurin had beftowed great labour ; and the genitlemen who were ap-
pointed to follicite the affair at Londorz, own that the authority of his name
was of great ufe to them, for removing any doubts that were moved con-
cerning the fufficiency of the propofed fund, or the due proportion of the
fums and annuities.

To find himfelf thus eminently ufeful, even to late pofterity, muft have
been a delightfol enjoyment. But what ftill more endeared his ftudics to him,
was the ufe they are of in demonftrating the Being and Attributes of the
Almighty Creator, and etablithing the principles of natural religion on a
folid foundation ; equally fecure againft the idle fophiftry of Epsoureans, and
the dangerous refinements of modern metaphyficians., He agreed with the
great Mr, Cofes ¥, in thinking that the lknowledsr of nature will ever be

* In Prafat, ad Neut. Principia.
the
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the firmef} bulwark againft dtheifin, and confequently the fureft foundation
of true religion.  This knowledge does more than excite mere wondering ;
it infpires love and adoration of the Creator, our reafonable Service: for it
muft be a fuperficial view of nature, indeed, that fuggefts no relation, or
duty, to Him in whom we live, move, and bhave our being. The argu-
ment from final caufes, from the order and defign that evidently thews it-
felf throughout the univerfe, Mr. Maclaurin held to be the thorteft and
fimpleft of all others ; and confequently of moft general ufe,_ and the beft
adapted to the human faculties: whereas metaphyfical deductions are to be
apprehended but by the few, and are ever liable to be perverted. So that al-
tho” he could ufe them with as much fubtlety and force as any man living, he
chofe rather, in his converfation as well as his writings, to bring the difpute
to a fhort iflue in his own way.

He was no lefs ftrenuous in the defence of revealed religion ; which he
would warmly undertake as often as it was attacked, either occafionally in
converfation, or in thofe pernicious books which have brought the name
of Free-thinker into difgrace, and have fo much contributed to {poil our
tafte as well as our merals : ard how firm his own peifuafion of it was, ap-
peared from the fupport it afforded him in his laft hours.

Such was the life of this eminent perfon ; fpent in a courfe of laborious,
yet not painful, ftudy ; in continually doing good to the utmoft of his
power : in improving curious and ufeful arts; and propagating truth, vir-
tue, and religion amongft mankind. He was taken from us at an age when
he was capable of doing much more ; but has left an example which, we
hope, will be long admired and imitated : till the revolution of human af-
fairs puts an end to learning in thefe parts of the world; or the fickleng(s
of men, and their fatiety of the beft things, have fubflituted for this philo-~
fophy fome empty form of falfe fcience ; and, by the one or the other
means, we are brought back to our original ftate of barbarity.
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Of the method of proceeding irn natural philofophy,
and the various [yftems of philofophers.

CH AP L

A general view of Sir laac Newton's method, and of bis ac-

count of the [yftem of the world.

caufes, to trace the relations and dependencies of

thofe caufes, and to enquire into the whole conftitu-
tion of the univerfe, is the bufinefs of natural philofophy.
A ftrong curiofity has prompted men in all times to ftudy
nature ; every ufeful art has fome connexion with this {cience;
and the unexhaufted beauty and variety of things makes
it ever agreeable, new and furprizing,

I. TO defcribe the phenomena of nature, to explain their

But natural philofophy is fubfervient to purpofes of a higher
kind, and is chiefly to be valued as it lays a {ure foundation
for natural religion and moral philofophy ; by leading us, ina
fatisfacory manner, to the knowledge of the Author and
Governor of the univerfe. To {tudy nature is to fearch into
his workmanthip : every new difcovery opens to us a new part
of his fcheme. And while we f{till meet, in our enquiries, with
hints of greater things yet undifcovered, the mind is keptina
pleaﬁng expectation of making a further progrefs ; acquiring
at the fame time higher conceptions of that great Being, whofe
works are fo various and hard to be comprehended.

B 2 - Our
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Our views of nature, however imperfe&, ferve to re-
prefent to us, in the moft fenfible manner, that mighty power
which prevails throughout, acting with a force and efficacy
that appears to fuffer no diminution from the greateft diftances
of fpace or intervals of time ; and that wifdom which we
ize equally difplayed in the exquifite ftruure and juft mo-
tione of the greateft and fubtileft parts. Thefe, with perfect
geodnefs, by which they are evidently directed, conftitute the
{fupreme obje&t of the {peculations of a philofopher ; who,
while he contemplates and admires fo excellent a fyftem,
cannot but be himfelf excited and animated to correfpond
with the general harmony of nature.

In order to obtain thofe great purpofes, we muft not pro-
ceed haftily in our enquiries, but with the utmoft caution..
Falfe fchemes. of natural philofophy may lead to atheifm, or
fuggeft opinions, concerning the Deity and the univerfe, of moft
dangerous confequence to mankind ; and have been frequently
employed to fupport fuch opinions. We have the more rea-
{fon to be on our guard, becaufe philofophers have, on many
occafions, thown an unaccountable difpofition to give into
extravagant fxctions in their accounts of nature.. A confiderable
party adopted, of old, that monftrous {yftem, which, excluding
the influences of a Deity ¥, attempted to explain the formation of
the univerfe from the accidental play of atoms, and derived
the ineffable beauty of things, even life and thought itfelf, from
a lucky hit in the blind uproar. An horror at the dire effe@s
of fuperflition may have induced them to have recourfe to a
dodirine {o oppofite to common fenfe and reafon ; but we
have not even this excufe to offer in defénce of fome modern.
philofophers of great mame, who feem to have copied too

* Lucret. de rerum natura, lib. T, v. 63, &oc..
much.
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much after thofe mafters, in their mechanical accounts of
the production of the material fyftem,

While we guard againft atheifm and opinions that ap-
proach towards it, we ought likewife to beware of liftning to
fuperflition ; which difcourages enquiries iito nature, left, by
having our views enlarged, we fhould efcape from her bonds,
and our difcoveries fhould weaken fome darling temets. If
thole tenets are true, they will rather be confirmed by our
enquiries 3 and if they are falfe, furely it is better they {hould
be deteted.  'We may purfue truth fteadily, fecure that it will
be always found confiftent with itfelf, and ftands in no need
of the jealoufics and dark fufpicions of the fuperftitious to. fup-
port it ; in whofe hands truth itfelf is apt to fuffer, by the bafe
alloy they mix with it, and by the detefted means which
they have too often employed to maintain {o incongruous a
union.  The philofophers who have been devoted to fo mean
views, have never failed to expofe themfelves to juft ridicule,
without doing fervice to the caufe which they efpoufed.
Cofinas Indopleufles * of old, mifled by an injudicious zeal, com-
piled a {yftem of nature from fome expreflions in the facred
writings ; which, againft the conftant and univerfal ufe of
language, he would needs underftand in the moft literal and
the very ftricteft {enfe.

The earth therefore, according to him, was not globular, but
an immenfe plane of a greater length than breadth, environgd by
an unpaflable ocean. He placed a huge mountain towards
the north, around which the fun and ftars performed their
diurnal revolutions ; and from the conical fhape which he
afcribed to it, with the oblique motion of the fun, he ac-

* Fabrit. bibliotheca greca, vol. II. p. 609, &c. where an account is given.
from Photins and others of this author; with a figure to illuftrate his fyftem.

1 counted:
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counted for the inequality of the days and the variation of the
feafons.  The vault of heaven lean’d upon the earth extended
beyond the ocean, being likewife fupported by two vaft
columns : beneath the arch, angels conducted the ftars in their
various motions. Above it were the celeftial waters, andabove
all he placed the fupreme heavens. However abfurd the
conceits of this author, who wrote in darker times, may appear,
we have a more inexcufable inftance, in the laft century, of
the fame kind, in what Kircher calls his Ecftatic Voyage
to the Planets ; who, after many great difcoveries had been
made concerning the celeftial bodies, produced nothing
worthy * of fo noble a fubje&, or of his own extenfive learn-
ing and invention, having determined to make a facrifice of
both to certain decrees of the church of Rome: he de-
{cends even {o low as to adopt the folly, or rather impiety,
of aftrologers, in deriving the good or evil that happens to
man from the propitious or malignant influences of planets.
True religion requires no fuch facrifices ; nor are its interefts
advanced by feigning philofophical {fyftems purpofely to favour
it : for when we afterwards find thefe to be ill-grounded, we
may be in danger of falling into {cepticifm.

An entire liberty muft be allowed in our enquiries, that
natural philofophy may become fubfervient to the moft va-
tuable purpofes, and acquire all the certainty and perfe@ion
of which it is capable : but we ought not to abufe this liberty
by fuppofing inftead of enguiring, and by imagining fyftems,
inftead of learning from obfervation and’ experience the true
conflitution of things. Speculative men, by the force of ge-

* In the planet Venus, for example, he finds no other amufement but to admire
the limpid waters and beautiful cryttals he found there ; and to afk the genie, his
cumpanion and ghide, whether baptifm with fuch water would be valid, The reft is
of a piece with this.

I nius,
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nius, may invent {yftems that will perhaps be greatly admired
for a time ; thefe however are phantoms which the force of
truth will fooner or later difpell : and while we are pleas’d with
the deceit, true philofophy, with all the arts and iroprovements
that depend upon it, fuffers. The real flate of things efcapes
our obfervation : or, if it prefents itfelf to us, we are apt cither
to reject it wholly as fi¢tion, or, by new efforts of a vain in-
genuity, to interweave it with our own conceits, and labour
to make it tally with our favourite fchemes. Thus, by
blending together parts fo ill fuited, the whole comes forth an
abfurd compofition of truth and error.

Of the many difficulties that have ftood in the way of
philofophy, this vanity perhaps has had the worft effeéts.
The love of the marvellous, and the prejudices of fenfe, ob-
ftru&ted the progrefs of natural knowledge; but experience
and refletion foon taught men to examine and endeavour to
correct thefe. 'Tho’ philofophers met with great difcourage-
ments in the dark and fuperftitious ages, learning flourithed,
with liberty, in better times. The difputes amongft the fecs,
more fond of viory than of truth, produced a talkative fort
of philofophy, and a vain oftentation of learning, that pre-
vailed for a long time; but men could not be always di-
verted from purfuing after more real knowledge. Thefe have
not done near fo much harm, as that pride and ambition,,
which has led philofophers to think it beneath them, to offer
any thing lefs to the world than a compleat and finithed

ftem of nature ; and, in order to obtain this at once, to
take the liberty of inventing certain principles and hypethefes,
from which they pretend to explain all her myfteries.

2. Sir Ifaac Newton faw how extravagant fuch attempts
were, and therefore did not fet out with any favourite prin-

ciple
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ciple or fuppofition, never propofing to himfelf the invention
of a {yftem. He faw that it was neceffary to confult nature
herfelf, to attend carefully to her manifeft operations, and to
extort her fecrets from her by well chofen and repeated ex-
periments.  He would admit no objecions againft plain ex-
perience from metaphyfical confiderations, which, he faw, had
often mifled philofophers, and had feldom been of real ufe in
their enquiries. He avoided prefumption, he had the neceffary
patience as well as genius; and having kept fteadily to the
right path, he therefore fucceeded.

Experiments and obfervations, ’tis true, could not alone
have carricd him far in tracing the caufes from their effes,
and explaining the effe@ts from their caufes: a f{ublime geo-
metry was his guide in this nice and difhicult enquiry. This
is the inftrument, by which alone the machinery of a work,
made with fo much art, could be unfolded; and therefore
he fought to carry it to the greateft height. Nor is it ealy to
difcern, whether he has thewed greater fkill, and been more
{fuccefsful, in improving and perfeting the inftrument, cr in
applying it to ufe. He ufed to call his philofophy experimental
philofophy, intimating, by the name, the eflential difference there
is betwixt it and thofe fyftems that are the product of genius
and invention only. Thefe could not long {ubfift ; but his
philofophy, being founded on experiment and demonftration,
cannot fail till reafon or the nature of things are changed.,

In order to proceed with perfed fecurity, and to put an end
for ever to difputes, he propofed that, in our enquiries into
nature, the methods of enalyfis and Jynthefis {hould be both
employed in a proper order ; that we thould begin with the
phenomena, or effe@ts, and from them inveftigate the powers
or cuules that operate in nature 5 that, from particular caufes,

“Ie
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we fhould proceed to the more general ones, till tic argu-
ment end in the moft general : this is the methed of cnafyfs.
Being once poffeft of thefe caufes, we fhould then defcend in
a contrary order ; and from them, as eftablithed principles,
explain all the phznomena that are their confequences, and
prove our expiications: and this is the [fymshefis. It is evident
that, as in mathematics, fo in natural philofophy, the inveft-
gation of difficult things by the methed of analyfis cught ever
to precede the method of compofition, or the fyazbefis. For in
any other way, we can never be fure that we affure the
principles which really obtain in nature 5 and that our fyiten,,
after we have compoled it with great labour, is not mere dream
and illufion.

By proceeding according to this method, he demonfirated
from obfervations, analytically, that gravity is a general princi-
ple; from which he afterwards explained the fyftem of the
world. By analyfis he difcovered new and wonderful properties
of light, and, from thefe, accounted for many curious phzno-
mena in a [ynthetic way. But while he was thus demonftrat-
ing a great number of truths, he could not but meet with
hints of many other things, that his fagacity and diligent
obfervation fuggefted to him, which he was not able to efta-
blith with equal certainty: and as thefe were not to be neg-
le@ted, but to be feparated with care from the others, he there-
fore colle@ted them together, and propofed them under the mo-
deft title of gueries.

By diftinguifhing thefe {o carefully from each other, he has
done the greateft fervice to this part of learning, and has fe-
cured his philofophy againft any hazard of being difproved or
weakned by future difcoveries. He has taken care to give no-

thing for demonftration but what muft ever be found fuch ;
C and
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and having feparated from this what he owns is not {o certain,
he has opened matter for the enquiries of future ages, which
may confirm and enlarge his doétrines, but can never refute
them. He knew where to ftop when experiments were want-
ing, and when the fubtilty of nature carried things out of his
reach : nor would he abufe the great authority and reputation
he had acquired, by delivering his opinion, concerning thefe,
otherwife than as matter of queftion. It was long before he
could be prevailed on to propofe his opinion or conjeétures con-
cerning the caufe of gravity; and what he has faid of it, and
of the other powers that at on the minute particles of matter,
is delivered with a modefty and diffidence feldom to be met
with amongft philofophers of a lefs name. Nor do they a&
in a conformity with the fpirit of this philofophy who {peak
dogmatically on thefe fubje@s, till a clearer light from new
obfervations and experiments brings them from the clafs of que-
ries, and places them on the level of demonftration.

3. Such was the method of our incomparable philofopher,
whofe caution and modefty will ever do him the greateft ho-
nour in the opinion of the unprejudiced. But this ftrit me-
thod of proceeding was not relithed by thofe who had been
accuftomed to treat philofophy in a very different way, and
who faw that, by following it, they muft give up their favourite
fyftems. His obfervations and reafonings were unexceptionable;
fo, finding nothing to objet to thefe, they endeavoured to lef-
{en the chara&er of his philofophy by general indire@ infinua-
tions, and, fometimes, by unjuft calumnies. They pretended
to find a refemblance between his do@rines and the exploded
tenets of the {cholaftick philofophy. They triumphed mightily
in treating gravity as an occt ¥ quality, becaufe he did not pre-
tend to deduce this principle fully from its caufe. His ex-
tending over all the {fyftem a power which is fo well known to

2 us
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us on the earth, and explaining by it the motions and influences
of the celeftial bodies, in the moft fatisfattory manner; and his
determining the meafures of the various motions that are confe-
quences of this power, by {o fkilful an application of geometry
to nature ; all thefe had no merit with {uch philofophers, be-
caufe he did not aflign the mechanical caufe of gravity. I
know not that ever it was made an objection to the circulation
of the blood that there is no fmall difficulty in accounting for
it mechanically ; they who firft extended gravity to air, vapour,
and to all bodies round the earth, had their praife, though the
caufe of gravity was as obfcure as before ; or rather appeared
more myfterious, after they had fhewn that there was no body
found near the earth, exempt from gravity, that might be fup-
pofed to be its caufe. Why then were his admirable difcove-
ries, by which this principle was extended over the univerfe,
{o ill relithed by fome philofophers? The truth is, he had, with
great evidence, overthrown the boafted {chemes by which they

retended to unravel all the myfteries of nature; and the
philofophy he introduced, in place of them, carrying with it a
fincere confeflion of our being far from a complete and perfect
knowledge of it, could not pleafe thofc who had been ac-
cuftom’d to imagine themfelves pofiefs’d of the eternal reafons
and primary caufes of all things.

But to all fuch as have juft notions of the great author of
the univerfe, and of his admirable workmanthip, Sir I/zac Vew-
ton’s caution and modeity will recommend his philofophy ; and
even the avowed imperfe@ion of {fome parts of it will, to them,
rather appear a confequence of its conformity with nature. To
fuch, all complete and finithed fyftems muft appear very ful-
picious : they will not be furprized that refined {peculations,
or even the labours of a few ages, are not fufficient to unfold
the whole conflitution of things, and trace every phznomenon

Ca through
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through all the chain of caufes to the firft caufe. Is the ad-
mirable progrefs which has been made in this arduous purfuit
to be defpifed or neglected, becaufec more remains behind undif-
covered P Surely we ought rather to rejoice that fo much is
opened to us of the confummate art by which all things were
made, and ought to be afraid to intermix with it our own ex-
travagant conceits.

The procefles of nature lie fo deep, that, after all the pains
we can take, much, perhaps, will remain undifcovered beyond
the reach of human art or.fkill. But this is no reafon why we
thould give ourfelves up to the belief of fictions, be they ever
fo ingenious, inftead of hearkening to the unerring voice of na-
ture : for the alone can guide us in her own labyrinths ; and it
is a confequence of her real beauty, that the leaft part of true
philofophy is incomparably more beautiful than the moft com-
plete {yftems which have been the produc of invention. This
is particularly ‘true of Sir Ifaac Newton’s philofophy ; and we
may compare it in this refpe@ with thofe celebrated pieces of
Apelles, which, though they never received his laft hand, were
in greater admiration amongft the antients, than the moft finith-
ed pieces of other artifts: and we wifh pofterity may not find
caufe to fay of this philofophy what the antients faid of thofe
pieces,~——-Fpfum defeltum ceffiffe in gloriam artificis, nec qui
Juccederet operi ad prefcripta lineamenta inventum fuiffe. Plin.

4. It was, however, no new thing that this philofophy fthould
meet with oppofition.  All the ufeful difcoveries that were made
in former times, and particularly in the laft century, had to
firuggle with the prejudices of thofe who had accuftomed them-
felves not fo much as to think butin a certain fyftematic way ;,
who could niot be prevailed on to abandon their favourite
fchemes, while they were able to imagine the leaft pretext for

continuing
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continuing the difpute: every art and talent was difplayed to
fupport their falling caufe ; no aid feemed foreign to them that
could in any manner annoy their adverfary ; and fuch often
was their obftinacy, that truth was able to make little progrefs,
till they were fucceceded by younger perfons who had not fo
ftrongly imbibed their prejudices.

Sir Ifaac Newton had very early experience of this temper of
‘philofophers, and appears to have been difcouraged by it. He
had a particular averfion to difputes, and was with difficulty
induced to enter into any controverfy. The warm oppofition
his admirable difcoveries in optics met with, in his youth, de-
prived the world of a full account of them for many years, till
there appeared a greater difpofition amongft the learned to re-
ceive them ; and induced him to retain other important inven-
tions by him, from an apprehenfion of the difputes in which
a publication might involve him. He thus weighed the reafons
of things impartially and coolly, before a publication of them
can be fufpected to have engaged him in their defence. It is
well known how flow he was in publithing: and we can-
not but obferve that the temper and difpofition of mind, as
well as the abilities of this great man, fitted him in a particu-
lar manner for penetrating far into nature and unfolding her

harmony.

Nor did his averfion to difputes proceed from the love of
quict only. Philofophy had been in high efteem of old, but
had loft its antient luftre from the endlefs idle janglings that
had arifen amongft the feés; and could never recover it while
a faculty of inventing a fyftem readily, ‘and defending it obfti-
nately, were the admired talents of a philofopher. While one
age or {e& overturned for the moft part the laborious produc-

tions of another, many of the wifer fort defpaired of acquiring
certainty
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ertainty in natural knowledge, and chofe rather to content
hemfelves with the general view of things, open to all men,
han attach themfelves to fchemes which produced no real fruit,
ind really led them farther from the truth. Our author there-
fore propofed that all prejudices fhould be laid afide, and the
senuine method of treating natural philofophy, which we have
Jefcribed from him, fhould be clofely followed. By his adher-
no to it himfelf, we are fecure that truth and nature are on his
fide; and by following the excellent models which he has
given us, we may be able to make farther advances.

Others have pretended to explain the whole conftitution of
things by what they call clear ideas, and by mere abftracted
fpeculations. They exprefs a contempt * for that knowledge
of caufes which is derived from the contemplation of their
effedts, and are unwilling to condefcend to any other {cience than
that of effecs from their caufes. Therefore they fet out from
the firf# caufe ; and from their ideas of him pretend to unfold
the whole chain, and to trace a complete fcheme of his works.
This is the philofophy that ftands in oppofition to our author’s
to this day. It flatters human vanity {o much, and fets out in
fo pompous a manner, that they who attend not to the unex-
hauftible variety of nature, and confider not how unequal the
human powers are to fo arduous an undertaking, are deluded
by its promifes : it may be doubted if fuch a philofophy lies
within the reach of any created being; and it feems to be
very plain that it far furpaffes the reach of men, But fince

_* Perfpicuum eft optimam philofophandi viam nos fequuturos, fi, ex ipfius Dei cog-
nitione, rerum ab eo creatarum explicationem deducere conemur, ut ita {cientiam pc;-
fectiflimam, quae eft effetuum per caufas, acquiramus. Cartes. Princip. part. I1. § 22
Afterwards, having occafion to fpeak of the phanomena, he takes care to tell us,
that he would not make ufe of them to prove any thing from them, becaufe he
wanted to derive the knowledge of effects from their caufes, and not reciprocally that
of the caufes from their effets, Princip, parc 111, § 4, &c.

many
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many are devoted to this phantom, and ufe all their art to
adorn, and recommend it to more admirers, it will be necef-
fary for the {ervice of truth, that, while we proceed, we have
in view likewife the dete@ion of this impofture.

5. The view of nature which is the immediate obje of fenfe
is very imperfe&, and of a {mall extent; but by the afliftance
of art, and the help of our reafon, is enlarged till it lofes itfelf in
an infinity on either hand. The immenfity of things on the
one fide, and their minutenefs on the other, carry them equally
out of our reach, and conceal from us the far greater and more
noble part of phyfical operations. As magnitude, of every
fort, abftractly confidered, is capable of being increafed to infi-
nity, and is alfo divifible without end; {o we find that, in na-
ture, the limits of the greateft and leaft dimenfions of things
are actually placed at an immenfe diftance from each other, We
can perceive no bounds of the vaft expanfe in which natural caufes
operate, and can fix no border or termination of the univerfe;
and we are equally at a lofs when we endeavour to trace things
to their elements, and to difcover the limits which conclude the
fubdivifions of matter. The objecs, which we commonly call
great vanith when we contemplate the vaft body of the earth;
the terraqueous globe itfelf is foon loft in the folar {yftem: in
fome parts it is feen as a diftant ftar. In great part it is un-
known, or vifible only at rare times to vigilant obfervers, aflifted,
perhaps, with an art like to that by which Galileo was enabled
to difcover {o many new parts of the fyftem. The Sun itfelf
dwindles into a ftar; Sazurn’s vaft orbit, and the orbits of all
the comets, croud into a point, when viewed from numberlefs
places between the earth and the neareft fix’d ftars. Other
funs kindle light to illuminate other {yftems where our fun’s
rays are unperceived ; but they alfo are fwallowed up in the

vaft expanfe. Even all the fyftems of the ftars that fparkle in
the
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the cleareft fky muft poflefs a fmall corner only of that {pace
over which fuch {yftems are difperfed, fince more ftars are dif-
covered in one conftellation, by the telefcope, than the naked
eye perceives in the whole heavens. * After we have rifen fo
high, and left all definite meafures fo far behind us, we find
ourfelves no nearer to a term or limit; for all this is nothing
to what may be difplayed in the infinite expanfe, beyond the
remoteft ftars that ever have been difcovered. ‘

If we defcend in the fcale of nature, towards the other limit,
we find a like gradation from minute objeés to others incom-
parably more f{ubtile, and are-led as far below {enfible meafures
as we were before carried above them, by fimilar fteps that {foon
become hid to us in equal obfcurity. We have ground to be-
lieve that thefe fubdivifions of matter have a termination, and
that the elementary particles of bodies are folid and uncom-
pounded, {o as to undergo no alteration in the various ope-
rations of nature or of art. But from microfcopical obfervations
that difcover animals, thoufands of which could fcarce form a
particle perceptible to the unaffifted fenfe, each of which have
their proper veflels, and fluids circulating in thofe veflels ; from
the propagation, nourithment and growth of thofe animals j from
the {ubtilty of the effluvia of bodies retaining their particular
properties after {o prodigious a rarefaction ; from many afto-
nithing experiments of chymifts; and efpecially from the in-
conceivable minutenefs of the particles of light, that find a paf-
fage equally in all dire@ions through the pores of tranfparent
bodies, and from the contrary properties of the different fides
of the fame ray ; + it appears, that the fubdivifions of the par-
ticles of bodies defcend by a number of fteps or degrees that
furpaflfes all imagination, and that nature is unexhauftible by
us on every fide. Nor is it in the magnitude of bodies only

a1 . . 1
* In the conflellation of Orisn, 2000 ftars have been numbered by aftronomers.
T Newtonw’s optics, Query 20, ,

I that
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that this endlefs gradation is to be obferved. Of motions fome
are performed in moments of time ; others are finithed in very
long periods : fome are too flow, and others too {wift, to be
-perceptible by us. The tracing the chain of caufes is the moft
noble purfuit of philofophy ; but we meet with no caufe but
what is, itfelf, to be confidered as an effe&, and are able to
number but few links of the chain. In every kind of magni-
tude, thereis a degree or fort to which our fenfe is proportion’d,
the preception and knowledge of which is of greateft ufe to
mankind. The fame is the ground-work of philofophy * ;
for tho’ all forts and degrees are equally the object of philo-
fophical {peculation ; yet it is from thofe whichare proportioned
to fenfe that a philofopher muft fet out in his enquiries, af-
cending or defcending afterwards as his purfuits may require.
He does well indeed to take his views from many points of
fight, and fupply the defects of fenfe by a well regulated ima-

gination ; nor is he to.be confined by any limit in {pace or

* If we were to examine more particularly the fituation of wman in nature, we
fhould find reafon to conclude, perhaps, that it is well adapted to one of his facul-
ties and inclinations, for extending his knowledge, in fuch a manner as might be
‘confiftent with other duties incumbent upon him ; and that they have not judged
rightly who have compared him in this refpett (Spinoz. Epift. 15.) with the
animalcules in the blood difcovered by Microfcopes. He muft be allowed to be the
firft being that pertains to this globe, which, tor any thing we know, may be as
confiderable (not in magnitude, but in more valuable refpeéls) as any in the
folar fyftem, which is itfelf, perhaps, not inferior to any other fyftem in thefe parts
of the vaft expanfe. By occupying a lower place in nature, man might have more
eafily feen what paffes amongft the minute particles of matter, but he would have
loft more than he could have gained by this advantage. He would have been in no
condition to inftitute an analyfis of nature, in that cafe. On the other hand, we
doubt not but there are excellent reafons, why he fhould not have accefs to the
diftant parts of the fyftem, and muft be contented at prefent with a very imper-
fe@ knowledge of them. The duties incumbent upon him, as a member of fociety,
might have fuffered by too great an attention to them, or communication with them.
Had he been indulged in a correfpondence with the planets, he next would have de-
fired to pry into the ftate of the fixed ftars, and at length to comprehend infinite
ipace, )

D time ;
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time : but as his knowledge of nature is founded on the ob-
fervation of fenfible things, he muft begin with thefe, and
mufl often return to them, to examine his progrefs by them.
Here is his fecure hold; and as he fets out from thence, {o
if he likewife trace not often his fteps backwards with caution,
he will be in hazard of lofing his way in the labyrinths of

nature.

6. From this thort view of nature, and of the fituation of
man, confidered as a fpeator of its phznomena and as an
enquirer into its conftitution, we may form fome judgment of the
projeét of thofe, who, in compofing their {yftems, begin at the
fummit of the {cale, and then, by clear ideas, pretend to de-
fcend through all its fteps with great pomp and facility, {o asin
one view to explain all things. The proceffes in experimental
philofophy are carried onin a different manner : the beginnings
are lefs lofty, but the {cheme improves as we arife from par-
ticular obfervations, to more general and more juft views.
It muft be owned, indeed, that philofophy would be perfec,
if our view of nature, from the common obje&s of fenfe, to
the limits of the univerfe upwards, and to the elements of
things downwards, was complete ; and the powers or caufes
that operate in the whole were known. But if we compare
the extent of this {cheme with the powers of mankind, we
fhall be obliged to allow the neceflity of taking it in parts,
and of proceeding with all the caution and care we are capa-
ble of, in enquiring into each part. When we perceive fuch
wonders, as naturalifts have difcovered, in the minuteft objeds,
fhall we pretend to deferibe fo eafily the produétions of in-
finite power in {pace, that isat the fame time infinitely extended
and infinitely divifible ? Surely we may rather imagine, that in
the whole, there will be matter for the enquiries and perpetual
admiration of much more perfe& beings. '

2 It
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It is not therefore the bufinefs of philofophy, in our prefent
fituation in the univerfe, to attempt to take in at once, in one
view, the whole {cheme of nature ; but to extend, with great
care and circumipeétion, our knowledge, by juft fteps, from
fenfible things, as far as our obfervations or reafonings from
them will carry wus, in our enquiries concerning either the

reater motions and operations of nature, or her more fubtile
and hidden works. In this way Sir Isaac NewTon procceded
in his difcoveries : he eftablifhed his account of the {yftem of
the world upon the beft aftronomical obfervations, on the one
hand; and performed, himfelf, on the other, with the greatett
addrefs, the experiments by which he was enabled to pry into
the more fecret operations of nature, amongft the minute par-
ticles of matter. On either fide he has extended our views
very far, and has left valuable hints and intimations of what
yet lies involved in obfcurity.

For thofe purpofes he has given us two incomparable treatifes,
the moft perfect in their kind philofophy has to boaft of ;- his
Mathematical Principles of Natural Philofophy, and his Trea-
tife of Optics. In the firft, he defcribes the {yftem of the
world, and demonftrates the powers which govern the celeftial
motions, and produce their mutual influences. Thefe are ex-
tended from the centre of the fun to the utmoft altitude of the
higheft comet, and probably to the fartheft limits of the uni-
verfe.  Nor are thefe new or abftrufe principles, like to thofe
which never had a being but in the imagination of philo-
fophers, but the fame which are moft familiar to mankind,
and in common ufe, farther extended and more accurately de-
fined. 1In the fecond, he treats of light, which, tho’ the moft
potent agent in nature, that is{enfible to us, acts only at the leaft
diftances. His admirable difcoveries, on this {ubjed, led him

D2 to
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to fearch into the motions that are amongft the minute par-
ticles of matter, the moft abftrufe of all natural phenomena.

In the firft, he had the obfervations of aftronomers for many
ages to build on, with valuable confequences that had been de-
rived from them, by the laborious calculations of diligent and
ingenious men. 'The conflancy and regularity of the celeftial
motions had contributed, with the obfervations of fome thou-
fands of years, to render aftronomy the moft exa& part of the
hiftory of nature ; the doérine of comets only excepted.
The vaft diftances of the great bodies which eompofe the
{yftem, from each other, rather favoured a juft amalyfis of the

owers by which they a&on one another ; fince by thegreat-
nefs of the diftance, thefe muft be reduced to a few fimple
principles, and be the more eafily difcovered. In the fecond
treatife, heenquires into more hidden parts of nature, and had
moft of the phenomena themfelves to trace, as well as their
caufes. The fubje@ is rather more nice and difficult, becaufe
of the inconceivable minutenefs of the agents, and the fubtilty
and quicknefs of the motions ; and the principles combined
in producing the phznomena being more various, it could not-
be expected that they thould be fo eafily fubjeéted to an ana-
lyfis. Hence it is that what he has delivered in the firft (tho?
ftill capable of ‘improvement) is more complete and finithed in
fevera] refpects ; while his difcoveries of the fecond fort are more:

aftonithing,

After having eftablithed the principle of the univerfal Gravi-
tation of Matter in the firft treatife, when he is not able to de-
monftrate the caufes of the phznomena defcribed in the fecond:
more evidently, he endeavours to judge of them, by analogy,
from what he had found in the greater motions of the fyftem ;
a way of reafoning that is agrecable to the harmony of things,

and
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-and to the old maxim afcribed to Hersmes*, and approved by the
obfervation and judgment of the beft philofophers, ¢« That
what paffes in the heavens above is {imilar and analogous to
what paffes on the earth below.” He had found that all
bodies gravitated towards each other, by a power that acts on
all their particles equally at equal diftances, and increafes ac~
cording to a ftated law when the diftance is diminithed. From
a like principle, acting at lefs diftances, with greater vigour,
and with more variety, but infenfibly at larger diftances, he
fufpe@ted that the more abftrufe phenomena of nature pro-
ceeded. It was a great matter in philofophy to be fecure of
one general principle ; and one was fufficient for carrying on
the regular motions of the heavenly bodies. A greater variety
was neceflary for conduéting the different operations of nature
in particular parts ; and thefe being involved in fome ob-
feurity, till better light {hould appear, he could find no furer
ground on which to found a judgment of them, than that
principle he had already thewn to take place in nature. But
becaufe we often find that phznomena, which, at firft fight,
appear of a very different fort, flow neverthelefs from the fame
caufe, and feveral fuch caufes are often refolved, on farther en-
quiry, into one more general principle; the whole conflitution
of nature (notwithftanding the variety of appearances) mani-
feftly leading to one fupreme caufe ; this great philofopher was
hence induced, as well as from feveral obfervations he had made,
to think that all thefe powers might proceed from one general
inftrument or agent, as various branches from one great ftem,
whofe efficacy might be refolved more immediately into the
diretion or influences of the fovereign caufe that rules the

* A principle not unlike this is afcribed to-the Perfan and Chaldean magi, cipmabi.
eves 7d dvw Toig warw. Pfell. Declaratio dogmat. Chaldaic tho’ this, s ether
maxims, was much abufed in- progrefs of time, when philofophers degenerated from
their firlt fimplicity.

T univerfe.
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univerfe.  But he fpeaks of Fhis in the manner that became a
philofopher who had fo much ftudied nature, and knew how
obfcure thofe arduous parts of her {cheme muft be to us.

t

7. As the moft obvious views of the creation fuggeft to all
men the perfuafion of the being and government of a Deity ;
{o every difcovery in natural philofophy enforces it : and with
this improvement of his difcoveries, this great man concludes
both thofe treatifes. Nor is his philofophy to be thought of
little fervice for this purpofe, tho’ he has not been able to ex-
plain fully the primary caufes themf{elves.

The great myfterious Being, who made and governs the
whole fyftem, has fet a part of the chain of caufes in our
view ; but we find that, as he himfelf is too high for our
comprehenfion, fo his more immediate inftruments in the uni-
verfe, are alfo involved in an obfcurity that philofophy is not
able to diffipate; and thus our veneration for the fupreme
author is always increafed, in proportion as we advance in the
knowledge of his works. As we arife in philofophy towards
the firft caufe, we obtain more extenfive views of the confti-
tution of things, and fee his influences more plainly. We
perceive that we are approaching to him, from the fimplicity
and generality of the powers or laws we difcover ; from the
difficulty we find to account for them mechanically ; from
the more and more complete beauty and contrivance, that ap-
pears to us in the {cheme of his works as we advance ; and from
the hints we obtain of greater things yet out of our reach : but
{till we find ourfelves at a diftance from Him, the great fource
of all motion, power and eflicacy; who, after all our enquiries,
continues removed from us and veiled in darknefs. He is not
the obje of fenfe, his nature and effence are unfathomable ;
the more immediate inftruments of his power and energy are

but
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but obfcurely known tous ; the leaft paft of nature, when we
endeavour to comprehend it, perplexes us; even place and
time, of which our ideas feem to be fimple and clear, have
enough in them to embarafs thofe who allow nothing to be
beyond the reach of their faculties. Thefe things, however,
do not hinder but we may learn to form great and juft concep-~
tions of him from his fenfible works, where an art and fkill is
exprefs’d that is obvious to the moft fuperficial {pectator, fur-
prizes the moft experienced enquirer, and many times fur-
pafles the comprehenfion of the profoundeft philofopher.
From what we are able to underftand of nature, we may en-
tertain the greater expeQations of what will be difcovered to us,
if ever we fhall be allowed to penetrate to the firft caufe him-
felf, and fee the whole {cheme of his works as they are really
derived from him, when our imperfeét philofophy fhall be
completed.

CHAP
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CHAP IL

Of the [yflems of the antient philofophers.

1. Hofe who have not imbibed the prejudices of philefo-

phers, are eafily convinced that natural knowledge is to
be founded on experiment” and obfervation. But there is a
philofophy that intoxicates the mind, while it pretends to ele-
vate and fatisfy it, which teaches to defpife the plain and fober
way of truth. And it is no eafy matter to deal with thofe who
have loft themfelves in the dark fchemes of an inviolable and
univerfal neceflity, or with thofe who are ever dreaming them-
felves poffeft of the eternal reafons and primary caufes of
things. The leaft thew of an argument in their own vifionary
way takes infinitely more with them, than the cleareft evidence
from faét or obfervation ; and fo fond they appear of fuch
airy {chemes, that they would chufe rather to go on dif-
puting for ever, than condefcend to acquiefce in certainty ob-
tained in a lower way. To an impartial enquirer, Sir Ifaac
NVewton's method, defcribed in the laft chapter, approves itfelf’;
and fome ingenicus men have been fenfible of the neceffity of
following it, in former times. But the general practice of
philofophers has been very different ; and fyftems founded on
abftracted f{peculations ftill {o much prevail, that it will be ne-
ceflary for our purpofe to thew, by a few obfervations on the
hiftory of learning, how vain and fruitlefs fuch attempts have
always proved.

Theories
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Theories of this kind have been invented, and amended
again and again, with great labour and expence of thought ;
but ftill when they came to compare them with nature, how
wide has been the difference! — 747 omnis effufus labor. If we
look back into the ftate of philofophy in the different ages,
we fhall learn from the hiftory of every period, that as far as
philofophers confulted nature, and proceeded on obfervation,
they made fome progrefs in true knowledge ; but as far as
they pretended to carry on thelr fchemes without this, they
only multiplied difputes.

The beginnings of learning, as of other things, are uncer-
tain and obfcured with fables : we colle&, however, from
{everal teftimonies, that the oldeft and moft celebrated philo-
{fophers of Phenicia and Greece made a vacrum and atoms,
and the gravizy of atoms, the firft principles of their philo-
fophy * ; whether thefe were fuggefted to them from their
early obfervations of nature, before her plain appearances were
obfcured by the imaginary fchemes and the difputes of {pecu-
lative men, or were derived from fome other origin.  After-
wards various fyftems appeared, but fome traces of thofe an-
tient principles are for a long time to be difcovered amongft
the doérines of fucceeding philofophers, tho’ interwoven with
their own particular tenets ; and what appears to be moft
uniform in the variety of their opinions feems to be derived

* According to Pofidonius the ftoick, as cited by Strabe and Sextus Empiricus,
the dotrine of Atoms was more antient than the times of the T'rojan war, having
been taught by Mo/chus a Pheenician, the fame probably meant by Iamblichus, when
he tells us that Pythagoras converled at Sidom with the prophets, the fucceflors of
Mochus the phyfiologer. In thofe early times the characters of lawgiver and philo-
fopher were united, and this Mockus is {uppofed by many to have been the fame
with Mofes the legiflator of the Fews.
from
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from this fource *. 'The more ancient atomifts feem to have
taught that there were living fubftances alfo, which pre-exifted
before the union of the {yftems of thofe elementary corpuicles,
and continued to exift after their diffolution. They faw the
neceflity of admitting adive aswell as paflive principles, life as
well as mechanifm, throughout the world +. But this entire
and genuine philofophy was difmembered afterwards, and from
an affeGation of fimplicity, or for other reafons, one fort of
permanent {ubftance was thought fufhicient. One party re-
tained the paffive and fluggith matter only, and from the for-
tuitous concourfe of its corpufcles pretended to explain the for-
mation of the univerfe. Others, more refined, afcribed reality
and premanency to adive incorporeal fubftances chiefly, or
only. And fo fimilar were their divifions and difputes to thofe
of our own times, that a third fort feem to have rejected the
reality of both, while they maintained that there was no ftabi-
lity of effence or knowledge any where to be found ; that all
being and knowledge was fantaftical and relative only ; that
man was the meafure of truth to himfelf in all things, and that
every opinion or fancy of every one wastrue 3. While one
{ect thought that nothing was permanent, but that all things
were in a continual flux or motion, and others, that all things
confifted of one immoveable and infinite effence, it is no wonder
that their fucceflors own themfelves at a lofs to underftand their
meaning |.—Oppofition to each other feems to have driven

* They taught that nothing was made out of nothing, that no fubftance is gene-
rated or deftroyed, that colour and tafte are not in the objects, €5¢. which feem to be
the genuine doctrines of this atomical philofophy amongft the Greeks. See Ariffor,
de anima, Lsb. IIL Cap.1. who afcribes fuch opinions to moft of the phyfiologers
before his time. g

~+ See Dr. Cudworth’s intelle€tual fyftem of the univerfe. B.ok I. Chap. I.

1 This was the dotrine of Protagoras the Abderite.  Plaz, Theetetus, (¢,
8 Plat. Theetet.

them
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them to extremes, and both aimed at too general and extenfive
principles.

As to the partlcular tenets of Thales, and his fucceflors of the
Ionic {chool, the fum of what we learn from the imperfe&
accounts we have of them is, that each overthrew what his
predeceflor had advanced ; and met with the {ame treatment
him{elf from his fucceflfor. One of them is faid to have made
water the principle of all things ; another chofe air; a third
fire ; a fourth preferred earth ; and fome took them all in,
and made thefe four the elements or principles of things. So
early did the paffion for {yftems begin, and difputes in con-

fequence of fuch precipitancy were unavoidable.

2. In the time of this uncertainty amongft the phyfiologers
{for fuch all the more antient philofophers were) Socrates ap-
peared in the world. A fublimity of genius, a fimplicity of
manners, a particular talent of inveftigating truth and ex-
pofing error, diftinguithed this great man. In his youth he
applied himfelf, as his predeceflors had done, to natural know-
ledge, and endeavoured to reduce it to a method and prin-
ciples. But after examining their {chemes without recciving
any fatisfattion from them, he was too fincere a lover of truth
and too juft to mankind, to attempt to invent one of his
own, or to diffemble his ignorance of nature. He faw that
imaginary knowledge was the greateft obftru&ion to true fci-
ence, and made thofe who were puffed up with it very trouble-
fome to the lovers of folid learning. He therefore took every
occafion to expofe it, and had a happy talent in ridiculing the
vanity of the fophlﬂs of thofe times, who pretended to know
all things. The oracle on a certain occafion had declared him
the wifeft of men ; ; and this preference he explained, with his
ufual modefty, to be owing to this only, -that while others

E 2 vainly
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wvainly imagined they knew what they were indeed ignorant
of, he knew this one thing more than they, ¢ that he knew

nothing.”

After many other fruitlefs attempts he had made in his
youth * to fee into the caufes of things, happening to hear
that dnaxagoras taught that all things were governed by a
fupreme mind, and being mightily pleafed with this principle,
he had recourfe to his writings ; full of expe@ation to fee
the whole fcheme of nature explained from the perfet wifdom
of an all-governing mind,. and to have all his doubts about
the perfection of the univerfe fatisfied. But he was much dif-
appointed, when he found that Anaxagoras made no ufe of
this {overeign mind in his explications of nature, and referred
nothing to the order and perfe&ion of the univerfe as its reafon s
but introduced certain aereal, wthereal and aqueous powers, and
fuch incredible principles for the caufes of things. Upon the
whole, Socrates found that this account of nature was no more
{atisfactory, than if one who undertook to account for all the
actions of Socrates, thould begin with telling that Socrazes was
acted by a principle of thought and defign ; and pretending
to explain how he came to be fitting in prifon at that time,
when he was condemned to die by the unjuft and ungrateful
Athenians, he thould acquaint us that the body of Socrates
confifted of bones and mufcles, that the bones were folid and
had their articulations, while the mufcles were capable of being
contracted and extended, by which he was enabled to move
his body and put himfelf in a fitting pofture ; and after
adding an explication of the nature of found, and of the organs
of his voice, he fhould boaft at length that he had thus ac-
counted for Socrates’s fitting and converfing with his friends in

¥ éyw ydp véos vy ¢, Plat. Phaedo,
2 prifon 5



Cuar. 2. PHILOSOPHICAL DISCOVERIES. 29

Prifon ; without taking notice of the decree of the Arbenians,
and that he himfelf thought it was more juft and becoming to
wait patiently for the execution of their {fentence, than efcape
to Megara or Thebes, there to live in exile. ¢ *Tistrue, fays he,
¢ that without bones and nerves I fhould not be able to per-
¢ form any action in life, but it would be an unaccountable
¢« way of {peaking to aflign thofe for the reafons of my
¢ a&ions, while my mind is influenced by the appearance of
¢« what is befl.”

I have taken notice of this paflage the rather, becaufe it
fhews how effential the greateft and beft philofophers have
thought the confideration of final caufes to be to true philo-
fophy ; without which it wants the greateft beauty, perfettion
and ufe. It gave a particular pleafure to Sir Jfuac NVewron to
fee that his philofophy had contributed to promote an attention
to them (as I have heard him obferve) after Des Cartes and
others had endeavoured to banifh them. It is furprizing that
this author thould reprefent it as greater prefumption in us * to
aim at the knowledge of final caufes, than to attempt to derive
a complete fyftem of the univerfe from the nature of the Deity,
confidered as the fupreme efficient caufe, or, after difcarding
mental and final caufality, to refolve all into mechanifm and
metaphyfical or material neceflity. Surely this is the fort of
caufes that is moft clearly placed in our view ; and we cannot
comprehend why it fhould be thought arrogant in us, to at-
tend to the defigh and contrivance that is fo evidently dif-

* Princip. Part 1. § 28. Nullas unquam rationes circa res naturales a fine, quem
Deus aut natura in iis faciendis fibi propofuit, defumemus ; quianon tantum debemus
nobis arrogare ut ejus confiliorum participes nos effe putemus : fed ipfum ut caufam
efficientem rerum omnium confiderantes, videbimus quidnam, ex iis ejus attributis
quorum nos nonnullam notitiam voluit habere, circa illos ejus effectus, qui fenfibus
noftris apparent, lumen naturale quod nobis indidic concludendum effe oftendat.

played
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played in nature, and obvious to all men ; to maintain, for
inflance, that the eye was made for feeing, tho” we may not
be able either to account mechanically for the refradion of
light in the coats of the eye, or to explain how the image is
propagated from the retina to the mind.

Socrates, finding all dark and uncertain in the various
{yftems of his predeceffors, was {atisfied that it was better to
reft contented with the general view of nature open to all,
than adopt any one of them ; and having applied himfelf to
promote the practice as well as the theory of moral philofophy
amongft his fellow citizens, by his example and precepts, he
merited the higheft efteem and admiration of mankind *,
Plato, however, and his followers, being fenfible of the in-
fluence which natural knowledge muft have on the moft
important truths, returned to it. The beauty of the uni-
verfe was the favourite fubje@ of the Platonifts ; and they
ufed to recommend the contemplation and imitation of its re-
gular and conftant motions, by the practice of virtue, as the
beft means to recover their antient conformity with it in a prior
ftate, and to become worthy of returning to the fame ftate
again. While a fe& of the Atomifts refolved all things into
the motions and modifications of matter, Plaro ftrove to
raife the thoughts of men above the objects of fenfe, and
zealoufly maintained the pre-eminence of adive, incorporeal

* See Aul. Gellius, Lib. 6. ch. 10. where an extraordinary inftance of this is
given from Tawrus a Platonic philofopher. The Athenians, upon {fome difference
with the inhabitants of Megara, made it capital for any of them to enter Arbens.
Euclid of Mzgara, afier this ediét, ufed to difguife himfelf as a woman, and travel
twenty miles in the night to hear Socrates.  Whence Taurus takes occafion to lament
how much philofophy was funk inefteem in his time. Now, fays he, we fee phi-
lofophersrun of th ir own : ccord to attend at the gates of the young and rich, and
there fit waiting to noon till their difciples have flept out their laft night’s debauch.
Diogenes Laertius, however, {peaks of a ftranger who came to Athens and found
fault with Socrates in fome things,

and
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and intelleGual beings. Thefe, according to him, are the
true fubftances, the other the thadows; which laft only, thofe
grofs philofophers could perceive 5 as he who has his back
towards the light fees it not, or the bodies placed betwixt him
and it, but the images proje¢ted from them only *. He
fpeaks, however, fometimes of the infenfible particles of
bodies, which can only be perceived by the mind and under-
ftanding, afcribing different figures to them in the ftyle of
the atomical philofophy 4. 1f he carried his fondnefs for his
idéas too far, we muft own, at leaft, that he erred on the moft
innocent fide of the queftion, in oppofition to the dangerous
do&rines of Democritus and others. But however laudable the
views of this amiable philofopher may have been, furely the
unintelligible myftical do&rines of fome of his followers }
ought to admonifth us to be on our guard againft excefles,
even in a good caufe.

3. In the mean time the followers of Pythagoras flourithed
in Izaly, and taught a philofophy that does not appear to have
been fo much the refult of their own obfervations, as to have
been tranfplanted from the eaft by their great mafter; who
{pent two and twenty years in thofe parts, and {crupled not
to comply with the cuftoms || moft peculiar to the eaftern
nations, in order to obtain the freer accefs to their learned men.
And as he was a man of extraordinary qualitics and at the
moft pains, fo he feems to have been the moft fuccefsful of
the antients in getting acquainted with their philofophy.

* Plate de republica, Lib. 7. & 10.

+ Plat. Timaeus, ,

1 It were unneceflary to cite here inftances of the moft profound myfticifm from
Plotinus and other platonifts.

i He was circumcifed in Egypt after the manner of the piiofls of that country,
and is faid to have been the moft graceful perfon of his time, (/7. Mlexandr. Strom.

Lib. 1,
We
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We find that his followers taught the true account of the
planetary motions, particularly that the earth moved daily
on its own axis, and revolved annually round the fun ; and
gave the fame account of the comets which is agreeable to
modern difcoveries *. They alfo taught that every ftar was
a world +, and that each of them had fomething correfpond-
ing to our earth, air, and water, in the vaft expanfe. The
moon particularly, according to them, was inhabited by larger
and more beautiful animals than this globe. We find fome
hints concerning the gravitation of celeftial bodies, in what is
related of the do&rines of Thales and his fucceflors : but Py-
rhagoras feems to have been better acquainted with it, and is
{fuppofed to have had a view to it, in what he taught con-
cerning the harmony of the {pheres 1.

A mufical chord gives the fame notes as one double in
length, when the tenfion or force with which the latter is
ftretched is quadruple : and the gravity of a planet is quad-
ruple of the gravity of a planet at a double diftance. In ge-
neral, that any mufical chord may become unifon to a leffer
chord of the f{ame kind, its tenfion muft be increafed in the
fame proportion as the {quare of its length is greater ; and that
the gravity of a planet may become equal to the gravity of an-
other planet nearer to the fun, it mult be increafed in propor-
tion as the {quare of its diftance from the fun is greater. If
therefore we fhould fuppofe mufical chords extended from
the {fun to each planet, that all thefe chords might become
unifon, it would be requifite to increafe or diminifth their ten-

* Ariftot. Meteorol. Lib. I, cap. 6. Plutarch. de placitis philofoph. Lib. III.
cap. 2.

+ Ibid. cap. 13, & 30.

1 Plin. Lib. 1L cap. 22. Macrob. in fomnium Scip. Lib. II. cap. 1, See alfo
Plutarch de animal. procreatione, ¢ Timmo. wre wdhaur Seohdyos, Tpeopirarn
@inaodpiy Gvreg, dpyave wscme Sedv, &c. to the end.

{ions
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fions in the fame proportions as would be fufficient to render
the gravities of the planets equal. And from the fimilitude of
thofe proportions, the celebrated doérine of the harmony cf
the {pheres is fuppofed to have been derived.

As thefe doGrines of the Pytbagoreans, concerning the diurnal
and annual motions of the earth, the revolutions of the
comets, the inhabitants of the moon and ftars, and the lar-
mony of the {pheres, are very remote from the fuggeftions of
fenfe, and oppofite to vulgar prejudices ; fo we cannot but
fuppofe that they who firft difcovered them muft have made a
very confiderable progrefs in aftronomy and natural philo{ophy.
It is no eafy matter to perfuade a perfon unacquainted with the
true-theory of motion, that the earth, which of all things in
nature appears to be moft fixed and ftable, is carried on in
fuch a manner, and with {o much rapidity, in the expanfe. To
be fatishied of thefe do&rines, fo as to reckon the earth
amongft the ftars, and confider the ftars as fo many worlds,
one muft have got over many difficulties from fenfe as well as
from the religious prejudices that prevailed in thofe days.
When therefore we find the accounts of them given by the
Greeks to be very imperfe®, mixed with errors and mifrepre-
{entations, it fecems reafonable to fuppofe that they had fome
hints of them only from fome more knowing nations who
had made greater advances in philofophy ; and that they
were able to defcribe them perhaps not much better than
we may imagine an ingenious Indian, after pafling fome
years in Ewrope, and having had fome accefs to learned
men, would reprefent our fyftems to his countrymen after
his return. Hence it was that the Pyzbsgoreans do not feem
to have been in a condition to defend their doGrines, tho’ true
and Ariffotle refutes them with the appearance of reafon on his
tide.  What he fays of their {iftem fiovs that either it was
! not

1
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not defcribed rightly by them, or that he mifunderftood them.
We are told that they taught that there was an earth oppofite
to our earth, and feveral other bodies revolving about the fun
which were concealed from us by the earth, and that from
this they explained why there were more eclipfes of the
moon than of the fun*. On this occafion he urges againft them
a complaint, for which philofophers have too often given
ground, ¢ That inftead of {uiting their philofophy to nature,
¢ they had mifreprefented the phznomena that they might ap-
« pear conformable to their own {fuppofitions.” But had he
been better acquainted with the phenomena and this fyftem,
he had formed a better judgment of it.

At this time geometry was in high efteem. We have rea-
fon to think that the fondnefs of the Pythagoreans and Plato~
niffs for it fometimes mifled them, by inducing them to de-
rive the myfteries of nature from fuch analogies of figures
and numbers as are not only unintelligible to us, but in {ome
cafes feem not capable of any juft explication. The ufe they
made of the five regular {olids in philofophy is a remarkable
inftance of this, and muft have been a very important part of
their {cheme, if we may depend upon the antient commen-
tators on FEuwuclid ; who tell us that he was a platonic philo-
fopher, and compofed his excellent elements for the fake of this
do@rine. But as it is a matter of pure fpeculation, we can-
not conceive that there can be any analogy between it and the
conftitution of nature ; and they have not been fuccefsful
who have of late endeavoured to explain this analogy ; as

* De ecelo, lib. 1. cap. 15. We may be the lefs furprized that the Greeks had
fo imperfeCt acecounts of the eaftern learning, if it be true that fome of the moft
noted amongft their philofophers, travelled into Egyps from a very dilerent view
thain acquiring their philofophy, Plase’s chief view 15 {aid to have been to fell his
0yl

we
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we fhall have occafion to thew afterwards, when we come to
give fome account of Kepler’s difcoveries. Nor is this the
only inftance, where a purfuit of analogies and harmonies has
led us into error, in philofophy. Geometry can be of little
ufe in it till daza are colleGed to build on, and Lord #erulam
has jultly obferved, Mathefin philofophiam naturalem teriinzre

debere, non generare aut procreare.

4. From Ariffatle’s philofophy we may learn, that the
greateft penetration, without other helps, will ever be of lefs
fervice in enquiries into nature, than in metaphyfics and dia-
le@ics ; where the force of genius may indeed atchieve won-
ders. Inftead of the more antient {yftems, he introduced
smattery form, and privation as the principlesof all things: but
it does not appear that this doGrine was of great ufe to him
in natural philofophy. He furpafled all the other philofophers,
in flating the divifions and definitions relating to his fubjeds,
with peculiar accuracy ; yet fome of his do&rines are {o ob-
{curely exprefled, according to the confeflion of his moft de-
voted difciples, that tho’ they took the utmoft pains to dif-
cover his meaning (and {fome of them, as is reported, in a very
extraordinary manner) they were not able to penetrate into it ;
and it is difputed to this day what were his fentiments on
fome of the moft important fubjeéts.

He was enabled by the liberality of his pupil Alexander
to make vaft colle&tions relating to the hiftory of nature, at
an immenfe expence, which have been often copied by natural
hiftorians fince *. But in his general and theoretical writings
concerning nature, tho’ his reafonings may appear acute and

* According to Pliny, Ariftotle wrote fifty volumes concerning animals, and feve-
ral thoufand perfons in Greece and Afia, by Alexander’s orders, aflifted him in his
enquiries. The expenceis faid to have amounted to ¢ighty talents,

F 2 {ubtle,
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fubtle, the conclufions are commonly fuch as are overthrown
by later difcoveries. How he defcribed the Pysbhagoréan doétrine
concerning the twe-fold motion of the earth, and endeavoured
to refute it, we obferved above : in one of the treatifes that
are afcribed to him #, the author pretends to demontftrate that
the matter of the heavens is ungenerated, incorruptible, and
fubje& to no alteration ; and fuppofes the ftars to be carried
round the earth in folid orbs. In thefe doérines he was
generally followed, till Zycho by his obfervations, and Ga/ileo
by his arguments, expofed their fallacy. Some have com-
plained that there is lefs mention of a Deity, in his extenfive
and various works, than in moft of the antient philofophers ;
that mEPI KOZMOTY, (or, as fome fay it ought to be entitled,
NEPI ANTOZ) excepted ; which for this reafon has been
afcribed to another author. But there are many who judge-
this admirable piece to be Arifforle’s ; and Gaffendus is of
opinion that he compofed it towards the end of his life, as the:
refult of his moft ferious thoughts . :

It may be obferved in favour of this great philofoj i er, that
perhaps he did not intend his difcoveries thould be well under—
ftood from his public writings ; for we are told that when his
pupil complained of his publithing fome of his treatifes, he
infinuated, by his anfwer, that they would be underftood by
philofophers. only. Had we a more perfe& account of his:
do@rines concerning forms and qualities, poflibly they might
appear in a better light : perhaps he meant only to affert,
in oppofition to that branch of the atomifts who followed:
Desmocritus, that the phaznomena of nature could not be ac--
counted for from matter and motion only ; but that the qua-
lities of bodies arife from hidden powers acting varioufly on.

* De ceelo.
T De phyfiologia Epicari.

different
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different combinations of the particles of matter; accerding o
the laws eftablithed. The condu& of Calliffbenes, whom he
recommended to Alcvasder to accompany him in his fars
conquefts, does great hovour to Ariflorle © A prelciuiion
however, carried on by the Athenian pricfts, cbliz:d him 1o
abandon their city, to avoid the fate of Socrare..

Ariffotle was for a long time called the princz ¢ philefo-
phers ; and poﬁeﬂ'ad the moft abfvlute autheiity in the
f(,hools not in Ewrope only, but even in /fl'/,;cc, amongft
Mahometans as well as Chriltians. They had tran:l:tions of
his works in Perfia and at Samarcand 5 and no philofopher
ever acquired fo univerful or fo highi an efteem. His opinion
was allowed to ftand on a level with reafon itfelf ; nor was
there any appeal from it admitted, the parties, in every
difpute, being obliged to fhew tiut their conclufions were no
lefs conformable to Zrifforle’s doCrine than to truth. This,
however, did not put an end to difputes, but rather ferved
to multiply them ; for neither was it eafier to afcertain his
meaning than to come at the truth, nor was his de@rine con-
fiftent with itfelf. It is not improper to have this {lavith {ub-
je¢tion of philofophers in remembrance ; becaufc an high
efteem for great men is apt to make us devoted to their opi-
nions even in doubtful matters, and fometimes in fuch as are

foreign to philofophy.

. We have already mentioned the Epfurean { /“un aned
{hall have occafion frequently to make remarks upen it after-
wards. Whoever confiders the extravagant do@rines of this
{e&, and of the other Dogmatifts, of whatever denomination,
-Perlpatencs or Stoics, may admire fome of them {or their mo-
rality, and more for their eloquence it having been their chicl
bufinefs to difpute for their {chemes and declaim wren them

but:
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but cannot be greatly furprized that, as to what relates to na-~
tural knowledge, fo many joined the {fceptics; and either
maintained that it was impoflible to dilcover truth, with fome
of them; or with others, that men were only in purfuit not
in poffeflion of it. The {e&s, and fubdivifions of feds, at
length became fo numerous, and their {yftems {o various, that
almoft cvery perfon of any note addi¢ted himfelf in fome de-
oree to philofophy : for none could be at a lofs to find a fe&
and do&rine fuited' to his tafte and inclination. But it does
not appear that this great increafe of philofophers contributed
much to the advancement of the {cience, or did fervice to
truth : {uch was their licentioufnefs, and {o great the variety of
their opinions, that there has hardly appeared any doérine, in
later times, but may be fupported by the authority of one
or other of them. It has been juftly obferved that we may
learn fomething from the faults and miftakes of others, in
every art ; but we do not find that the errors of one fe& in
philofophy ferved to put the others on their guard. The great
mafters we have mentioned had given an unhappy example ;
and their {fucceflors exceeded them in grafting one fi¢ion upon
another, to ferve their purpofes. Thus the Platonifts became
unintelligible myftics, and the Peripatetics unwearied difputants;
while every fe@ had its tale or {cheme, magnified by the %party,
but condemned by all the reft.

When the antients, however, applied themfelves to con-
fider the heavens, or to colleét the hiftory of nature, they did
not lofe their labour ; their obfervations, fometimes, fuggefted
to them imperfe@ views of the true caufes which obtain in
the univerfc : and we have reafon to admire fome hints of this
kind that appear in {everal paffages of their writings, andfeem
to be anticipations of fome of the mo% valuable m®dern
difcoveries.  But, generally {peaking, they indulged t??in-

1 clves
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felves too much in abftrufe fruitlefs difquifitions concerning
the hidden ecffences of things, and fought after a knowledge
that was not fuited to the grounds they had to build on.  As
to their accounts of the fyftem of the world, the Pyzhagorean
dod@rines were quite forgot, and the opinions of 4riffotle and
Eudoxcus univerfally prevailed. In  procefs of time great
liberties were taken with nature, folid orbs and epicycles were
multiplied, to anfwer every appearance, till the univerfe in
their defcriptions loft its native beauty, and {feemed reduced to
a chaos again by their unhappy labour..

It is not worth while, nor of ufe for our purpofe, to trace
the hiftory of learning thro’ its various revolutions in the later
ages, when philofophy and philofophers fell into contempt ;
when they became more diftinguithed by their extravagant
opinions, manners and temper %, than by any real know-
ledge and merit. How different they were, fo eatly as in the
times of the Cefars, from the famous Pythagorean lawgivers,
the incomparable Socrates, and others who adorned the firft
ages of philofophy, we may learn from the pi¢ure given of
them by Zacitus. ¢ Nero, fays this author, uled to beftow
¢« f{ome time after meals in hearing the reafonings of different
¢ philofophers,and while each maintained his ownfe&, and every
¢ one exprefly contradicted another, they all con{pired to expofe
¢ their endlefs variance and broils, as well as to difplay their
“ peculiar and favourite opinions ; nay, there were fome of
“ thofe folemn mafters of wildom, highly fond of being

* Sapientiam capillis et habitu ja@ant, fays Lafantius {peaking of them. See
alfo the complaint of Zaurus the philofopher, cited from 4ul. Gellius above in the
notes on § 2. of this chapter,

“ {een
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« {een with their gloomy afpe& and rigid accent, amidft the
¢ royal excefles and recreations of Vero *.

But the ftate of learning proved flill more deplorable in a
later period ; that ought to be remembered, becaufe it dif-
covers to us the moft cruel enemy to true philofophy. 'Twas
{ometime after the fall of the Roman empire, when the majefty
and policy of that people had given way to Gorbic barbarity,
that fuperftition reigned uncontrouled, liberty of enquiry was
profcribed, and a favage zeal fought to root out the memory of
antient learning, by deftroying the records of it, the in-
eftimable produ@ of the labours of paft times. The fatal
fcheme proved but too fuccefsful, for foon a thick cloud feems
to have darkened the underftandings of men, and to have
almoft extinguifthed their natural faculties ; in fo much that a
part of the fucceeding times obtained the appellation of the
leaden ages, as worfe than the iron age of the poets. Autho-
rity for a long time ufurped the place of reafon, and, under
the abufed pretence of making them more fubmiflive to hea-
ven, mankind were enflaved and degraded. Here and there
{fome appeared worthy of better times ; but thefe were obliged
to conform to the genius of that barbarous age : if they ap-
plied to true philofophy, it was either in a private and myfterious
manner, or their abilities and merit ferved only to provoke
fevere -and cruel treatment from their bigotted cotemporaries.
This was the fate of the famous Roger Bacon, who appears to
have made {furprizing advances in natural knowledge, for thofe

* Tacit. annal. lib. 14.  We have faid nothing of the Chinefe, for tho’ no nation
has applied to aftronomy for fo long a time, or with fo much encouragement from
the publick, they feem to have made little progrefs, by the accounts we bave of
them : this may be afcribed, in part at leaft, to their neglect of geometry (with-
out wiich it is impofiible to make great advances in aftronomy) and their having
50 correfpondence with oth:r nations.

I times,
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times, and feems to have been acquainted with {fome inventions
that are moft commonly fuppofed to be of a later date.

Learning, negle&ed and defpifed in Ewrope, found a fanc-
tuary amongﬁ the Saracens, to whom we are indebted for fe-
veral inventions, as well as for the prefervation of fome of the
works of the antients. They had fo great a value for
thefe, that it was ufual with them to demand copies of them,
by particular articles, in their treaties with the Greek emperors ;
tho’ they had deftroyed an ineftimable treafure of this kind,
at Alexandria, in their firlt conquefts. The caliph Ahnaimon
is celebrated for encouracrmg aftronomical learning, ere&ing a
great number of obfervatories over his dominions, and provid-
ing them with inftruments of a prodigious fize. By his order,
a degree of the circle of the earth, was, firft, meafured with
exactnefs, as far as we know. But, at length, their philo-
fophers {eem to have devoted themfelves abfolutely to Ariflotle,
in no lefs flavith a manner than the Ewropeans ; and to a
talkative philofophy that ferved only to produce ‘endlefs dif-
putes.

The cloud was, at length, gradually difpell’d in Ewrope : the
active genius of man could not be enflaved for ever. The
love of knowledge revived, the remains of antient learning,
that had efcaped the wreck of the dark ages, were diligently
fought after; the liberal arts and {ciences were reftored, and
none of them has gained more by this happy revoluuon than

natural philofophy.

G CHAP
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C HA P I
Of the wadern philofophers before Des Cartes.

I. H E revolutions of learning were compared, by

Apriflorle, to the rifing and fetting of the ftars ; and
Pliny {peaks of four periods. of it that preceded his time, the
Egyptian, Aflyrian, Chaldean, and Grecian. Learning, after
it was once loft in thofe countries, has never revived again ;
and, of the produce of three of thofe periods, there is little
or nothing left. The weftern parts of Ewrope have been
more happy. After a long interval, learning has returned to
them ; and the period which commenced upon the revolution
we have mentioned, has already continued fome hundred
years, It was ufhered in by feveral inventions of the greateft
ufe. If we may judge from thefe, from the valuable difcoveries
that have been made in its progrefs, and from thofe which
learned men are full in purfuit of, (which afford matter
for their enquiries, and at the fame time keep up their curio-
fity and expedtation) we may juftly hope that it will be long
ere it comes to an end : and if it thould likewife have its ter-
mination, it cannot, however, but be ever memorable in the
hiftory of learning, in future times ; unlefs a general oblivion:
overwhelm all memory and record.

The invention of convex and concave glafles was as old as
the thirteenth century, tho’ no one thought of putting two of
them together to make a telefcope, till three hundred years
later.  Upon which it has been juftly obferved, that thofe

things,
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things which we handle daily may have valuable properties
altogether unknown to us, which chance, or future trvals,
may difcover. The polarity of the magnetic needle, which
was made ufe of in navigation early in the fourteenth century
(if not {ooner) facilitated the correfpondence between diftin&
nations, and conducted Colusmdus to the dilcovery of the new
world. It is obvious how advantageous to learning the art of
printing has proved, which we owe to the fame century.
Thefe, with feveral other new and furprizing inventions, pro-
duced a great change in the affairs of the world ; and a {pirit
of reformation foon fhewed itfelf, in every thing that had any
connexion with the arts and {ciences.

2. Peurbachius, with his {cholar Regiomontanus and others,
revived aftronomical learning, in the fourteenth century. The
celebrated Copernmicus (who was born at Zhorn in Pruffia in
1473) fucceeded them, ¢ a man, fays Kepler, * of a vaft ge-
¢ njus, and what is of great moment in thefe matters, of a
¢ free mind.” When heconfidered the form, difpofition and
motions of the fyftem, as they were then reprefented after
Prolerny, he found the whole void of order, fymmetry and
proportion ; like a piece (as he exprefles himfelf) made up
of parts copied from different originals, which not fitting each
other, thould rather reprefent a monfter than a man. He
therefore perufed the writings of the antient philofophers, to
fee whether any more rational account had ever been propofed
of the motions of the heavens. The firft hint he had was from
Cicero, who tells us, in his academical gueffions (book 4.) that
WNicetas a Syracufian had taught that the earth turned round on
its axis, which made the whole heavens to appear to a {fpe&ator
on the earth to turn round it daily. Afterwards, from Pli-

* Prefatio ad Pawulum 111, pontif. max.
G 2 ¢areh,



44 Sr ISAAC NEWTON’s Booxrl

tarch *, he found that Philolaus the Pythagorean had taught
that the earth moved annually round the fun. He imme-
diately perceived that, by allowing thefe two motions, all the
perplexity, diforder and confufion, he had complained of in
the celeftial motions, vanithed, and that, inftead of thefe, a
fimple regular difpofition of the orbits, and a harmony of the
motions appeared, worthy of the great author of the world.

*Twas {oon after the year 1500 he began to form this judg-
ment of the {yftem, in his own thoughts : but being fenfible
how ill it would be received by the generality of men, and
even of the learned of that time, he could not be induced to
publith his account of the celeftial motions, for more than
thirty years. He had a great inclination, as he tells us, to
have followed the manner of the Pytbagoreans, who would not
publith their myfteries to the world, but chofe rather to de-
liver them from hand to hand to pofterity ; not that they
envied others the knowledge of them, but that the beautiful
difcoveries of great men, the fruit of all their labours, might
not become the fport of the prefumptuous and ignorant. It
was not without the greateft {ollicitations, and much ftruggling
on his part, that at length he gave his papers to his friends,
with permiffion to publith them ; and he lived only to fee a
copy of his book in 1543, a few hours before his death.

In this treatife, he reftores the antient Pythagorean fyftem,
and deduces the appearances of the celeftial motions from/it.
Every age fince has produced new arguments for it ; and, not-
withftanding the oppofition it met with, from the prejudices
of fenfe againft the earth’s motion, the authority of Arifforle
in the fchools, the threats of ignorant bigots, and the terror
of the inquifition, it has gradually prevailed. The chief argu-

* De placitis philofophorum, lib. 3. cap. 13.

ment
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ment that had induced 4riffotle, and his followers, to con-
fider the carth as the centre of the univerfe, was that all
bodies have a tendency towards the centre of theearth. In anfwer
to this, Copernicus * obferved, that it was reafonable to think
there was nothing peculiar to the earth in this principle
of gravity ; that the parts of the fun, moon, and flars,
tended likewife to each other, and that their {pherical figure
was preferved in their various motions by this power. Thus
every ftep in true knowledge gives a glimpfe or faint view of
what lies next beyond it, tho’ yet unrevealed, in the fcale of
nature.

3. The reftoration of the Pyrbagorean fyftem was a ftep
of the utmoft importance in true philofophy, and paved the
way for greater difcoveries ; but the minds of men were not
fufficiently prepared for it, at that time. A juft account of
the theory of motion was wanting to make them fenfible of
its fimplicity and beauty, and to enable them to refolve, in
a fatisfaGtory manner, the obvious arguments that appeared
againft it. According to Copernicus, the earth revolved on
its axis, with a rapid motion, from weft to eaft. It was ob-
jected, that fuch a motion could not but have fenfible effe¢ts
on many occafions ; that a ftone, for inftance, drop’d from
the fummit of a tower, ought to ftrike the ground, not at the
foot of the tower, but at a diftance weftward, according to
this do&rine ; the tower being carried, by the diurnal motion,
towards the eaft, while the ftone was falling. In anfwer to

* Equidem exiftimo gravitatem non aliud eflfe quam appetentiam quandam na~
turalem, partibus inditam a divina providentia opificis univerforum, ut in unitatem
integritatemque fuam fefe conferant, in formam globi cocuntes. Quam affectionem
credibile eft etiam foli, lunz, ceaterifq; errantium fulgoribus, ineffe, ut ejus effi-
cacii in €4 qua fe reprefentant rotunditate permaneant ; qua nihilominus multis
modis fuos efficiunt circuitus.  Nicol, Copernici revol, liba 1. cap. g. oy

1s,
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this, the motion of the earth was compared to the uniform
progreflive motion of a thip at {ea; and it was affirmed, that
a ftone drop’d from the top of the maft would ftrike the deck
at the foot of it, tho’ the fthip was under fail, and advanced
at a great rate while the ftone was falling. This experiment is
now beyond all queftion : but fome, who tried it without due
care and attention, having reported to Zycho Brake that it had
not fucceeded *, this, with a miftaken zeal for the facred
writings, and perhaps an ambition of being the inventor of a.
new fyftem, induced him to reje& the doétrine of Copernicus,
and propofe a middle fcheme. Tycho was too well acquainted
with the planetary motions to fuppofe their centre any where
elfe than in the fun; but that the earth might be quiefcent,
he fuppofed the fun, with all the planets, to be carried annually
around it, while thefe, by their proper motions, revolved about
the fun in their feveral periods. Having rejected the diurnal
rotation of the earth on its axis, he was obliged to retain the
moft fhocking part of the Prolemaick fyftem, and to fuppofe
that the whole univerfe, to its fartheft. vifible limits, was
carried, by the primum mobile, about the axis of the earth
every day. In this, however, he was abandoned by fome of
his followers, who chofe rather to fave this immenfe labour to
all the {pheres, by afcribing the diurnal motion to the earth,
with Copernicus 5 and therefore were called Semi-Tychonics.

Tho’ this noble Darne was not happy in eftablithing a new
fyftem, he did great fervice, however, to aftronomy, by his
diligence and exa@nefs in making obfervations, for a long
feries of years. He difcovered the refraGion of the air, and
determined the places of a great number of the fixed ftars,
with an accuracy unknown to the aftronomers of former times,

* Gaffend. in vita Tychonis,
He
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He demonftrated that the comets were higher than the moon,
from their having a very {mall parallax, againft the opinion
which then prevailed. He difcovered what is called the va-
7iation in the motion of the moon ; and, from his feries of ob-
fervations on the other planets, the theories of their motions
were afterwards corrected and improved. For thefe {ervices he
will be always celebrated by aftronomers.

4. Towards the latter end of the fixteenth century, and about
the beginning of the next, Ga/ileoand Kepler diftinguifhed them-
felves in the defence of the Copernican {yftem, and by many new
difcoveries in the fyftem of the world. The excellent Galilea
was no lefs happy in his philofophical enquiries, than in the
celebrated difcoveries which he made in the heavens, by the
telefcope.  To the admirable Kepler we owe the difcovery of
the true figure of the orbits, and the proportions of the mo-
tions of the folar {yftem : but the philofophical improve-
ment of thefe phenomena was referved for Sir Ifzac Newton.

Kepler had a particular paffion for finding analogies and
harmonies in nature, after the manner of the Pythagoreans
and Platonifts ; and to this difpofition we owe fuch valu-
able difcoveries as are more than fufficient to excufe his
conceits. 'Three things, he tells us, he anxioufly fought to
find the reafon of, from his early youth; why the planets
were fix in. number, why the dimenfions of their orbits were
fuch as Copernicus had deferibed from obfervations, and what
was the analogy or law of their revolutions. He fought for the
reafons of the firft two of thefe in the properties of numbers
and plane figures, without fuccefs. But at length refleGting
that while the plane regular figures may be infinite in number,
the ordinate and regular {olids are five only, as Zwc/id had
long ago demonfirated ;. he imagined that certain myfteries

I in
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in nature might correfpond with this remarkable limitation in-
herent in the effences of things ; the rather that' he found
the Pythagoreans had made great ufe of thofe five regular
folids in their philofophy. He therefore endeavoured to find
fome relation between the dimenfions of thofe folids and
the intervals of the planetary fpheres ; and imagining that a
cube infcribed in the fphere of ‘Sazurn would touch by. its fix
planes the fphere of Fupiter, and that the other four regular
folids in ‘like manner fitted the intervals that are betwixt the
{pheres of the other ‘planets; he became perfuaded that this
was the true reafon why the primary planets were precifely fix
in number, and that the Author of the world had determined
their diftances from the fun, the centre of the fyftem, from
a regard to this analogy. Being thus poflefled, as he thought,
of the grand fecret of the Pyzhagoreans, and being mightly
pleafed with his difcovery, he publifhed it in 1596, under the
title of My/flerium Cofmographicum.

Kepler fent a copy of this book to Zycho Brahe, who did not
approve of thofe abftracted fpeculations concerning the fyftem
of the world, but wrote to Kepler, firft to lay a folid founda-
tion in obfervations, and then, by afcending from them, to
flrive to come at the caufes of things. This excellent advice,
to which we owe the more {olid difcoveries of Kepler, deferves
to be copied from his own account of it *. ¢ Argumentum
« literarum Braches (fays he) hoc erat ; uti fufpenfis fpecula-
¢ tionibus a priori defcendentibus, animum potius ad obferva-
“ tiones, quas fimul offerebat, confiderandas adjicerem. In-
“ que uis primo gradu fa&o, poft demum, ad caufas af-
“ cenderem.” In this judgment the great men of different

times have frequently confpired, but few have faithfully fol-
lowed it.

* Note in editionem fecondam Myfterii Cofmographici.

Tycho,
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Tycho, however, pleafed with his genius, prevailed with
Kepler to refide with him near Prague (where he paffed the
laftyears of his life, after havingleft his native country on fomeill
ufage) and to aflift him in his aftronomical labours. Soon
after this Zycho died, but Kepler made many important dif-
coveries from his obfervations: he found that aftronomers had
erred, from the firft rife of the {cience, in afcribing always
circular orbits and uniform motions to the planets ; that each
of them moves in an ellipfis which has one of its focz in the
center of the fun; that the motion of each is really unequable ;
and varies fo, that a ray fuppofed to be always drawn from
the planet to the fun defcribes equal areas in equal times.

It was fome years later before he difcovered the analogy
there is between the diftances of the feveral planets frem the
{fun, and the periods in which they complete their revolutions.
He eafily faw that the higher planets not only moved in greater
circles, but alfo more flowly than the nearer ones; fo that, on
a double account, their periodic times were greater ; Saturn,
for example, revolves at a diftance from the fun nine times and-
a half greater than the earth’s diftance from it ; and the circle
defcribed by Saturn is in the fame proportion ; and as theearth
revolves in one year, fo, if their velocities were equal, Sazurr
ought to revolve in nine years and a half ; whereas the periodic
time of Sazurn is above twenty nine years. The periodic
times of the planets increafe, therefore, in a greater proportion
than their diftances from the fun; but not in fo great a pro-
portion as the {quares of thofe diftances ; for if that was the
law of their motions (the {quare of g being go3) the periodic
time of Sazurn ought to be above go years. A mean propor-
tion betwixt that of the diftances of the plancts, and that of
the fquares of thofe diftances, is the true proportion of the

H periodic
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periodic times ; as the mean betwixt 9; and its {quare 9oO; giyes
the periodic time of Saturn in years. Kepler, after having
committed feveral miftakes in determining this analogy, hit
upon it at laft in 1618, May 15th, for he is fo exaét as to
mention the precife day when he found, that ¢ The {quares
« of the periodic times were always in the fame propor-
¢« tion as the cubes of their mean diftances from the {un.”
This is only a very brief and fummary account of the fruits of
his great labours for many years on the obfervations made by

Tycho *.

When Kepler faw that his difpofition of the five regular
folids amorigft the planetary fpheres was not agreeable to the
intervals between their orbits, according to better obfervations,
he endeavoured to difcover other {chemes of harmony. For this
purpofe, he compared the motions of the fame planet at its
greateft and leaft diftances, and of the different planets in
their {everal orbits, as they would appear viewed from the fun ;
and here he fancied that he found a fimilitude to the divifions
of the o&ave in mufick. Thefe were the dreams of this in-
genious man, of which he was {o fond, that, hearing of the
difcovery of four new planets (the fatellites of Fupiter) by
Galileo, he owns that his firft reflexions were from a con-
cern how he could fave his favourite {fcheme, which was
threatned by this addition to the number of the planets .
The fame attachment led him into a wrong judgment of the
fphere of the fixed ftars 1 : for being obliged, by his do&rine,
to aliow a vaft fuperiority to the fun in the univerfe, he re-
ftrains the fixed ftars within very narrow limits. Nor did he
confider them as funs, placed in the centers of their feveral

* See his Tabule Rudolphine, and Comment, de ftelld Martis.
1+ Differt. cam nuncio fidereo.

1 Epitomre Aftronomiz, lib. 4. part 1,

{yftems,
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{yftems, having planets revolving round them ; as the other
followers of Copernicus, from their having light in themfelves,
their immenfe diftances, and from the analogy of nature, have
concluded them to be. Not contented with thefe harmonies,
which he had learned from the obfervations of Zycho, he gave
himfelf the liberty to imagine feveral other analogies, that
have no foundation in nature, and are overthrown by the beft
obfervations. Thus from the opinions of Kepler, tho’ molt
juftly admired, we are taught the danger of efpoufing prin-
ciples, or hypothefes, borrowed from abfiradted fcicnces, and

of applying them, with fuch liberty, to natural enquiries.

A more recent inftance of this fondnefs, for difcovering
analogies between matters of abftracted fpeculation and the
conftitution of nature, we find in Huygens, one of the
greateft geometricians and aftronomers any age has produced :
when he had difcovered that fatellite of Sazurn, which, from
him, is fill called the Huygenian Aatellite, this, with our
moon, and the four fatellites of Fupizer, completed the num-
ber of fix fecondary planets then difcovered in the {yftem : and,
becaufe the number of the primary planets is alfo {ix, and this
number is called by mathematicians a perfe& number, (being
equal to the fum of its aliquot parts, 1, 2, and 3, *) Huy-
gens was hence induced to believe that the number of the
planets was complete, and that it was in vain to look for any
more +. We do not mention this to leflen this great man,
who never perhaps reafoned infuch a manner on any other oc-
cafion; but only to thew, by another inftance, how illgrounded
reafonings of this kind have always proved : for, not long
after, the celebrated Caffini difcovered four more fatellites about

* Elem. Euclid. lib. 5. defin. ult. .
4 See the dedication of his Syftema Saturnium.

H 2 Saturs,
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Saturn, fo that the number of fecondary planets now known
in the fvftem is ten. The fame Cafini having found that the
analogy, difcovered by Kepler, between the periodic times and
the diftances from the centre, takes place in the leffer {yftems
of Fupiter and Saturn, as well as in the great {olar {yftem;
his obfervations overturned that groundlefs analogy which had
been imagined between the number of the planets, both pri-
mary and fecondary, and the number fix ; but eftablithed,
at the fame time, that harmony in their motions, which will,
afterwards, appear to flow from one real principle extended over
the univerfe.

5. But to return to Kepler, his great fagacity, and conti-
nual meditation on the planetary motions, fuggefted to him
{fome views of the true principles from which thefe motions
flow. In his preface to the commentaries concerning the
planet Mars, he {peaks of gravity as of a power that was
mutual betwixt bodies, and tells us that the earth and moon
tend towards each other, and would meet in a point {o many
times nearer to the earth than to the moon, as the earth is
greater than the moon, if their motions did not hinderit. He
adds, that the tides arife from the gravity of the waters to-
wards the moon. But not having juft enough notions of the
laws of motion, he does not feem to have been able to make
the beft ufe of thefe thoughts ; nor does he appear to have
adhered to them fteadily, fince in his epivome of aftronomy,
publithed eleven years after, he propofes a phyfical account of
the planetary motions, derived from different principles.

He fuppofes, in that treatife, that the motion of the fun on
his axis is preferved by fome inherent vital principle ; that a
certain virtue, or immaterial image of the fun, is diffufed
with his rays into the ambient fpaces, and, revolving with the

2 body



Cuar. 3. PHILOSOPHICAL DISCOVERIES. 53

body of the fun ‘on his axis, takes hold of the planets and
carries them along with it in the fame direion ; as a load-
ftone turned round in the neigh-ourhood of a magnetic needle
makes it turn round at the fame time. The planet, according
to him, by its inertia endeavours to continue in its place, and
the action of the fun’s image and this zzer#ia are in a perpetual
ftruggle. He adds, that this a&ion of the fun, like to his
light, decreafes as the diftance increafes ; and therefore moves
the fame planet with greater celerity when nearer the fun, than
at a greater diftance. To account for the planet’s approaching
towards the {fun as it defcends from the apbelium to the peribe-
linm, and receding from the fun while it alcends to the apbelium:
again, he fuppofes that the fun attraés one part of each
planet, and repells the oppofite part; and that the part which
is attraced is turned towards the fun in the defcent, and that
the other part is towards the fun in theafcent. By fuppofitions
of this kind, he endeavoured to account for all the other
varieties of the celeftial motions.

Now the laws of motion are better known than in Kepler’s
time, it is eafy to thew the fallacy of every part of this ac-
count of the planetary revolutions. The planet does not en-
deavour to flop in its place in confequence of its zzersia, but
to perfevere in its motion in a right line.  An attractive force
makes it defcend from the aphelium to the peribelium in a
curve concave towards the {fun : but the repelling force, which
he Tuppafed to ‘begin at the peribelium, would -caufe it to’alcend
in a figure convex towards the fun. We fhall have occafion
to {hew afrerwards, from Sir Jfaac Newton, how an attra&tion
or gravitation towards the fun, alone, produces the effects,
which, according to Kepler, required both an attractive and
repelling force ; and that the virtue which he afcribed t? th,e

un’s
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fun’s image, propagated into the planetary regions, is unne-
ceflary, as it could be of no ufe for this effe& tho’ it were ad-~
mitted. For now his own prophecy, with which he concludes
his book #, is verified ; where he tells us that ¢ the difcovery of
«¢ fuch things was referved for the fucceeding age, when the
« Author of nature would be pleafed to reveal thofe myfteries.”

6. In the mean time, Galileo made furprizing difcoveries in
the heavens by the telefcope, an inftrument invented in that
time ; and, by applying geometry to the doérine of motion,
began to eftablith natural philofophy on a fure foundation.
He made the evidence of the Copernican {yftem more {enfible,
when he fhewed from the phafes of Femus, like to the
monthly phafes of the moon, that Venus adtually revolves
about the fun. He proved the revolution of the fun on his
axis, from his {pots; and thence the diurnal rotation of the
earth became more credible. The four fatellites that attend
Fupiter in his revolution about the fun, reprefented, in
Fupiter’s lefler {yftem, a juft image of the great folar fyftem ;
and rendered it more eafy to conceive how the moon might
attend the earth, as a fatellite, in her annual revolution. By
difcovering hills and cavities in the moon, and {pots in the- fun
conftantly varying, he fhewed that there was not fo great a
difference between the celeftial and fublunary bodies as the
philofophers had vainly imagined .

"

* Hezc et cztera hujufmodi latent in pandéis @vi fequentis, non antea dif-
cenda quam librum hunc Deus arbiter feculorum recluferi® mortalibus. Epiz. Aftron.
* Galileo obferved fomething very extraordinary about Sazurn, which he imagined
to be two Satellites almoft in contat with his body ; and Des Carzes fancied thefe
two Satellites were quiefcent in his vortex, becaufe (as he fuppofed) Sazarn did not
turn round on his axis 5 but Huygens thewed that this appearance proceeded from a
ring that encompafies his body, without touching it, and accompanies him in his
revolution about the fun,
2 He
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He did no lefs fervice by treating, in a clear and geome-
trical manner, the do@rine of motion, which has been juftly
called the key of nature. The rational part of mechanics had
been {fo much negleGed, that there was hardly any improve-
ment made in it, from the time of the incomparable Archi-
medes to that of Galileo ; but this laft named author has given
us fully the theory of equable motions, and of fuch as are
uniformly accelerated or retarded, and of thefe two com-
pounded together. He, firft, demonftrated, that the {paces
defcribed by heavy bodies from the beginning of their defcent
are as the {quares of the times, and that a body, projected
in any dire&ion that is not perpendicular to the horizon, de-
fcribes a parabola. Thefe were the beginnings of the doctrine
of the motion of heavy bodies, which has been fince carried to

fo great a height by Sir Ifaac Newton.

He alfo difcovered the gravity of the air, and endeavoured
to compare it with that of water ; and opened up feveral
other enquiries in natural philofophy. He was not efteem’d
and followed by philofophers only, but was honoured by per-
fons of the greateft diftincion of all nations. Des Carzes,
indeed, * after commending him for applying geometry to
phyfics, complains that he had not examined things in order,
but had enquired into the reafons of particular effects only ;
adding that, by his paffing over the primary caufes of nature,
he had built without a foundation. He did not, ’tis true, take
fo high a flight as Des Cartes, or attempt{o univerfal a fyftem
but this complaint, I doubt, muft turn out to Galileo’s praife
while the cenfure of Des Cartes fhews that he had the weaknelfs
to be vain of the worft part of his writings.

* Epiftol. part 2. epift. g1.
But
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But all the merit of this excellent philofopher and elegant
writer conld not preferve him from perfecution in his old age.
Some pretended philofophers, who had imprudently objected
againft his new difcoveries in the heavens, when they found
themfelves worfted and expofed to ridicule, turned their hatred
and refentment againft his perfon. He was obliged, by the
rancour of the Jefuits (as 'tis faid *) and the weaknefs of his
protedtor, to go to Rome, and there folemnly renounce the
do@rine of the motion of the earth, which he had argued
for with fo much ingenuity and evidence +-. After this cruel
ufage he was filent for fome time, but notidle ; for we have
valuable pieces of his of a later date.

#. Sir Francis Bacon Lord Verulam f, who was cotem-
porary with Galileo and Kepler, is juftly held amongft the
reftorers of true learning, but more efpecially the founder of
experimental philofophy. When he was but fixteen years old,
he began to diflike the vulgar phyfics and what was called
Ariffotle’s philofophy. He faw there was a neceflity for a
thorough reformation in the way of treating natural knowledge,
and that all theory was to be laid afide that was not founded on
experiment.  He propofed his plan in his inffauratio magna,
with fo much ftrength of argument, and {o juft a zeal, as
renders that admirable work the delight of all who have a
tafte for folid learning.

* Vir in omni mathematum parte fummus Galilens Galilei, Jefuitarum in ipfum
odio, ac principis Thulci fub quo vixit focordi metu, coa&us ire Romam, ideo
quod terram moviffet, non vetante veftro Hortenfio, duré. habitus, ut majus vitaret
malum, quafi ab ecclefia edoctus, fua {cita refcidit. Hug. Grotius in epiftola ad
Volffium, Lutet. 17. maii, 1635 “

1 He was befides condemned to a years imprifonment in the inquifition, and the
penance of repeating daily fome penitential pfalms.

1 He was bornin 1560, Galileo in 1564.

He
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£ He confiders natural philofophy as 4 vaft pyramid, that
ought to have the hiftory of nature for its bafis ; an account
of the powers and principles that operate in nature, which he
calls the phyfical part, for its fecond ftage ; and the metaphy-
fical part, that treats of the formal and final caufes of things,
for its third ftage. But as for the fummit of this pyra-
mid, the fupreme of nature, opus guod operatur Deus a
principio ufque ad finemn, as he exprefles it, he doubts if
men can ever attain to the full knowledge of it. The
philofophers who ftrive to ere& thefe by the force of ab-
ftra@ {peculation he compares to the giants of old, who, ac-
cording to the poets, endeavoured to throw mount Offz upon

Pelion, and Olympus upon Offa.

An artift, fays this noble author, would expofe himfelf to the
jufteft ridicule, who, in order to raife fome vaft obelifk, fhould
attempt it by the force of his arms, inftead of employing the
proper machines ; or if, after finding himfelf unequal to the
tafk, he fhould call for the aid of more workmen in the fame
way. Would he appear lefs ridiculous if he fhould next fet
about chufing his men, and examining them carefully, that
he might employ the vigorous and robuft only ? or if, after he
found this was to no purpofe, he fhould then apply himfelf
to ftudy the athletic art, and learn to compofe curious oint-
ments for {trengthening their limbs, or confult learned phy-
ficians, who, by proper medicaments, fhould promote their
health and vigour 7 Nor are they lefs abfurd, in our noble
author’s judgment, who labour to interpret nature by the
force and fubtlety of genius only, tho’ they fhould affume the
aid of the dcuteft men in the fame work, and carry the
dialecticks, or the art of reafoning, to the greateft height for
this purpofe.

I The



58 Sir ISAAC NEWTON’s Booxl

The empirical philofophers, thofe who have no higher view
than to colle& the hiftory of nature, he compares to the ants,
who gather the grain and lay it up as they find it (unlefs it be
true, as is reported of them, that they firft take care it fhould
not germinate or become fruitful;) the Sophifis to the
fpiders, who form their webs from their own bowels, to
catch unwary infeés in their aerial flights ; while the bee that
gathers the matter from the flowers of the field, from which
with admirable fkill fhe makes her honey, is the emblem of
the true philofopher ; who neither trufts wholly to his own
underftanding, nor contents himfelf with recording the matter
with which he is furnithed from natural hiftory or mechanical
experiments ; but, by reafoning fkilfully from them, brings
forth truth and {cience, the great and noble produ&ion of the
human faculties. From the negle&t of experiments it arofe,
that while nature was infinite, natural knowledge was at a
ftand for many ages, and that the various {e&s wandered in
the dark, without kindling any light to guide them, or find-
ing any path to conduct themin her mazes. But, from a happy
conjunétion of the experimental and rational faculties, Lord
Ferulam conceived the higheft expeations. _dlexander,
he tells us, and Cefar performed exploits that are truly greater
#han thofe reported of king Arzhur or Amadis de Gaul ; tho’

they adted by natural means, without the aid of magic or

prodigy.

It was with great juftice, and very feafonably, he repre-
hended thofe * who, ¢ upon a weak conceit of fobriety, or
¢ ill-applied moderation, thought or maintained that a man
“ can fearch too far, or be too well ftudied in the book of

* Bacon’s Advancement of Learning, lib. 1.

2 “ God’s
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« God’s word, or in the book of God’s works. But rather,
¢ he adds, let men awake themfelves, and chearfully endea-
¢« vour and purfue an endlefs progrefs and proficiency in
¢ both; only let them beware left they apply knowledge to
¢« pride, not to charity, to oftentaticn, not to ufe.” He ob-
ferves, that a fuperficial tafte of philofophy may perchance in-
cline the mind to atheifm ; but a full draught thereof brings
it back again to religion : in the entrance of philofophy, when
the fecond caufes moft obvious to the {enfes offer themielves to
the mind, we are apt to cleave unto them, and dwell too much
upon them, fo as to forget what is {uperior in nature. But
when we pafs further, and behold the dependency, continuation
and confederacy of caufes, and the works of providence, then,
according to the allegory of the poets, we eafily believe that
the higheft link of nature’s chain muit needs be tied to the foot
of Fupiter's chair ; or perceive ¢ That philofophy, like
« Facob’s vifion, difcovers to us a ladder, whofe top reaches
¢ up to the footftool of the throne of God.”

The Arifotelian philofophy appeared unfatisfadtory to Lord
Bacon, not from want of efteem for its author, whom he al-
ways ufed to extol; but becaufe it feemed fit for difputes only,
and incapable of producing real fruit. Arifforle, he faid, had
fuited his phyfics to his logic, inftead of giving fuch a kind
of logic as might be of real ufe in phyfics. To fupply this
defe, he compofed his zovum organum ; where his chief defign
is to thew how to make a good mduttion, as Ariffetle’s was to
teach how to make a good fyllegifm. Had the philofophers,
{ince Lord Perulan’s time, adhered more clofely to his plan,
their fuccefs had been greater ; and Sir Ifzac Newton’s philo-
fophy had not found the learned {o full of prejudices againft it,
in favour of fome {yftems lately invented and mightily ex-
tolled by fpeculative men ; that while all admired the fublime

g I 2 geometry
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geometry which fhone throughout his work, few for fome
time appeared to be difpofed to hearken to his philofophy, or
in a condition to judge of it impartially.

8. However, Lord Bacon's exhortations and example had a
good effect ; and experimental philofophy has been much
more cultivated fince his time than in any preceding period.
Geometry and philofophy advanced together at a great pace,
and gave mutual aid to each other. The evidence of geometry
began to take place in philofophy, while all things were
examined by number, weight, and meafure ; and the prin-
ciples of the theory of motion, being now clearly underftood,
furnithed excellent illuftrations of the abftrufe parts of geo-
metry.” Gaiileo had {cholars worthy of {o great a mafter, by
whom the gravitation of the atmofphere was eftablifhed fully,
and its varying preflure accurately and conveniently meafured,
by the column of quick-filver of equal weight fuftained by it
in the barometrical tube. The elafticity of the air, by which
it perpetually endeavours to expand itfelf, and, while it ad-
mits of condenfation, refifts in proportion to its denfity, was
a phznomenon of a new kind (the common fluids having no
fuch property) and of the utmoft importance to philofophy.
Thefe principles opened up a vaft field of new and ufeful
knowledge, and explained a great variety of phznomena,
which had been accounted for in an abfurd manner before that
time. It feem’d as if the air, the fluid in which men lived
from the beginning, had been then firft difcovered. Philo-
fophers were every where bufy enquiring into its various pro-
perties and their effe@s; and valuable difcoveries rewarded
their induftry.  Of the great number who diftinguifhed them-
felves on this occafion, we cannot but mention Zorricell; in
Italy, Pafchalin France, Orto Guerick in Germany, and Boyle
n England.

The
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The views of philofophers began now to be mightily en-
larged, not by their difcoveries concerning the air only, but
likewife by their enquiries into the more potent element fire
and its eflects, and into the chymical compofition, refolution,
and changes of bodies. For about this time chymifts began
to {fpeak more intelligibly concerning their art, and to connec
it in fome degree with natural philofophy, or to confider it,
at leaft, as not quite foreign to it. This we owe in great
meafure to the honourable Mr. Boyle, whofe favourite ftudy
chymiftry is faid to have been, and who was happy in
an eafy and familiar manner of defcribing the fubjeéts which
were treated by him.

It muft be owned that none ever took fo great pains to pro-
mote natural knowledge, in all its branches, or the beft im-
provement that can be made of it, than this excellent perfon.
It has been obferved that he was born the fame year that
Lord Bacon died, as if he had been deftin’d to carry on his
plan. He {pared no labour nor coft in colle@ing the hiftory of
nature, and making curious and ufeful experiments of all forts.
‘As Lord Bacor’s plan comprehended the whole compafs of
nature, fo the variety of enquiries profecuted by Mr. Boyl,
with great care and attention, is very furprizing, and perhaps
not to be parallel’d. Hydroftatics, tho’ a moft ufeful branch
of mechanical philofophy, had been but ill underftood, till
he eftablifhed its principles, and illuftrated its paradoxes, by
a number of plain experiments, in a fatisfaCtory manner.
The doérine of the air afforded him an ample field ; and, in
all his refearches, he fthewed a genius happily turned for ex-
perimental philofophy, with a perfe& candour, and a regular
condefcenfion in examining with patience, and refuting, with-
out oftentation, the errors which philofophers had been led

mnto
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into from their prejudices, and the many artful fubterfuges by
whichthey ftroveto fupport them. Theunexceptionableintegrity,
extenfive charity, and fingular piety of this excellent perfon
did great honour to philofophy, and formed an eminent part
of his chara@er. The world he confidered as the temple of
God, and * ¢ man (to ufe his own words) as born the prieft
¢ of mnature, ordained (by being qualified) to celebrate divine
¢ fervice, not only 7 it but for it.” Not fatisfied with hav-
ing promoted the belief of a Deity and the evidence of true
religion, to the utmoft of his power, in the great number of
volumes compofed by him, on every occafion during the
courfe of a laborious life; he has taken care, by his will, to
perpetuate a fucceflion of advocates for it, who fhould make
the fame improvement not of his difcoveries only, or of thofe
of former times, but of what fhould be produced by future
ages. In this defign, worthy of him, the fuccefs has been
anfwerable to his intentions ; and furely {uch a man, we muft
allow, was not an ornament to his own age and country only,
but a publick benefit to all times and nations.

We are now arrived at the happy @ra of experimental phi-
lofophy ; when men, having got into the right path, pro-
fecuted ufeful knowledge ; when their views of nature did
honour to them, and the arts received daily improvements;
when not private men only, but focieties of men, with united
zeal, ingenuity and induftry, profecuted their enquiries into
the fecrets of nature, devoted to no fe& or fyftem. But we
are obliged to abandon, at prefent, the agreeable tafk of fol-
lowing them in their difcoveries, in this flourithing period of
fcience, to give account of a moft illufive {cheme of fpe-
culative philofophy that prevailed amongft many at this very
time, and, by mifleading ingenious men, corrupted their no-

* Boyle’s Ufefulnefs of Natural Philofophy, part 1. effay 3.

tions
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tions and retarded their progrefs. It feems that, however
fertile this period was in new inventions, nature did not unveil
herfelf readily enough to fatisfy the impatience of fome
men, who could not be contented with thofe views of her
which time and induftry produced to them. Therefore they
hearkned again to the vain promifes of thofe who pretended to
unravel all her myfteries at once, by the force of their abftracted
{peculations. The Cartefian {yftem was the moft extenfive,
and (according to many) the moft exquifite in its contrivance,
of any that have been imagined. The author of it was a
bold philofopher, and doubtlefs of a fubtle genius, to in-
dulge which he retired from the world for many years. He
valued himfelf on his clear ideas, and is allowed to have con-
tributed to diflipate the darknefs of that fort of fcience which
prevailed in the fchools. If we may believe fome accounts,
he reje¢ted a void from a complaifance to the tafle which then
prevailed, againft his own firft fentiments ; and amongft his
familiar friends, ufed to call his {yftem his philofophical ro-
mance. It had however great fuccefs ; and his do&rines ftill
prevail fo much, that it is neceffary for our purpofc to give a
thort accountof them.
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C HAP IV

Of :he philofophical principles of Des Cartes, he emendations

of bis followers, and the prefent controverfres i natural

philofophy.

™\, £ 8 Cartes begins his principia by {bewing the neceflity
i _J of doubting firft of every thing, in order to our ob-
taining certain knowledge ; and recommends to his readers to
confider his reafons for doubting of all things, not once only,
but to employ weeks, or even months, on thefe alone, before
he proceed farther. He firft eftablithes the certainty of our
own exiftence, and that of our ideas of which we are intimately
conicious to ourfelves ; of the exiftence of which, however,
after all he has faid, it feems impofiible for us to doubt for a
moment. From our having the idea of a Being infinitely per-
fet and neceflarily exifting, he concludes that fuch a Being
acually is ; upon whofe will he makes the certainty of felf-
evident propofitions, or axioms *, as well as of all other ne-
ceffary truths, to depend.

j‘-'.

From the knowledge of the caufe eftablithed in this manner,
he pretends to deduce a complete knowledge of his effeés,
by neceffary fteps. Itis clear, fays he +, that we fhall follow
the beft method in philofophy, if, from-our knowledge of the
Deity himfelf, we endeavour to deduce an explication of all his
works ; that fo we may acquire the moft perfe@® kind of

* According to him, the Deity did not will that the thfee angles of a triangle
fhould be equal to two right ones, becaufe he knew that it could not be otherwife
but, becaufe he would that the three angles of a triangle fhould neceffarily be equal
to two right ones, therefore this is true and can be no otherwife.

T See the paffages cited above from his Principia, in the notes upon § 4. ch. 1.

2 {cience
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fcience, which is that of effeés from their caufes. As for final
caufes he rejected them from philofophy, as we obferved above;
and from thefe paffages, which reprefent the genius of this
author’s philofophy, and from the manner in which he fets
out, we may already form fome judgment how hopeful his
project was.

From the veracity of the Deity, he infers the reality of ma-
terial obje@s, which are reprefented to us as exifting without
us. He places theeffence of matter in extenfion ; for thisalone
remains, he fays, when we reje¢ hardnefs, colour, weight,
heat and cold, and the other qualities which, we know, a
body can be without. Hence he eafily concludes that there can
be no void, or extenfion without matter. He adds, however,
immediately afterwards, as properties of matter, that its parts
are feparable and moveable ; tho’ thefe feem to imply more

than mere extenfion.

He defines motion to be the tranflation of a body from
the neighbourhood of other bodies that are in conta& with it,
and are confidered as quiefcent, to the neighbourhood of other
bodies ; and thus makes no diftin&ion between abfolute or real,
and relative or apparent motions ; both of which equally agree
to this definition. The reafon he gives why the fame quantity
of motion muft be preferved for ever in the univerfe, without
any augmentation or diminution in the whole, muft appear
concife, and very extraordinary. It is no other than that God
muft be fuppofed to a& in the moft conftant and immutable
manner. From the fame property of the Deity, he infers that
a body muft continue in its flate as to reft, motion, figure,
&ec. till {fome external influence produce a change ; which is
his firft law of nature : that the diretion of motion is naturally

rectilinear, or that a body never changes its dire&ion of itfelf;
K which
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which is his fecond law : and that a body in motion, when it
meets with another moving with a greater force, is re-
fle@ted without lofing any part of its firft motion ; but when
it meets with a body moving with lefs force, it then carries
this body along, and lofes as much motion as is transferred toit;
and this is his third law of nature. He accounts for the hard-
nefs of bodies from their parts being quiefcent with refpe&t to
each other; and for fluidity, from their being moved perpetually
in all diretions. He concludes the fecond part of his book
with telling us, that thefe principles are fufhcient for explaining
all the phenomena of nature, and that no other ought to be
admitted or even wifhed for.

He afterwards proceeds to fhew how the univerfe might have
affumed its prefent form, and may be for ever preferved, by
mechanical principles. He fuppofes the particles of matter to
have been angular, fo as to replenifh {pace without leaving
any interftices between them ; and to have been in perpetual
agitations, by which the angular parts being broke off, ‘the
particles themfelves became round, and formed what he calls
the matter of the fecond element. The angular parts, being
ground into the moft fubtile particles of all, became the matter
of his firft element, and ferved to fill all the pores of the other.
But there being more of this firft element than was neceffary
for that purpofe, it became accumulated in the centers of the
vertices, of which he imagined the univerfe to confift, and
formed there the bodies of the fun and ftars. The heavens
were filled with the matter of the fecond element, the medium.
of light. But the planets and comets confifted of a third:
element groffer than the other two, the generation of which
he traces at length through all its fteps. According to him,
the matter of the firft element muft have conftantly flowed out
through the interftices between the fpherical particles of the

L {fecond'
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fecond element, where the circular motion is greateft, and
muft have returned continually at the poles of this motion
towards the centre of the vortex ; where being apt to cohere
together, they at length produced the groffer particles of the
third ; and when thefe came to adhere in a confiderable quan-
tity, they gave rife to the fpots on the furfaces of the funs or
flars.  Some being crufted over with fuch fpots became pla-
nets or comets ; and the force of their rotation becoming lan-
guid, their vortices were abforbed by fome more potent neigh-
bouring vortex. In this manner the folar fyftem was formed,
the wortices of the fecondary planets having been abforbed by
the vortex of the primary, and all of them by that of the fun.
He contends that the parts of the folar vortex increafe in den-
fity, but decreafe in celerity, to a certain diftance ; beyond
which he {uppofes all the particles to be equal in magnitude,
but to increafe in celerity as they are farther from the fun. In
thofe upper regions of the vortex he places the comets ; in the
lower parts he ranges the planets; fuppofing thofe that are
more rare to be nearer the fun, that they may correfpond to
the denfity of the vortex where they are carried round.

He accounts for the gravity of terreftrial bodies from the
centrifugal force of the wther revolving round the earth ;
which, he imagined, muft impell bodies downwards that have
not fo great a centrifugal forc¢, much in the fame manner as a
fluid impells a body upwards that is immerged in it, and has
a lefs {pecifical gravity than it. He pretended to explain the
phznomena of the magnet, and to account for every thing in
nature, from the fame principles,

2. There never was, perhaps, a imore extravagant under-
taking than fuch an attempt, to deduce, by neceffary con-
{fequences, the whole fabric of nature, and a full explication

. K 2 of
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of her phznomena, from any ideas we are able to form of an
infinitely perfe® Being. Was it not for the high reputation
of the author, and of his fyftem, it would be hardly excufable
to make any remarks upon fuch a rhapfody. Should we
allow the principles he builds on, and his method, it muft
be obvious with how weak an evidence the confequences are
conneced with each other, in this vifionary chain. How juft
a method he has taken to eftablith the exiftence and attributes
of the Deity we fhall not enquire, nor how far his making all
truth and falthood dependent on the will of the Deity tends
to weaken all fcience and confound its principles. While he
fuppofes extenfion to conftitute the complete eflence of mattet,
he negleé&s folidity, and the zmertia by which it refifts any
change in its ftate of motion or reft ; which diftinguith body
from fpace. If extenfion be underftood to be the effence of
matter, it is a trifling propofition to affirm that all fpace is full
of matter, according to this definition. But ftill the queftion
will remain, whether all {pace is full of that folid, moveable
and refifting fubftance commonly called dody. And as many
parts of {pace appear to make no fenfible refiftance to mo-
tion, while others refift varioufly in proportion to the denfity of
the medium diffufed over them, we thence learn there is fpace
void of what is commonly called #azter. The comets which
move with equal freedom in all directions with very rapid mo-
tions, and carry along with them tails of a prodigious fize
confifting of fome highly rarified matter, thew that the heavens
are not replenithed with denfe fluids that admit no void. For
it is evident in experimental philofophy that the refiftance of
fluids increafes, careris paribus, with their denfity ; fo that all
motion would foon languifh ina fluid, which, having no pores,
muft far furpafs quick filver, or the heavieft folids, in denfity,
Nothing is more-evident, than that the force requifite to move
two equal bodies with a given velocity, is double that which

X would
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would produce the fame celerity in either of them. When we
compound greater bodies from lefler, or when we refolve them
into their parts, we find that the refiftance or 7»er7ia increafes
or decreafes in proportion to the quantity of matter. There-
fore when the velocity is given, if a body moving in a denfer
fluid difplaces more matter to make way for itfelf, the re-
fiftance which it meets with being equal to the motion com-
municated to the parts of the fluid, it muft find a refiftance
proportionally greater.

It is not only from the free motions of the planets and comets
that we learn the abfurdity of the doérine of an univerfal ple-
nitude. The moft common and plain phznomena of the
motions of bodies, at or near the furface of the earth, are fuf-
ficient to overthrow it ; for we find that they meet with no
fenfible refiftance but from the air : whereas {o denfe a fluid
as would replenith all fpace equally would neceffarily produce
a very great refiftance.

It is objeted *, that by fuppofing this denfe fluid which
replenithes fpace to penetrate the pores of bodies with the
utmoft freedom, (as light paffes through tranfparent bodies, and
the magnetic and eleétric efluvia through moft kinds of bodies)
its refiftance will then be incomparably lefs than in proportion
to its denfity ; for then the refiftance will not be meafured by
the denfity of the fluid, becaufes the much greater part paffes
through the pores of the body in motion, freely without re-
fiftance. Suppofing this to be admitted, it is, however, ob-
vious that, even in this hypothefis, the refiftance of a golden
ball in a plenum would be ftill very great.  For this fubtle fluid,
how penetrating foever it be, muft refift the folid parts of the

* In a{mall picce publithed on this fubjed, a few years ago, by an ingenious
gentleman,
ball
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ball ; which cannot move in the fluid without difplacing its
parts, and lofing as much motion as muft be communicated
to thofe parts ; and this refiftance depends on the quantity of
folid parts in the ball : whereas the refiftance which the fame
ball meets with in quick filver (which we fuppofe to have no
paflage through the ball) depends on the quantity of the folid
parts in an equal bulk of the quick filver, which muft be
moved to make way for the ball. And this being lefs than tl?e
quantity of folid parts in an equal bulk of the golden ball, in
proportion as the {pecific gravity of quick filver is lefs than that
of gold, it follows that the refiftance of a golden ball, moving
in fuch a fubtile penetrating plerum, would ftill be greater than
its refiftance in quick filver. To illuftrate this farther, the {pe-
cific gravity of gold being to that of quick filver nearly as 195
to 140, fuppofe a golden ball confifting of 1935 folid particles
to move in the plenum with a given velocity, and to defcribe
a very {mall fpace ; and then fuppofe the fame ball to move
in quick filver with the fame velocity over the fame fpace ;
In the former cafe, the folid parts of the ball difplace a certain
quantity of the plesum, fuppofe a quantity equal to the ball, or
195 parts; in the latter cafe, they difplace an equal bulk of
the quick filver, that is, 140 {folid particles. But becaufe it may
be faid for thofe who maintain an univerfal plenitude, that the
golden ball meets with a refiftance from the fubtile fluid that
replenithes fpace, while it moves in the quick filver, as well as
from the quick filver itfelf ; let this likewife be allowed, and
let us even fuppofe it to meet with as much refiftance from the
plenum, while it moves in the quick filver, as when it moves
in a {pace free from any grofs fluid ; yet it will ftll appear that
the refiftance of the golden ball in the plenum ought to bear at
leaft as great a proportion to its refiftance in quick filver, as the
denfity of gold is to the {fum of the denfities of gold and quick
filver, or as 195 to 335, and confequently ought to be eight

timeg
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times greater than its refiftance in water. This is the leaft
refiftance fuch a ball could meet with in a plenusm, thould we
allow the fuppofitions that are moft favourable in this do&rine ;
and this refiftance would foon put an end to the motions of
bodies. But it is evident that we allowed too much in favour
of their doctrine, when we fuppofed the ball moving in the
quick filver to meet with a refiftance equal to the fum of the
refiftances that it would meet with from the plenum and quick
filver feparately. For, according to this fuppofition, its re-
fiftance in quick filver would be to its refiftance in water, as
the fum of the denfities of gold and quick filver to the fum of
the denfities of gold and water, that is, as 335 to 205, or 67
to 41 ; fo that the refiftance of quick filver would not be
double of that of water, or even double of that of air ; than
which nothing can be more contradiory to experiment.

It is of no importance to this argument how rare gold,
quick filver, or the heavieft bodies, be fuppofed; fince the
refiftance of quick filver in fa& is known to be very great,
and is not altered by fuch fuppofitions : neither is the pro-
portion of the denfity of gold to that of quick filver (upon
which proportion the argument is founded) affected by them.
For it will always be found that the refiftance of a golden ball
in a plenum (how freely foever it pafs through the pores of the
ball, and how large or numerous {oever thefe pores may be)
muft correfpond to the folid matter in the ball ; which is
greater than the folid matter in any equal bulk of any of our
fluids ; upon which their refiftance depends. The fuppofing
the folid matter in the quick filver to occupy only the thou-
fandth or millionth part of its bulk, has no other effeé but
that it {uppofes the inertia of a given quantity of {folid matter
to be increafed in the {fame proportion with the rarity of the
quick filver, whofe izertia is in faét afcertained.

The
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The refiftance which arifes from the tenacity or adhefion
of the parts of fluids may be diminifhed ; but ftill the re-
fiftance which arifes from the inertia of the matter remains :
if this could be taken away, as the matter would have no re-
fiftance, fo it is not eafy to conceive how it could have any
adivity or mechanical force to impell bodies, or to produce any
of the effe@s which are attributed to the fubtile matter of the
Cartefians. For alion and readtion are always equal, and
we know of no force in bodies but what arifes from their re-
fiftance to change their flate, or their inertia. Without this-
there could be no centrifugal force, the favourite power by
which thofe philofophers endeavour to explain the phznomena
of nature.

They fuppofe the particles of thofe fubtile fluids to move
conftantly and equally in all dire&ions ; and, by the favour of
this hypoethefis, they imagine that they may fuppofe them to
ac but not refift. But they have neither made this ftrange
fuppofition probable, nor even credible, nor can they fhew
that it would anfwer their purpofe. A motion of a fluid
favours the motion of a body in it, only as far asit is in the
{fame dire&tion ; and an inteftine motion of the parts of the
fluid, equal in all direGions, cannot make the refiftance lefs
than if there was no motion of the parts. It is fuppofed by
many that the particles of common fluids, water or air for
example, are in a conftant inteftine motion ; but this does not
hinder thofe fluids from refifting in proportion to their
denfity.

We are told by fome, that it is impoflible to conceive a
vacuin.  But this {furely muft proceed from their having im-
bibed Des Carzes’s delrine, that the-seflence of body is con-

ftituted
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flituted by extenfion ; as it would be contradictory to fuppofe
{pace without extenfion. To fuppofe that there are fluids
penetrating all bodies and replenithing {pace, which neither
refift nor a& upon bodies, merely in order to avoid the ad-
mitting a vacuusn, is feigning two forts of matter, without any
neceflity or foundation ; or is tacitly giving up the queftion.
As for Mr. Leibnitz’s arguments againft a vacuum, we defer
them till we come to confider the emendations that have been
made to this {yftem. |

The fame quantity of motion is not always preferved in the
univerfe, as Des Cartes rathly concluded from the immuta-
bility of the Deity. The quantity of abfolute motion is con-
tinually varying ; it is diminithed in the compofition of mo-
tion, and, in many cafes, in the collifions of bodies that have
an imperfe&t elafticity ; and it is increafed in the refolution of
motion, and, in fome cafes, in the collifions of elaftic bodies.
It requires an acive principle to account for the hardnefs of
bodies ; and the particles being at reft is not fufficient for this
purpofe ; for this would not hinder them to be feparated from
each other by the leaft force. There is hardly one article in
this {cheme but what is, in like manner, liable to infuperable

difhiculties. .

After all, Des Cartes faw the neceflity of having recourfe
to obfervation, tho’ unwillingly ; and he appears to be at a
lofs how to acknowledge it, after having boafted {fo much of
his principles. He tells us that he found thefe {o extenfive and
fertile *, that many more things followed from them than we

]

* He cites the effects, as he tells us, Non quidem ut ipfis tanquam rationibus
utamur ad aliquod probandum ; cupimus enim rationes effetuum a caufis, non
autem e contrario caufarum ab effeCtibus deducere ; fed tantum ut ex innumeris
effectibus, quos ab iifdem caufis produci poffe judicamus, ad unos potius quam alios
confiderandos mentem noftram determinemus.

L find
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find in the vifible world. Other philofophers have complained
that they were able to account for too little of nature : Des
Cartes finds that his principles were more than fufhicient to ac-
count for all her phznomena, and feems only to fear left hefhould
account for too much. Therefore he has recoutfe to the pha-
nomena, not becaufe he would prove any thing from them ;
for he takes care that we fhould not have {o mean an opinion
of his philofophy, as to imagine he would eftablifh it on fads;
but that he might be able to determine his mind to confider
{fome of thofe innumerable effeéts, which he judged might pro-
ceed from the fame caufes, rather than others. He likewife
acknowledges *, that the fame effe&t might be deduced, from
his principles, many different ways; and that nothing per-
plexed him more than to know which of them obtained in
nature. In thofe paffages he magnifies his principles, in order
to conceal the weaknefs of his {yftem, with an affeGation that
only ferves to make it more evident, and appears unworthy of
{o great a man.

~3

3. Des Cartes, by placing the effence of matter in ex-
tenfion alone, gave occafion to others to draw eonfequences,
from this doctrine, of a dangerous nature ; which undoubtedly
he would have difowned, tho’ ’tis not eafy to fee how he could
have got rid of them. As we are not able to conceive that
fpace can be annihilated, or that there ever was a time when
{pace or expanfion was not ; fo if we allow that extenfion alone
conftitutes the effence of matter, we cannot but afcribe in-
finity, eternity, and neceffary exiftence to it. In this manner
Spinoza reafons from the Cartefian principles, affirming that

* Sed confiteri me etiam oportet potentiam naturz effe adeo amplam, ut nullum
fere amplius particularem effectum obfervem, quem ftatim variis modis ex iis prin-
cipiis deduci pofle non agnofcam : nihilque ordinario mihi difficilius videri, quam
imvenire quo ex his modis indedependet.  De Methods, § 6.

2 matter’
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matter is not only infinite and neceflary, but alfo that it is one
and indivifible *. <« This, fays he, cannu: be denied by thofe
¢« who reje& the poflibility of a wacuum ; for if matter could
“ be fo divided that its parts thould be really diftiné; why
 might not one part be annihilated, the reft remaining con-
““ ne&ted with each other as before? fince of things which
¢« are really diftin& from each other, the one can exift and re-
“ main in its ftate without the other.,” In another place, he
tells us, that if any one part of matter was annihilated, all ex-
tenfion would vanith with it +. This author appears to have
been very converfant in the writings of Des Caries §, the two
firft parts of whofe principia he reduced into the geometrical
form. Mr. Leibnitz himfelf calls {pinozifm wn Cartefianifine
outré ; and it is apparent that his method, and many of his
doétrines, were derived from this fource.

* Nam fi {ubftantia corporea ita poffet dividi ut ejus partes realiter diftinctz effent,
cur ergo una pars non poffet annihilari manentibus reliquis, ut ante, inter fe con-
nexis { Et cur omnes ita aptari debent ne detur vacuum ? Sane, rerum que
realiter ab invicem diftinétz {unt, una fine alid effe et in fuo ftatu manere potett.
Cum igitur vacuum in naturd non detur, fed omnes partes ita concurrere debent ut
detur vacuum, fequitur hinc etiam eafdem non pofle realiter diftingui 5 hoc eft,
fubftantiam corpoream, quatenus fubftantia eft, non pofle dividi. Spinez. Etbic.
part 1. prop. 15. {chol.

+ Si una pars materiz annihilaretur, fimul etiam tota extenfio evanefceret.
Epift. 4. ad Henr. Oldenb.

From thefe and other paffages it appears, that this author was unhappily mifled by
the doérine of Des Cartes, that the effence of matter is conftituted by extenfion.
It muft be owned, however, that many of the Cart¢fians endeavoured to wrangle
away the dreadful conclufion : but they had thortned their work, and had proceeded
on better grounds, if they had rejected the principle. Yet Spinoza, in his feventy
third letter, pretends to find fault with Des Cartes for defining matter by extenfion,
which, according to him, ought to have becn explained by an attribute that fhould
exprefs an effential and infinite effence. '

1 Quum ille fummo fciendi amore arderet, quid in his ingenii vires valgrent
experiri decrevit. Ad hoc propofitum urgendum {cripta philofophica nobilifiimi et
fummi philofophi Renati Des Cartes magno ei fuerunt adjumento.  §pinoz. Oper.

pofth. prefat.
L 2 As
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As Des Cartes had concluded, from the idea of an in-
finitely perfect neceflarily-exifting Being, that ﬁ{ch a Beingr
muft exift 5 fo Spinoza, from our having a true idea (that is
a clear and diftin& idea, as he himfelf explains it) of a fub-
flance, infers that it muft neceffarily exift * 5 or, to ufe his
own words, that its exiftence as well as its effence muft be an
cternal truth.  As Des Cartes pretended to deduce all the phe-
nomena of nature from’ the nature and properties of the firft
caufe ; fo Spinoza pretends, that all our knowledge is to be
derived from true ideas (as he always calls them) and that thofe
true ideas ought to be produced by the mind +, from that idea
which reprefents the moft perfe¢t Being, the origin and foun-
tain of nature. Des Cartes rejected the confideration of final
caufes from philofophy ; and Spinoza tells us they are nothing
but human fi&ion 1, and laughs at thofe who imaginé that
the eyes were defigned for feeing, or the fun for giving light.
He derives our notions of good and evil, order and confufion,
beauty and deformity, from the fame fource. As Des Cartes
reprefented the univerfe as a machine that might have been pro-
duced at firft, and may continue to exift for ever, by me-
chanical laws only, the fame quantity of motion remaining al-

* Si quis dicerit fe claram et diftinétam, hoc eft veram, ideam fubftantiae habere,
et nihilominus dubitare num talis fubftantia exiftat, idem hercle eflet ac fi diceret fe
veram habere ideam, et nihilominus dubitate num falfa fit (ut fatis attendenti fit
‘manifeftum :) vel fi quis ftatuat fubftantiam creari, fimul ftatuit ideam falfam factam
efle veram ; quo fane nihil abfurdius concipi poteft : adeoque fatendum neceffario eft,
fubftantize exiftentiam ficut ejus effentiam @ternam effe veritatem. Ezbic. part 1.
‘prop. 8. fchol. 2.

T Ut mens noftra omnino referat naturse exemplar, debet omnes fuasideas:pro-
‘ducere ab ei qua refert originem et fontem totius naturz, ut ipfa etiam fit fons
‘ceterarum idearum.  Spinoz, de emendatione intellect.

1 Ut jam oftendam naturam nullum ibi finem prafixum habere, et omnes caufas
finales nihil nifi humana effe figmenta, non opus eft multis, &c. Hoc adhuc

addam, nempe hanc de fine doctrinam naturam omnino evertere. Append. prop. 36.
part 1. Ethic,

2 Ways



Cuar. 4. PHILOSOPHICAL DISCOVERIES. 7~

ways in it unalterable j fo Spinoza reprefented it as infinite and
neceffary, endowed always with the fame quantity of motion,
or (to ufe his inaccurate expreflion *) having always the fame
proportion of motion to reft in it, and proceeding by an ab-
folute natural neceflity ; without any felf~mover or principle of

liberty.

In all thefe, Spinoza has added largely, from his own imagi-
nation, to what he had learned from Des Cartes. But from a
comparifon of their method and principles, we may beware of
the danger of fetting out in philofophy in {o high and pre-
{fumptuous a manner ; while both pretend to deduce compleat
{yftems from the clear or true ideas, which they imagined they
had, of eternal effences and neceflary caufes. If we attend to
the confequences of fuch principles, we fhall the more willingly
fubmit to experimental philofophy, as the only fort that is
fuited to our faculties. It were unreafonable to charge upon
Des Cartes the impious confequences which Spizoza may have
been led into from his principles: but we cannot but obferve,
to the honour of Sir Ifaac Newror’'s philofophy, that it alto-
gether overthrows the foundation of Spimoza’s do@rine, by
{hewing that not only there may be, but that there actually is a
vacuum 3 and that, inftead of an infinite, neceffary, and in-
divifible, plenitude, matter appears to occupy but a very {mall
portion of fpace, and to have its parts actually divided and fe-
parated from each other.

* Omnia corpora ab aliis circumcinguntur, et ab invicem determinantur ad
exiftendum et operandum, certd ac determinata ratione, fervatd femper in omnibus
fimul, hoc eft in toto univerfo, eidem ratione motusad quietem, Lpiff. 15
Corpus motum vel quiefcens ad motum vel quietem determinari debuit ab alio
corpore, quod etiam ad motum vel quietem determinatum fuit ab alio, et illud
iterum ab alio, et fic in infinitum. Erbic. part z. prop. 13. lem. 3.

It
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It would be of no ufe to give a more particular account f)f
the fyftem of Spinoza ; nor is it poflible to deferibe fully, i
an intelligible manner, fo abfurd adoétrine. It 1s z.dlowe.d even
by thofe who, on other occafions, have fhewn a difpofition to-
wards feeptici{m, in relation to the foundation.s of patural re-
ligion, to be the moft monftrous that can be imagined ; and
to be fo oppofite to the moft evident notions we are able to
form ¥, that no perfon of a right mind can be in hazard of
giving into it. He pretends, indeed, to proceed in the geo-
metrical method and ftyle ; but while he affumes a definition
of fubftance and of its attributes at his pleafure, and pafles from
his definitions as true ideas (as he calls them) to the neceffary
exiftence of the thing defined, by a pretended immediate con-
{fequence, which he will not allow to be difputed, his whole
{fuperftructure appears a mere petitio principii or fition. By
his way of proceeding, any {yftem whatfoever might be efta-
blithed. But it does not appear poflible to invent another fo
abfurd, while he maintains that there is but one fubftance in
the univerfe, endowed with infinite attributes, (particularly,
infinite extenfion and cogitation) that produces all other things,
in itfelf, neceffarily, as its own modifications ; which alone is,
in all things, caufe and effec, agent and patient, in all refpeéts
phyfical and moral. \

* Thefe are the words of Mr. Bayle in the article of Spinoza ; where he expofes
the abfurdities of this fyftem very clearly, and affirms that the weakeft of its ad-
verfaries was able to have overturned it. "Our view in giving fome account of it,
was not only to fhew the abfurd confequences to which Des Cartes’s fyftem leads,
but likewife to trace Spinoza’s dotrine to its fource (for the fake of fome who may
have been mifled into a favourable opinion of it), which is no other than the Car-

aﬁemhfab]e 3 of which almoft every article has been difproved by Sir Jfaac Newton
or others.

The



Ciar. 4. PHILOSOPHICAL DISCOVERIES. g

The Cartefian doé&rine has been often altered, and varioufly
mended, fince it was firft propofed by its author; and, for
a hundred years together, many ingenious men have been
making their utmoft efforts to patch it up, and {upport its
credit, by reforming firft one part, and then new-modeling
another part of this extenfive {fyftem. But the foundation is fo
faulty, and the whole fuperftru&ture {o erroneous, that it
were much better to abandon the fabrick, and fuffer the ruins
to remain a2 memorial, in all time to come, of the folly of

philofophical prefumption and pride.

Mr. Leibnitz retained the Cartefian {ubtile matter, with the
univerfal plenitude and vortices ; and reprefented the univerfe
as a machine that fhould proceed for ever, by the laws of me-
chanifm, in the moft perfe@ fate, by an abfolute inviolable ne-
ceflity ; tho’ in fome things he differs from Des Cartes.  After
Sir Ifaac NVewtor’s philofophy was publithed (in 1687), he
printed an eflay on the celeftial motions (A& Erudir. 1689)
where he admits of the circulation of the ether with Des
Cartes, and of gravity with Sir Ifaac Newton ; but he never
explained how thefe could be reconciled, and adjufted together,
{o as to account for the planetary revolutions ; or how gravity
arofe from the impulfe of this ether. Nor did he thew how
his harmonical circulation of the ether could be reconciled
with the law of the motions of the feveral planets, in their re-
{pe@ive orbits 5 which is very different from the law of the
motions of the fame planet, at its various diftances from the
fun. The angular velocity of any one planet, decreafes from
the peribelium to the aphelium, in the fame proportion as its
diftance from the fun increafes, and this is what he calls the
harmonical circulation. If this law took place likewife in the
motions of the different planets compared together, through-

out
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out the {yftem, this hypothefis, of their being carried along
with a circulating ether, might appear more tolerable : but tl}e
velocities of the planets, at their mean diftances, decireafe,. in
the {ame proportion as the {quare-roots of th.e numbt?rs which
exprefs thofe diftances from the fun. Neither did hc.a thew
how to reconcile this circulating motion of the ether with the
free motions of the comets in all dire&ions, or with the obli-
quity of the planes in which the planets revolve to the equator
of the fun and to one another ; or refolve the other objections
to which this hypothefis of a plezum and vortices is liable.

Afterwards however, on occafion of fome difputes that had
arifen concerning his title to the invention of the calculus of
infinitefimals, or methed of fluxions, he appeared with great
warmth againit Sir Ifaac Vewton’s philofophy, and placed him-
felf at the head of its oppofers. It is needlefs to infift here
on the paffion and prejudices that his followers have exprefled
againft it, and againft thofe that have appeared in its defence.
It 1s better to forget thefe, and to confine a philofophical dif-
pute to philofophical matters.

Mr. Leibnitz’s fyftem has been the more acceptable to many,
becaule, from the wifdom and goodnefs of the Deity, he con-
cluded the univerfe, upon the whele, to be a perfe® work, or
the beft that could poflibly have been made. This doérine
was very agreeable in all times to the philofophers who ac-
knowledged a fupreme beneficent governor ; but the origin of
evil perplexed them. 'The folution of this was what Socrazes
expected from the writings of Znaxagoras, but was difap-
pointed. The {fupreme Being, according to Timeus Locrus, was
deipyos 7i BeNlin®.  Plato taught that the fupreme governor
has difpofed and complicated all things for the happinefs and
virtue of the whole, and that our complaints are groundlefs,

arifing



Cuar. 4. PHILOSOPHICAL DISCOVERIES. 81
arifing from our narrow views of things. Chryfippus was of
opinion ¥ that it could never have been the aim or firft inten-
tion of the Author of nature, and parent of all gocd, to make
men obnoxious to difeafes ; but that while he was producing
many excellent things, and forming his work in the beft man-
ner, other things alfo arofe, conne@ed with them, that were in-
commodious j; which were not made for their own fakes, but
permitted as neceflary confequences of what was beft. Mr.
Leidnitz has wrote at great length in defence of this do&rine,
and has endeavoured to anfwer the objections that have beent
made againft the perfe@ion of the univerfe.

But this learned author’s fpeculations, tho’ they may per-
plex a cautious reader, cannot fatisfy him. He propofes two
principles as the foundation of all our knowledge ; the firft,
that it is impoflible for a thing to be, and not to be at the fame
time, which, he fays, is the foundation of fpeculative truth.
The other 1s, that nothing is without a fufficient reafon why it
fhould be fo rather than otherwife ; and by this principle, ac-
cording to him, we make a tranfition from abftra&ted truths to
natural philofophy. From this principle he concludes, that the
mind is naturally determined, in its volitions or eleftions, by
the greateft apparent good ; and that it is impoflible to make 4
choice between things perfeétly like, which he calls indifcer-
nibles ; from whence he infers, that two things perfedtly like
could not have been produced even by the Deity. For this
reafon, and other metaphyfical confiderations, he rejeéts a
vacuum, the parts of which muft be {fuppofed perfeétly like to

* Exiftimat Chryfippus non hoc fuiffe dature principale confilium ut faceret
homines morbis obnoxios, nunquam enim hoc convenifle naturae audtori, parentique
rerum omnium bonarum ; fed quum multa atque magna gigneret, pareretqueaptiflima
et utiliffima, alia quoque fimul agnata funt incommoda iis ipfis qua faciebat co-
hzerentia ; eaque non per naturam, {ed per fequelas quafdam neceffurias, facta dicit,
quod ipfe appellat »z7« Taonepr gz, Aul Gello b4, cap. 1,

-~
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cach other. For the fame reafon he alio rejeéts atoms, and all
fimilar particles of matter; to each of W'hiCh,,' tho’ diviﬁb!e in
infinitum, he alcribes * a monad, or active .kmd of princ1ple,
in which, fays he, are as it were perception and appetites.
The effence of fubftance he places in action or advity, or
rather (as he exprefles it) in {omething that is between acling
and the faculty of acting. He affirms abfolute reft to be im-
poflible, and holds motion, or a fort of #ifus, to be eflential
to all material fubftances. Each mwonad he defcribes as repre-
fentative of the whole univerfe from its point of fight ; and,
after all, in one of his letters tells us, that matter is not a
fubftance, but a_fubflantiatum, or phenomene bien fonde.

Such are the do@rines and expreflions of a philofopher who
valued himfelf upon his clear and adequate ideas, and ridiculed
the metaphyfies of the Englifb, as narrow, and founded on un-
adequate notions. The eriterion of truth is ufually placed in
clear and evident perception ; but fome philofophers feem to
value do&rines in proportion as they are obfcure.  'Who would
imagine that, in natural philofophy, fuch arguments fhould
be preferred to the plaineft fa&ts and experiments for determin-
ing the queftion concerning a vacuum 2 Let any man refle&t
on his own thoughts, from which only any notions we have of
liberty (and confequently of the divine liberty) can be derived ;
and if he is fatisfied that he could chufe between two defirable
things that appear equally good, rather than want both, fuch
arguments can have no force upon him. His difficulty feems
ftill to remain againft the particles of matter, after all the pains
he had taken to diftinguifh them by his 70nads ; for how fhall
we diftinguith the zorads themfelves ? or if that may be prac-

ticable, how thall we diftinguith the fame monad from itfelf, in

* A&a Liplim, 1698, p. 435~
all
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all the moments of its exiftence ? If two things perfe@ly like
to each other can exift in different times, furely they may exift
in different places at the fame time. This learned author ap-
peared very averfe to .thofe doctrines which he imagined had a
tendency to reftore the exploded tenets of the {cholaftic philo-
fophy ; yet thefe monads, as far as he has condefcended tode-
feribe them, appear to be as incomprehenfible as their fubftan-
tial forms, entelecheia, or moft occult qualities.

He makes great ufe of a comparifon between the effeds of
oppofite motives on the mind, and of weights placed in the
{cales of a ballance, or of powers acting upon the fame body
with contrary direétions. His learned antagonift denies that
there is a fimilitude between a ballance moved by weights,
and a mind acing upon the view of certain motives ; becaufe
the one is entirely paflive, and the other not only is aced
upon, but a&salfo. The mind, he owns, is purely paflive in
receiving the impreflion of the motive, which is only a per-
ception, and is not to be confounded with the power of acing
after, or in confequence of, that perception. The difference
between a man and a machine does not confut only in fen-
fation, and intelligence ; but in this power of adting alfo. The
ballance for want of this power cannot move at all, when the
weights are equal : but a free agent, fays he, when there ap-
pear two perfedtly alike reafonable ways of adting, has ftill
within itfelf a power of chufing ; and it may have firong and
very good reafons not to forbear. It is evident thatas it is
from internal confcioufnefs I know any thing of liberty, fo no
affertion contrary to what I am confcious of concerning it can
be admitted ; and it were better perhaps to treat of this ab-
ftrufe fubject after the manner of experimental philofophy, than
to fill a thoufand pages with metaphyfical difcuflions concern-
ing it. But to leave this fubjed, the do&rine of liberty is fo

M 2 foreign
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forcign to the queftions concerning a vacuum: and atoms, that
it muft appear a far-fetched uncommon ftretch of metaphyfics
to pretend to determine them by it; and very unaccounta}ble-to
refufe the Deity the power of producing, by one a& of his will,
all the matter in the univerfe at once, tho’ it thould be fuppofed
perfeitly fimilar and uniform,

5. From the fame principle, Mr. Leibnitz concluded, that
the material {yftem is a machine abfolutely perfe&, that can
never fall into diforder, or require to be fet right ; and that to
imagine that God interpofes in it, is to leflen the fkill of the
Author, and the perfedion of his work.

But this is more than his own principles require. For tho’
it thould be allowed that nothing is limited without a fufhcient
reafon ; yet, upon the whole, it may be better that the Author
of the world fhould a& immediately in it, cherifhing and go-
verning his work, and fometimes changing or renewing -it.
Can the beauty and perfe@ion of the univerfe be the worlfe for
His adting in it, who muft be fuppofed to a& always with per-
fe® wifdom ? It was fit that there fhould be, in general,
a regularity and conftancy in the courfe of nature ; not onl
for the fake of its greater beauty, but alfo for the fake of in-
telligent agents, who without this could have had no fore-
fight, or occafion for choice and wifdom in judging of things
by their confequences, and no proper exercife for their other
faculties. But tho’ the courfe of nature was to be regular, it
was not neceffary that it thould be governed by thofe principles
only which arife from the various motions and modifications of
una&ive matter, by mechanical laws ; and it had been in-
comparibly inferior to what it is, in beauty and perfecion, if

it had been left to them only.

Sir
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Sir Ifaac Newion was of opinion that the fabrick of the uni-
verfe, and courfe of nature, could not continue for ever in its
prefent ftate, but would require, in procefs of time, to be re-
eftablithed or renewed by the fame hand that formed it.  Yet
this philofophy was condemned by Mr. Leibnitz as leading to
impiety ; and, which is very furprizing, this particular docrine
was excepted aoramﬁ as having fuch a tendency. He objeéted,
that as a good artift made his workmanthip as perfect as poflible,
fo it argued a want of power or fkill in the Author of the
world, if it thould ever require to be reformed or wound up
again. But Sir [faac Newton thought it altogether confiftent
with the notion of a moft perfe Being, and even more agree-
able to it, to fuppofe that he fhould form his work dependent
upon hlmfelf {o as after proper periods to model it anew, ac-
Cordmor to hls infinite wifdom. To exclude the Deity from
adting in the univerfe, and governing it, is to exclude from it
what is moft perfet and beft, the abfence of which no me-
chanifm can fupply. Such a doé’trme could not have been pro-
pofed by one of Mr. Lesbnizz’s fentiments concerning the per-
feGtion of the univerfe, if he had not been mifled by an ex-
ceflive fondnefs for necefiity and mechani{m,

The capital dod@rine of this philofophy that reprefents the
univerfe as a perfeél machine, fuch as may continue for ever
by mechanical laws in its prefent ftate, is, that the fame quan-
tity of force and vigour remains always in it, and pafles from
one portxon of matter to another, Wxthout undergoing any
change in the whole. Des Carses maintained that the fame
quantlty of motion is a.lways preferved in the umverfe. Spinoza
called it the fame proportion of motion to reft.  Mr. Leibnitz
diftinguithed between the quantity of motion, and the force of
bodies ; he owns that the former varies, but maintains that the

T quantity
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quantity of force is for ever the {fame in the univerfe : and yet
there is no do&rine more repugnant to perpetual éxperience and
common obfervation than this 1s, even tho’ we fhould meafure
the forces of bodies by the fquares of the velocities, according
to his do&rine. If all bodies in the world had a perfe& elafti-
city, there might be fome pretence for maintaining this prin-
ciple. But there never has been difcovered as yet any one body,
whofe elafticity is perfeét ; and when any two bodies meet
with equal motions, they rebound with lefs motions, and there
is always force loft by their collifion ; and if the bodies are
{oft, they both ftop, becaufe of the impenetrability of their
parts ; or, to {peak in this author’s favourite ftyle, becaufe there
can be no fufhcient reafon why one of them fhould prevail,
rather than the other. In this cafe, their whole motion is loft;
and the motion of the one being deftroyed by the oppofite
motion of the other, it is without ground, and merely to fave
an hypothefis, that a fluid is imagined, which they feign to re-
ceive and retain the forces of thofe bodies. When liberty is
taken to fupport one fition by another, this by a third, and
{o on, any {fyftem may be maintained. According to our firft
views of matter and motion, from the plaineft experiments,
matter appears to be an unactive {ubftance of no elafticity ;
yet they afcribe a perfed elafticity to all their fubtile matter ;
and laws of motion are propofed by them ‘as general, which
can hold of perfedtly elaftic bodies only, that is, of bodies not
one of which has hitherto been found in nature. They have
never been able to explain how this perfect elafticity arifes from
the laws of mechanifm ; yet, according to them, the world is
a mechanical perpetual movement.

The g;nius of this kind of philefophy appears on no occa-
fion {o evidently, as from the arts which have been ufed to get
1 rid
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rid of the infuperable obje@ions againft the vortices. To re-
move the difliculty a ftep farther, or to involve the queftion in
oblcurity, new wortices are 1ntroduced in every infinitely {mall

particle of matter. From thefe, if there be occafion, they will
defce d(.L}nto another order infinitely lefs ; and fo on ; for they
exprefly pretend to take the fame benefit from the mﬁmte or-
ders of infinitefimals, in philofophy *, that is claimed by fome
late geometricians in the refolution of their problems. Thus
(as we obferved elfewhere ) an abfurd philofophy is the natu-
ral produ&t of a vitiated geometry. For tho’ it follows from
our notion of magnitude, that it always confifts of parts, and
is divifible without end ; yet an actual divifion i infnitum is
abfurd, and an infinitely little quantity (even in Mr. Lesbnitz’s
judgment ) is a mere fiction. Philofophers may allow them-
felves to imagine likewife infinite orders of infinitely {fmall par-
ticles of matter, and fuffer themfelves to be tranfported with
the idea ; but thefe illufions are not fupported by found geo-
metry, nor agreeable to common fenfe. After all that has been
faid for the wortices, there is not one experiment to favour
them ; and fome of the moft common and fimple are againft
admitting fuch fluids and their motions,

We have another inftance of the art by which they fupport
their fchemes, in the pretended demonftration they give againft
the poflibility of atoms, or of any perfedly hard and inflexible
bodies. According to what they call the law of continuizy, all
changes in nature are produced by infenfible and infinitely {mall
degrees ; {o that no body can, in any cafe, pafs from motion to
reft, or from reft to motion, without pafling through all pof-
fible intermediate degrees of motion ; from which they con-

* Mem. de I’ Academie Royale des Sciences; 1729,
1 Treatife of Fluxions Introd. p. 47,

t Effay de Theodicée, § 0.

clude
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clude that atoms, or any perfectly hard bodies, are impoffible;

becaufe if two of them fhould meet with equal motions, in
contrary directions, they would neceffarily ftop at once, in vio-
lation of the law of conzinuity *.  But upon what grounds have
they made this an univerfal law of nature ? Tho" in common
bodies (which are loofely compounded of particles that are
themfelves compounded ~of others of a lower order, and fo
on: fo that we cannot arrive at the clements, or atoms, till
after we know not how many refolutions) the parts yield in
their collifions, we cannot affirm this of the atoms or ultimate
elements themfelves. This yielding is a confequence of the
contexture of bodies, which have always much more of void
interflices than of folid matter, and confift of particles that
muft be fuppofed to adhere to one another with a force incom-
parably lefs than that by which the matter of the elementary
particles themfelves holds together +. The truth is, they found
it neceflury to reject bodies of a perfe& hardnefs ; becaufe it
was impofiible to explain the effe@s of their collifions, in a
manner confiftent with the prefervation of the fame quantity of
force- in the univerfe, or with their new do&rine, That the
Jorces of bodies are as the [quares of the velocities 5 and there-
tore they had recourfe to this new law of comzinuity to profcribe
them. If fuch a body fhould firike another equal quiefcent
body, of the fame kind, the velocity of the firft would be
equally divided by the ftroke between them ; but if we mea-

* Difcours fur le Mouvement, Paris 1726.

+ The author of the above cited difcourfe on motion, tells us, that if sature could
pafs from a ftate of motion to a ftate of reft at once, without pafling through the
intermediate degrees of motion, then one ftate would be deftroyed before nature could
know what new ftate fhe ought to determine herfelf to ; and afks how the could then
determine herfelf to any one ftate rathet than another ? In anfwer, we need only
obferve, that to ceale to move is the fame as tobe at reft, and that when the equal
atoms {top each other at once, there is no interval between the ftate of motion and
that of reft ; and that when motion is deftroyed, reft neceflarily enfues, ‘

{ure
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fure the force by the {quare of the velocitv, each of them would
have but one fourth part of the force of the firft body ; and
both together would have but one half of its force ; fo that the
other half would be neceflarily ‘loft, without producing any
fort of effe&t. In order to get rid of objedions of this kind,
fome of the favourers of the new do&rine, concerning the
menfuration of the force of bodies, content themfelves with
obferving, that no bodies of a perfect hardnefs have been found
in nature ; tho’ there is the {fame objection againft admitting
and treating of bodies of a perfeét elafticity. But others
boldly rejeét fuch hard bodies as impoflible, from thofe far-
fetched metaphyfical confiderations we have defcribed. How
much they have endeavoured to perplex the theory of motion,
in its plaineft parts, from a zeal for the fame do&rine, will
appear afterwards.

The power of mechanifm was never more magnified than
by Mr. Leibnitz’s famous doGrine of a pre-eflablifbed barmony,
as he callsit.  According to Des Cartes, the brutes were mere
machines ; and this doétrine, to many, appeared incredible.
But this is nothing in comparifon to what Mr. Leibnirz would
have us believe, when he tells us that the foul does not a&
on the body, nor the body on the {oul ;- that both proceed
by neceffary laws, the foul in its perceptions and volitions, and
the body in its motions, without affe@ing each other ; but that
each is to be confidered as a feparate independent machine.
The volitions of the mind are followed inftantly by the defired
motions of the body, not in confequence of thofe volitions in
the leaft, but of the nice and well adjufted machinery of the
body. The impreffions produced in the {fenfory have no effe®
on the mind, but the correfponding idea arifes, at that precife

time, in confequence of a chain of caufes of a different kind.
N Thus
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Thus all that men do or fay, is no more than the effet of ex-

uifite machinery, according to him. But it is time for us to
Jeave thofe fictions, left the reader fhould be tempted to think
that all philofophy is illufion.

CHAP V.

Conclzzﬁom fram the foregoz’ng oéferfwtz'am.

1. FEAHE fum of what we have obfervedis, that tho’ thefe

learned men may have thewn abundance of genius and
invention in their writings ; yet they, and all others who have
followed a like method, have begun at the wrong end, in tra-
cing the chain of caufes, and have attempted to form a {cheme
of philofophy that far furpaffes the human faculties. The
cternal reafons and primary caufes of things, which they ima-
gine they poflefs, rife infinitely above them ; while certain ob-
{ervation, and plain fa&s, perpetually appear in contradiétion to
their boafted fpeculations.

We are to endeavour to rife, from the effeés thro’ the inter-
mediate caufes, to the fupremecaufe. We are, from his works,
to {eck to know God, and not to pretend to mark out the
fcheme of his condu&, in nature, from the very deficient ideas
we are able to form of that great myfterious Being. Thus na-
tural philofophy may become a fure bafis to natural religion,
but it is very prepofterous to deduce natural philofophy from
any hypothefis, tho’ invented to make us imagine ourfelves
pofieft of a more complete fyftem of metaphyfics, or con-
trived perhaps with a view to obviate more eafily fome dif-
ficulties in natural theology. We may, at length, reft fatisfied,
that in natural philofophy, truth is to be difcovered by experi-

ment
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ment and obfervation, with the aid of geometry, only ;5 and
that it is neceflary firft to proceed by the method of analyfs,

before we prefume to deliver any fyftem [ynzhetically.

We may alfo learn at length, from the'bad {uccefs of fo
many fruitlefs attempts, to be lefs fond of perfect and finifhed
{chemes of natural philofophy ; to be willing to {tep when we
find we are not in a condition to proceed farther ; and to leave to
pofterity to make greater advances, as time and obfervation fhall
enable-them. For we cannot doubt but that nature has difcove-
ries in ftore for future times alfo, which may be retarded by
our rafh and ill-grounded anticipations. By proceeding with
due care, every age will add to the common fteck of know-
ledge ; the myfteries that flill lie concealed in nature may be
gradually opened, arts will flourifh and increaf>, mankind will
improve, and appear more worthy of their fituation in the
univerfe, as they approach more towards a perfe&t knowledge
of nature.

2. Twas thus the {peculative parts of the mathematics gra-
dually arofe, from fmall beginnings, by the confpiring labours of
great men, in the diftant ages of the world. The Egyprians
began this {cience, the Greeks purfued it, the Arabians pre-
{erved it, when it was loft in Ewrope, and fet a high value upon
it while their empire flourithed ; and fince the late memorable
reftoration of letters in Ewrope, its great progrefs has been the
boaft of modern learning.

The inundations of the Vil made it neceffary for the
Egyptians to invent fome art by which they fhould be able to
meafure their land, and to this, we are told, geometry owes
its origin and name. The priefts of that country, abounding
in leifure and genius, improved it into a’{cience ; and their

N 2 kings
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kings wrote treatifes upon it. ~ Thales brought the principles of
it into Greece, where it was {o diligently cultivated that the
elementary part was foon compleated, and was fo highly
efteemed as to have the appellation of the mathemata in a
manner appropriated to it. An oracle appointing the cubical
altar of Apollo to be doubled was, we prefume, of greater ad-
vantage to geometry than to the Arhenians then afHlicted with
the plague ; as it gave occafion to Plazo to confider the famous
problem of the duplication of the cube, and produced the fo/id
geometry. It afterwards received great improvements from the
incomparable Zrchimedes, who {quared the area of the parabola,
made fome. progrefs in the menfuration of the circle, and en-
riched this {cience with many difcoveries worthy of fo excellent
a genius.

It appears that it advanced but by degrees, and fometimes by
very flow fteps : one, we are told, difcovered that the three
angles of an equilateral triangle were equal to two right ones ;
another went farther, and fhewed the fame thing of thofe that
have two fides equal and are called i/g/celes triangles ; and it
was a third who found that the theorem was general, and ex-
tended it to triangles of all forts *. In like manner, when the
{cience was farther advanced, and they came to treat of the
conic fections, the plane of the fection was always {fuppofed
perpendicular to the fide of the cone ; the parabola was the
only fection that was confidered in the right-angled cone, the
ellipfe in the acute-angled cone, and the Ayperbola in the ob-
tufe-angled. From thefe three forts of cones, the figures
of the fections had their names, for a confiderable time ; till at
length Apollonius thewed how they might be all cut out of any

% Procli Comment. in Euclidem,
one
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one cone, and by this difcovery merited in thofe days the ap-
pellation of the greas geometrician,

By {uch fteps this {cience rofe, in procefs of time, to that
vaft height for which it is admired. ~Problems that appeared of
an infuperable difficulty in one age were refolved in another,
and, in a third, were in a manner defpifed as too fimple and
ealy ; particular theorems were firft inveftigated that led to
more extenfive difcoveries ; laborious methods were followed,
till others were found that were more fimple and general ; but
the greateft care was always taken of the certainty and evidence
of the fcience, as it was carried on. There was indeed a long
interval of many ages, between the period when it flourithed
in Greece, and revived in Ewurope : but the antients, having
founded it on unexceptionable grounds, and carried it on with
the utmoft accuracy, when learning was reftored, their works
ferved for a bafis, as well as for models, to the modern inven-
tors. Thus the gradual progrefs of mankind in this {cience ap-
pears fimilar, in {fome refpeéts, to the advances of a man in
vigour and knowledge. They firft made effays of a weak and
unexperienced ftrength, which by degrees acquired more and
more force, till at length, after the fuccefsful labours of feveral
ages, nothing feem’d too high for them.

3. From what we have obferved concerning the hiftory of
natural philofophy, it may eafily be underftood why its pro-
grefs has been fo different ; and whence it proceeds that we
feldom have found in it, as in geometry, that pleafing gradual
rife from {mall beginnings to greater heights. Inftead of fearch-
ing into nature, men retired to contemplate their own thoughts;
inftead of tracing her operations, they gave their imaginations
full play : where they ought to have hefitated, they decided ;
and where there was no difficulty, they doubted. What was

2 fimple
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fimple thev divided, and defined what was plain ; but in what
was more intricate, the fubterfuges of art were fet up in op-
pofition to nature, and ciptious {cience againft common rea-
fon ; while eneill-grounded maxim was imagined, to fupport
another, and fiGtion was grafted on fi¢tion. Hypothefes were
invented, nor for reducing faéts or obfervations of a compli-
cated nature to rules and order, (for which purpofe they may
be of {ervice) but as principles of fcience. Thefe were of fo
great authority as not to be overturned by contradictory obfer-
vations, or by the extravagant confequences that arofe from
them 3 but the author, charm’d with his rhapfody, proceeded,
without minding thefe, to the conclufion of his fable.

Thus one age or fe& could not but deftroy, for the moft
part, the labours of another. Sometimes the mumbers and
harmony of the Pythagoreans ferved for explaining what was
moft myfterious in nature ; the zdeas of Plaro, the matter and
Jjorm of Ariftotle prevailed in their turn ; but thefe were of
ufe only to veil the ignorance of men. Epicurus employed his
philofophy to overthrow the plain and evident dicates of fenfe
and reafon ; yet dilciples were not wanting to fupport and
adorn fo abfurd a {cheme., The Sceprics went into the oppofite
extreme, and became fo fond of darknefs that they would not
fee the light tho” never fo clear ; and fome of them chofe rather
to doubt that they doubted, than to acknowledge any thing ;
yet they too had numerous followers. Afterwards philofophy
was in no efteem but as far as it ferved, by a perplexed and
falfe glofs, to promote the ends of fuperflition. Of late, the
pretended clear ideas of Des Carzes, and metaphyfical fpecu—
lations of Mr. Leibnitz, have been received by many for true
philofophy ; not to mention the extravagancies of Spinoza,
and a thoufand crude notions that deferve no memory;

We
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We have feen, in the foregoing account of the ftate of phi-
lofophy in different periods, that they who have indulged them-
{elves in inventing {yftems and compleating them, tho’ they
have fometimes fet out in a manner that has appeared plau-
{ible, yet, in purfuing thofe {chemes, fuch confequences have
arifen as could not fail to difguft all but fuch as were intoxi-
cated with the deceit. Some, from their fondnefs to explain
all things by mechanifm, have been led to exclude every thing
but matter and motion out of the univerfe : others, from a
contrary difpofition, admitnothing but perceptions, and things
which perceive ; and fome have purfued this way of reafoning,
till they have admitied nothing but their own perceptions.
Others, while they overlook the intermediate links in the chain
of caufes, and haflily refolve every principle into the immediate
influence of the firit caufe, impair the beauty of nature, put
an end to our enquiries into the moft {ublime part of philo-
fophy, and hurt thofe very interefts which they would pro-
mote. In framing thofe fyftems, he who has profecuted each
of them fartheft has done this valuable fervice, that, while he
vainly imagined he improved or compleated it, he really opened
up the fallacy, and reduced it to an abfurdity. Many who
fuffered themfelves to be pleafed with Des Carses’s fable, were
put to a ftand by Spinoza’s impieties. Many went along with
Mr. Leibnitz’s icheme of abfolute neceflity, but demurred at
his smonads and pre-efizblijied barmony.  And fome, willing to
give up the reality of matter, could not think of giving up their
own and other minds.

The variety of opinions and perpetual difputes amongft pli-
lofophers has induced not a few, of late as well as in former
times, to think that it was vain labour to endeavour to acquire
certainty in natural knowledge, and to aferibe this to fome un-

2 avoldabio
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avoidable defe in the principles of the fcience. But it has
appeared {ufficiently, from the difcoveries of thofe who have
confulted nature and not their own imaginations, and parti-
cularly from what we learn from Sir Ifzac Newton, that the
fault has lain in the philofophers themfelves, and not in philo-
fophy. A compleat fyftem indeed was not to be expected from
one man, or one age, or perhaps from the greateft number of
ages ; could we have expected it from the abilities of any one
man, we {urely fhould have had it from Sir Ifaac Newton :
but he faw too far jinto nature to attempt it. How far he has
carried this work, and what are the moft important of his
difcoveries, we now proceed to confider.

BOOK
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B O OK IL

Of the theory of motion, or rational mechanics.

CH AP L

Of fpace, time, matter, and motion.

i. S we are certain of our own exiftence, and of that
A of our ideas, by internal confcioufnefs ; fo
we are fatisfied, by, the fame confcioufnefs, that

there are objects, powers, or chufes without us, and that a@
upon us. For in many of our ideas, particularly thofe that
are accompanied with pain, the mind muft be paffive, and re-
ceive the impreflions (which are involuntary) from external
caufes or inftruments, that depend not upon us. We eafily
diftinguifh thefe obje&s into two general claffes. The firft 1s
of thofe which we perceive to have a {pontaneity, or felf-
moving power, and feveral properties and affeGtions {imilar to
thofe of our own minds, fuch as reafoning, judging, willing,
loving, hating, &c. The fecond general clafs is of thofe in
which no fuch affections appear, but which are {o far of a paffive
nature, that they never move of themfelves, neither, when they
are in motion, do they ever Pcop without fome external influence.
If one of thefe move out of its place, without the appearance
of a mover, we immediately conclude that this is owing to
fome invifible agent ; fo much are we perfuaded of its own
inertia. If we lay up one of them in any place, we expe& to
find it there at any diftance of time, if no other powers have

O had
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had accefs toit. This paflive nature, or izertia, is what chiefly
diftinguithes the fecond clafs of external obje@s, which is
called body or maiter ; as the former is called mind or fpirit.

2. How external objeés, of cither clafs, a&t upon the mind,
by producing fo great a variety of impreflions or ideas, is not
our bufinefs at prefent to enquire : neither is it neceffary for us
to determine how exa@ or perfeét the refemblance may be be-
tween our ideas and the objets or fubftances they reprefent.
In our ideas which are repetitions of other ideas, we find very
different degrees of refemblance between them and thofe of
which they are repetitions. The idea we form in our imagi-
nation of a perfon, place, or figure which we have often {een,
has a much more perfect refemblance to the impreffion we re-
ceive from fenfe, than the idea we are able in our imagination
to form of pain, as to the {enfation we have feltof it. And
as it is no objection againft the exiftence of the fouls of other
men, that they may be very different from the notion or con-
ception we may have formed of them ; fo it is no juft reafon
againft admitting the exiftence of body, that its inward eflence,
or fubfiratum, may be very different from any thing we know
of it. It is, however, rating our ideas of external objects by
much too low, to compare them to words or mere arbitrary
figns, ferving only to diftinguifh them from each other. For it is
from our ideas of them that we learn their properties, relations,
and their influences upon each other, and upon our minds and
thofe of others, and acquire ufeful knowledge concerning them
and ourfelves. For example, by comparing and examining
our ideas, we judge of order and confufion, beauty and de-
formity, fitnefs and unfitnefs, in things. The ideas of num-
ber and proportion, upon which fo ufeful and extenfive fciences
are founded, have the fame origin.

3. The
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3. The mind is intimately confcious of its own a&ivity in
refle&ting upon its ideas, in examining and ranging them, in
forming fuch as are complex from the more fimple, in reafoning
from them, and in its eleGtions and determinations. From this,
as well as from the influence of external objets upon the mind,
and from the courfe of nature, it eafily acquires the ideas of
caufe and effet. 'When a figure defcribed upon a board pro-
duces a fimilar idea or impreflion on all thole who fee it, it is
as natural to afcribe this to one caufe, as, when we fpeak to a
numerous audience, the effe& of the difcourfe is to be afcribed
to us ; tho” we may be unable to explain how the impreffion
of the figure is communicated to the feveral {pe&ators, or the
difcourfe to the hearers. It were eafy to make many more re-
marks on the philofophy of thofe whofe principles would lead
them to maintain, that external objecs vary with our precep-
tions, and that the object is always different when perceived
by different minds, or by the fame perfon at different times,
or in different circumftances. It will not be expected from us
that we fhould enter farther, in a treatife of this kind, into the
examination of doétrines as fruitlefs as they are extravagant.

4. Body not only never changes its ftate of itfelf, in con-
fequence of its paffive nature or izersia, but it alfo refifts when
any fuch change is produced : when at reft, it is not put in
motion without difficulty 5 and when in motion, it requires a
certain force to ftop it.  This force with which it endeavours to
perfevere in its ftate, and refifts any change, is called its vis
inertie 3 and arifes from the inertia of its parts, being always
proportional to the quantity of matter in the body ; infomuch
that it is by this izertia only we are able to judge of the quan-
tity of matter. And this judgment is well founded, becaufe
we conftantly find that when we double or triple a body, or

O 2 increafe
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increafe or diminith it in any proportion, we muft double or
triple the force that is requifite to move it with th.e famf: cele-
rity, or increafe or diminifh it in the fame.proporn.on with the
body. If the folid, uncompounded particles void of pores,
of equal bulk, have their Znersia qual, then' this muft be ac-
curately true : but if matter be of klnd.xs {o different from each
other, that the folid elementary particles of. the one have a
greater izersia than equal folid elementary particles of the o*.cher
kind, then it is only when we compare thofe of the fame klgd,
that we can affirm the inertia to be proportional to the quantity
of matter. Such different kinds of matter may exift for ought
we know ; butit is by diminifhing or increafing the number or
dimenfions of the pores of bodies that they are condenfed or
rarified, according to our experience, and thereby the inertia
of a given bulk increafed or diminifhed.

5. Space is extended without limits, immoveable, uniform
and fimilar in all its parts, and void of all refiftance. It con-
fifts indeed of parts which may be diftinguifthed into other
parts, lefs and lefs, without end, but cannot be {eparated from
each other and have their fituation and diftances changed.

6. Body is extended in {pace, moveable, bounded by figure,
folid, and impenetrable, refifting by its inertia, divifible into
parts, lefs and lefs, without end, that may be feparated from
each other and have their fituation or diftances changed in any
manner.

7. From the fucceffion of our own ideas, and from the
fucceflive variations of external objects in the courfe of nature,
we eafily acquire the ideas of duration and time, and of their
meafures. We conceive true or abfolute time, to flow uni-

2 formly
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formly in an unchangeable courfe, which alone ferves to mea-
fure with exactnefs the changes of all other things. For unlefs
we corre¢t the vulgar meafures of time, which are grofs and
inaccurate, by proper equations, (as in predicting the eclipfes of
the fatellites of Fupiter, and moft other aftronomical phano-
mena) the conclufions are always found inaccurate and er-
roneous : and however various the flux of time may appear to
different intelle¢tual beings, it cannot, at leaft, be thought to
depend upon the ideas of any created being. Time may be
conceived to be divided into fucceffive parts that may be lefs
and lefs without end ; tho’, with refpet to any one particular
being, there may be a leaft fenfible time, as well as a mininum

Jenfibile in other magnitudes.

8. Motion is the change of place; that is, of the part of
fpace which the body occupies, or in which it is extended.
The motion is 7ea/ or abfolute, when the body changes its place
in abfolute fpace. It is called re/azive, when the body changes
its place with relation only to ambient bodies ; and it is eppa-
rent motion, when the body changes its fituation with refpeét
to other bodies that appear to us to be at reft.  The parts of
abfolute fpace not being the obje@s of our fenfes, it is one of
the great difficulties in philofophy to diftinguifh which motions
are true and real, and which are apparent only. However,
philofophers by proper care are often able to effect this, by ar-
guing juftly from the caufes of the motion when known, or
from their properties and effe&ts. A real circular motion, for
example, is always accompanied with a centrifugal force,
arifing from the tendency which a body always has to proceed
in a right line. Thus, from the centrifugal force which, at the
zquator, diminifkes the gravity and retards the motion of the
pendulum, fo that it moves more flowly there than towards
either pole, we have a proof of the earth’s diurnal rotation on

(s
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its axis. At the fame time, the diurnal revolution of the hea-
venly bodies about the earth muft be apparent only ; fince if it
was real, an immenfe centrifugal force would thence arife,
which could not but difcover itfelf ; becaufe they move in free
fpaces, and the folid orbs have been exploded upon the moft
evident grounds.

9. I know that fome metaphyficians of great chara&er con-
demn the notion of abfolute {pace, and accule mathematicians
in this of realizing too much their ideas : but if thofe philo-
{fophers would give due attention to the phznomena of motion,
they would fee how ill grounded their complaint is. From the
obfervation of nature, we all know that there is motion ;
that a body in motion perfeveres in that ftate, till by the
action or influence of fome power it be neceflitated to change
it ; that it is not in relative or apparent motion in which it per-
feveres, in confequence of its 7wertiz, but in real and abfolute
motion. Thus the apparent diurnal motion of the ftars
would ceafe, without the leaft power or force acting upon
them, if the motion of the earth was ftopt ; and if the ap-
parent motion of any ftar was deftroyed by a contrary motion
imprefled upon it, the other celeftial bodies would ftill appear
to perfevere in their courfe, the centrifugal force at the zquator
would ftill fubfift, with the {pheroidical figure of the fluid
ocean ; the confequences of the real motion of the earth upon
itsaxis. They who are not well acquainted with the theory of
motion, more eafily allow that a body at reft continues at
reft, in confequence of its paffive nature or izertiz, than that
when in motion it continues in motion : but this perfeverance
of abody in a ftate of reft can only take place with relation to
abfolute {pace, and can only be intelligible by admitting
it. 'When a topp turns upon a {mall pivot, its circular mo-
tion will continue {mooth for a long time, but any body placed

2 upon



Cuar. 1. PHILOSOPHICAL DISCOVERIES. 103

upon its furface does not continue in that place, but immedi-
ate]y flies off. Whena ﬂnp moves {teadily, any body placed
in the cabin continues in its place, asif the whole was at reft ;

but when the motion of the ﬂnp is ftopt, the body flies off i 1r1
the direction of its former motion ; for, in confequence of its
inertia, it endeavours to perfevere, not in its ftate of reft in the
thip, but in its ftate of motion or reft with regard to abfolute
fpace. It were ealy to enlarge on this fubje&, and to {hew
that there is no explaining the phznomena of nature without
allowing a real diftinétion between true, or real, and apparent
motion, and between abfolute and relatlve fpacc Whatever
thofe ph1lofophcrs may pretend, we have no clearer idea than
of fpace; and tho’ fome puzzhng difputes may arife in {fome
of our enqmrles concerning it, this 1s what we meet with in all
our enquiries into nature ; our knowledge of which we ought
to take care to have as clear and well founded as poflible, tho’
it is in vain to pretend to make it complete and perfedt ; as we

obferved in the firft book.

ro. Body bemg diftinguithed from fpace by its wis inertie
or reﬁﬂance, it is an obvious fuggeftion of common fenfe that
all fpace 1s not equally full of matter ; and it is the refult of
phﬂofophlcal enquiries, that the folid matter in the denfeft
bodies bears'a {mall proportion to their whole bulk. The rays
of light find a pafiage through a glafs globe in all direGtions,
which argues the great ranty of the giobe as well as the fub-
tility of light. The fame is to be {faid of the magnetic and
eledric eﬁ'zwm, and of the fubtile matter that pervades the
ores of bodies with great freedom in chymical experiments.
As for thofe fluids which philofophers have invented, in order
to replenlﬂl the pores of bodies, {o as to exclude a V01d out of
the univerfe, we made fome obfervations upon them in the firft

book ; and we may have occafion afterwards to thew how
improper
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improper they are for accounting for the phznomena which
have been afcribed to them.

11. Space and time ferve to meafure each other, recipro-
cally, by motion : time is in a perpetual flux and perithing ;
but a reprefentation of it is preferved in the {pace defcribed by
the motion. When the {pace flows as the time, that is, when
equal parts of fpace are defcribed in any equal parts of the time,
then the motion is uniform, and the velocity is conftant or
unvaried during the motion. When the parts of fpace, de-
{cribed in any equal fucceflive parts of the time, continually in-
creafe, the motion is accelerated ; and when thofe parts of
{pace continually decreafe, the motion is retarded. In general,
the velocity of motion is always meafured by the {pace that
would be defcribed by that motion continued uniformly for a
given time. It is obvious that the {pace, defcribed by an uniform
motion, is in the compound proportion of the time and velocity
of the motion : but in gencral, let as, (Fig.1.) the bafe of a
figure, reprefent the time of a motion, and the ordinate or
perpendicular p M, at any point p of the bafe, meafure the
velocity at the correfponding term of time, (that is, the {pace
which would be defcribed by the motion continued uniformly
from that term for a given time) then the area of the figure
43D fo formed will meafure the {pace deferibed by the motion,
in the time reprefented by the bafe 8. Thus a re®angular
parallelogram ferves to meafure the fpace defcribed by an uni-
form motion, the time being reprefented by the bafe, and the
conftant velocity of the motion by the perpendicular. The
fpace defcribed by a motion which is uniformly accelerated
(the velocity of which increafes uniformly as the time, that is,
receives equal augments in any equal fucceflive parts of time)
is reprefented by a triangle ; the time being reprefented by

the
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the bale, and the increafing velocity by the perpendicular,
which increafes in the fame proportion as the bafe. Becaufe
the triangle is the half of a parallelogram of the fame bafe and
altitude, the fpace defcribed by a motion uniformly accelerated,
during any time, from the beginning of the motion, is one
half of what would have been defcribed if the motion had been
uniform, and the wvelocity had been the fame as is acquired at
the end of that time. Becaufe fimilar triangles are as the
fquares of their analogous fides, the {paces defcribed by a mo-
tion uniformly accelerated, being meafured by fuch triangles,
are as the {quares of the times from the beginning of the motion;
or as the fquares of the velocities acquired at the end of thofe
times. The fpaces defcribed by motions uniformly retarded-
are meafured in the fame manner ; only the times and velocities
are to be taken in a contrary order, till the extinction of the
motion. In other cafes, the {paces are meafured by curvi-
linear areas. And becaufe there are areas whofe ordinates de-
creafe in fuch a manner, that tho’ the figure be produced in-
definitely, the area never amounts to a certain finite {pace ; it
appears that the velocities of a retarded motion may decreafe in
fuch a manner, that, tho’ the motion was continued ever {o
long, yet the fpace defcribed by it thould not exceed any cer-
tain given line. For example, if the velocity during the firft
hour be double of what it is in the fecond hour, and this be re-
duced to its half in the third hour, and fo on for ever, then the
fpace defcribed by this motion, tho” it was to continue for the
oreateft number of ages, will never amount to the double of

the line defcribed in the firt hour.

12. The quantity of motion in a body being the fum of the
motions of its parts, is in the compounded ratio of its quanti
of matter and of the velocity of the motion. If the body 4,
of a quantity of matter reprefented by 2, moves with a velocity

repre-
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reprefented by 3, and the body s, reprefented by- 3, moves
with a velocity reprefented by 4 ; then the quantity of motion
of a, fhall be to the quantity of motion of B, in the com-
pounded ratio of 2 to 3 andof 3 to 4, thatisas 2x5to 3x4,
or as 10 to 12. There appears to be no ground for making a
diftinction between the guantity of motion and the force of a
body in motion ; as all the power or a&ivity of body arifes from
and depends upon its motion. 'We are not, however, to ex-
pect that all the effeés of the motion of bodies {hould be pro-
portional to the quantity of motion, unlefs a due regard be had
to the time of the motion, and to the dire&ion in which it
ads, according to the true principles of mechanics. A body,
in confequence of its uniform motion, defcribes a certain {pace
in a certain time ; but there is no fpace {o great that may not
be defcribed by it, if the time be not limited. When a body
acts upon another body, the effett is very different according to
the direGtion in which it a&s. How neceflary it is to have re-
gard to thefe, in determining the effe&ts of the motions and
actions of bodies, will appear more fully in the next chapter.

13. When a body tends to move, but is hindered by fome
obftacle, this tendency is called preffure. It is not to be com-
pared with the force of a body in motion, no more than a
line is to be compared with the rectangle that is generated b
it.  Of this kind is the gravity of a body that refts and prefles
upon a table, or of water upon the bottom of a veffel, or of
air upon the fails of a thip. When the obftacle is removed,
the continual adtion of the preflure generates motion in the
body, in any finite time. Thus gravity accelerates the motion
of falling bodies, by ading inceffantly upon them. When an
orifice is opened in the bottom of a veflel, the preflure of the
fluid accelerates the motion of the iffuing water, and, in an
exceeding little time, brings its velocity ta a height.  When

the
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the wind acts upon the fails of a fhip, it accelerates her mo-
tion for fome time, till the refiftance of the water (which in-
creafes with the increafing velocity of the fhip) ballances the
action of the wind ; after which her motion becomes uni-
form. In thefe, and all fuch other inftances, the motion be-
gins from nothing ; and it is in confequence of the continual
inceflant action of the power or preflure, that the velocity,
generated in any finite time, is finite. If we were to fuppofe
that each action of the power produced a finite augmentation
of velocity, the motion acquired in the leaft finite time would
be infinite, or furpafs any aflignable velocity ; as we have de-
monftrated elfewhere *.

14. Gravity is the beft known to us of all thofe powers or
prefiures.  Becaufe all bodies defcend with equal velocity in a
void, the gravity of bodies muft be proportional to their quan-
tity of matter ; and depends not upon the figure or texture of
the parts, but upon their folid matter only. This is evident
by experiments of the motion of pendulums, made with the
greateft exadnefs. For when the lengths of the pendulums
are equal, bodies of very different bulks, and different inter-
nal and external texture, perform their vibrations in times ex~
actly equal in equal arcs, keeping always pace together, and
acquiring always equal velocities at the correfponding points
of thofe arcs, unlefs fo far as the refiftance of the air a&s
upon them unequally. In the common bufinefs of life, the
quantity of matter of bodies has been always meafured out by
their weight ; tho’ the influence of the air is various in its
different flates,; and renders this menfuration fomewhat unac-
curate in things of great value. Tho’ the gravity of bodies
really arifes from their gravitation towards the {everal parts of

* See the Treatife of Pluxions, § 44.
P 2 che
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the earth (as will appear afterwards) yet, becaufe this power
a@s around in all parts, and its direGtion is nearly towards the
centre of the earth, it is therefore called a centripetal force.
We thall, afterwards, thew that fimilar centripetal forces tend to
the fun and planets. Thefe forces are of three kinds : the
abfolute force is meafured by the motion that would be pro-
duced by it in a given body, at a given diftance. For ex-
ample, the abfolute centripetal force tending towards the fun is
to that which tends toward the earth, as the motion which
would be produced by the force tending toward the fun in a
given body, at a given diftance without the fun’s body, is to
the motion which would be produced by the force tending to-
wards the earth in an equal body, at an equal diftance from
it. As when we compare the forces of two magnets, we muft
compare their effe@s at equal diftances ; fo when we compare
the abfolute forces which tend to the central bodies, the com-

parifon cannot be juft unlefs it be from effeés produced when
the circumftances are alike.

The fecond fort of centripetal force is the accelerating force,
which is meafured by the velocity generated by it in a given
time, and is different at different diftances from the fame central
body, but deperds not on the quantity of matter of the body
that gravitates, h:ing equal in all forts of bodies at equal
diftances from the centre. The third fort is the weight, or
the wis motrix, and is meafured by the quantity of motion that
is generated in a heavy body in a given time ; and differs from

the accelerating force in the fame manner as mation differs.
from velocity.

15. Becaufe the power of gravity is fo well known to us,
when we enquire into other powers, we endeavour to com-
pare them with that of gravity, and to determine their pro-

portion,
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portion, We find a great variety of powers analogous to it in
nature ; fuch as that by which the particles of fluids form
themfelves into drops ; that by which the parts of hard bodies
cohere together ; that by which the rays of light, in entering
into water or glafs, or into any medium of a greater refradive
power, are conftantly bent towards the perpendicular, and
when they. are incident upon the farther furface of the glafs,
with a fufficient obliquity, are all turned back into the glafs,
though there be no {enfible medium behind the glafs to refle¢t it
in the fame manner as a heavy body projected obliquely upwards
is bent into a curve, and brought back to the earth again by its
gravity. 'Thefe, and many other powers in nature, have an
analogy to gravity, but extend to lefs diftances, and obferve
laws fomewhat different. It has been found very difficult to
account for them mechanically. For this purpofe, {fome have
imagined certain e¢ffuvia to proceed from bodies, or atmof-

heres environing them ; others have invented worzices ; but
all their attempts have hitherto proved unfatisfadtory, That
fuch powers take place in nature, and contribute to produce
its chief phznomena, is moft evident ; but their caufes are
very obfcure, and hardly acceffible by us. In all the cafes
when bodies feem to a& upon each other at a diftance, and
tend towards one another without any apparent caufe impelling:
them, this force has been commonly called azzraétion; and
this term is frequently ufed by Sir Ifzac Newron. But he
gives repeated cautions that he pretends not, by the ufe of
this term, to define the nature of the power, or the manner
in which it a&s. Nor does he ever affirm, or infinuate, that
a body can 4& upon another at a diftance, but by the inter-
vention of other bodies. It is of the utmoft importance in
philofophy to eftablith a few general powers in nature, upon
unqueftionable evidence, to determine their laws, and trace

their
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their confequences, however obfcure the caufes of thofe
powers may be ; and this he has done with great {uccefs.

16. But however commodious the term attraction may be,
to avoid an ufeles and tedious circumlocution, yet becaufe it
was ufed by the fchool-men to cover their ignorance, the ad-
verfaries of Sir Ifaac Newton’s philofophy have taken an un-
juft handle from his ufe of this term, after all his precautions,
to depreciate and even ridicule his doctrines ; by which they
only convince us that they neither underftand them, nor have
impartially and duely confidered them. Mr. Leibnizz made
ufe of this fame term, in the fame fenfe with Sir I/aac NVewron,
before he fet up in oppofition to him; and it is often to be
met with in the writings of the moft accurate philofophers,
who have ufed it without always guarding againft the abufe of
it, as he has done. A term of art has been often employed
by crafty men, with too much fuccefs, to raife a diflike againft
their opponents, and miflead the unwary, and to difguft them
from enquiring into the truth; but fuch difingenuity is un-
worthy of philofophers. No writer hath appeared againft Sir
Ifaac Newton, of late, by whom this argument, tho’ altogether
groundlefs, is not infifted on at great length ; and fometimes
adorned with the- embellithments of wit and humour; but
if the reader will take the trouble to compare their de-
fcriptions with Sir Ifaac Newtorn’s own account, he will eafil
perceive how little it was minded by them ; and that the fum
of all their art and fkill amounts to this only, that they were
able to expofe a creature of their own imagination.  Poffibly
fome unikillful men may have fancied that bodies might at-
tract each other by fome charm or unknown virtue, without
being 1mpelled or acted upon by other bodies, or by any other
powers of whatever kind ; and fome may have imagined

that
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that a mutual tendency may be effential to matter, tho’ this
is directly contrary to the inertin of body deferibed above
but furely Sir J/zac Newton has given no ground for charging
him with either of thefe opinions : he has plainly fignified that
he thought that thofe powers arofe from the impulfes of a
fubtile xtherial medium that is diffufed over the univerfe, and
penetrates the pores of groffer bodies. It appears from his
letters to Mr. Boyle #, that this was his opinion eatly ;
and if he did not publith it fooner, it proceeded from hence
only, that he found he was not able, from experiment and
obfervation, to give a fatisfactory account of this medium, and
the manner of its operation, in producing the chief phano-
mena of nature. They who imagine that he has only intro-
duced a new phrafe or two into philofophy, without any real
benefit, may be eafily fatisfied of their miftake, if they will
but confider with what evidence he has refolved the chief phe-
nomena of the fyftem of the world from thofe powers ; how
he has computed the quantity of matter and denfity of the
fun, and of feveral of the planets, from them ; how nearly
he has determined the motion of the nodes of the moon,
from its caufe ; and explained many of her irregularities, and-
the other motions of the fyftem. But we have infifted upon
this perhaps at too great length ; for as no philofopher fcruples
to fay that the magnet attrad&s iron, and that ele@ric bodies,
when their virtue is raifed by frition, attra& light fubftances ;
it muft be allowed to be at leaft as juftifiable an expreflion, or
even more unexceptionable, to fay that the earth attracts heavy
bodies towards it ; fince all of them defcend towards it with
forces proportional to their quantity of matter, at equal dif-
tances from it ; and this power extends to all diftances, varying
according to a certain known law,

* See the life of Mr. Boyle premifed to the late complete edition of his works.

CHAP
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CHAP IL

Of the laws of motion, and their gemeral corollaries,

1. HE firft law of motion is, ¢ That a body always
« perfeveres in its ftate of reft, or of uniform mo-

¢ tion in a right line, till by fome external influence it be
¢« made to change its ftate.” That a body, of itfelf, perfeveres
in its ftate of reft, is matter of moft common and general
obferyation, and is what fuggefts to us the paflive nature of
body : but that it likewife, of itfelf, perfeveres in its ftate of
motion, as well as of reft, is not altogether {o obvious, and
was not underftood, for fome time, by philofophers them-
{elves, when they demanded the caufe of the continuation
of motion. It is eafy, however, to fee that this laft is as
general and conftant a law of nature as the firft. Any mo-
tions we produce, here on the earth, foon languifh and at
length vanifh ; whence it is a vulgar notion that, in general,
motion diminifthes and tends always toward reft. But this is
owing to the various refiftances which bodies here meet with
in their motion, efpecially from friction, or their rubbing up-
on other bodies in their progrefs, by which their motion is
chiefly confumed. For when, by any contrivance, this fric-
tion is much diminifhed, we always find that the motion con-
tinues for a long time. 'Thus, when thefriction of the axis is
leflened by friction-wheels applied to it, and turning round
with it, the great wheel will fometimes cortinue to revolve for
half an hour. And when a brafs topp moves on a very {mall
pivot on a glafs plane, it will continue in motion very fmoothly
for a great number of minutes. A pendulum, fufpended in
an advantageous manner, will vibrate for a great while, not-
withftanding
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withftanding the refiftance of the air. Upon the whole, it
appears, that, if the fri%ion and other refiftances could be
taken quite away, the motions would be perpetual.  But what
fets this in the cleareft light, is, that a body placed on the
deck, or in the cabin, of a fhip, continues there at reft while
the motion of the fhip remains uniform and fteady ; and the
fame holds of a body that is carried along in any fpace that
has, itfelf, an uniform motion in aright line. For if a body
in motion tended to reft, that which isin the cabin of a thip
ought to fall back towards the ftern, which would appear as
furprizing, when the motion of the fhip is uniform and fteady,
as if the body fhould, of itfelf, move towards the ftern when
the fhip is at reft. It is for this reafon that the uniform mo-
tion of the earth upon its axis has no effe& on the motion of
bodies at the furface ; that the motion of a fhip carried away
with a current is infenfible to thofe in the fhip, unlefs they
have an opportunity to difcover it by objeéts which they know
to be fixed, as the fhores, and the bottom of the fea, or by
aftronomical obfervations ; and that the motions of the planets
and comets, in the free celeftial fpaces, require no new im-
pulfes to perpetuate them.

2. It is a part of the fame law, that a body never changes
the dire@ion of its motion, of itfelf, but by fome external in-
fluence only; and it is as natural a confequence of the paflive
nature of body, as that it never changes its velocity of itfelf.
As body has no felf-rhotive power, or {pontaneity, if it was
to change its direction, how could it determine itfelf to any one
direction rather than to another ? This part of the law is like-
wife confirmed by conftant experience. If upon any fmooth plane
a globe of anuniform texture be proje@ed, it proceeds always in
a right line, without turning to either {ide, till its motion be
extinguithed by the fridtion of the plane and refiftance of the

(L ﬂ,ir»
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air. It is true, that, in certain cafes, a ball proceeds upon a
billiard table frft in a right line, and, afterwards, returns of
itfelf a little way in the fame right line ; but this arifes from
the ball’s having a motion upon its axis, with a direction con-
trary to that of its progreflive motion on the table; which,
when the progreflive motion is deftroyed by the fri¢tion, brings
the ball back again, till this motion is likewife deftroyed by
the fame frition. When a ball is projected in the air, its gra-
vity indeed bends its motion into a curve, but it continues to
move in the plane of its firft projeGtion perpendicular to the
horizon, without turning to either fide of that plane ; unlefs
in fome cafes, when, becaufe of its motion upon its axis, the re-
aétion of the air makes it deviate fomewhat from it, If bodies
changed the dire¢ion of their motion of themf{elves, they could
not continue at reft in a fpace that is carried uniformly forward
in a right line ; as they are always found to do. As body,
therefore, is paflive in receiving its motion and the direction of
its motion, fo it retains them or perfeveres in them, without
any change, till it be a&ed upon by fomething external. This
law is now generally received upon the beft evidence, but was
not clearly underftood even fo lately as in Kepler’s time, as
appears by the account we gave of his do&rines in the firft
book. From this law it appears, why we enquire not, in phi-
lofophy, concerning the caufe of the continuation of the reft
of bodies, or of their uniform motion in a right line. But if
a motion begin, or if a motion already produced is either ac-
celerated or retarded, or if the dire®tion of the motion is
altered, an enquiry into the power or caufe that produces this
change is a proper fubje&t of philofophy : the chief bufinefs of
which (as Sir Ifaac Newton obferves) is to difcover the powers
that produce any given motions; or, when the powers are
given, to trace the motions that are produced by them.

3. The
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3. The fecond general law of motion is ¢ that the change
¢ of motion is proportional to the force imprefled, and is pro-
“ duced in the right line in which that force a&s.” Thus
when a motion is accelerated, as that of a heavy body defcend-
ing in the vertical line, the acceleration is proportional to ths
power that a¢ts upon the body. If a body defcend along an
inclined plane, the acceleration of the motion along the plane
is proportional not to the total force of gravity, but to that
part only which acs in the direGtion of the plane, as will
better appear when we come to treat of the refolution of mo-
tion. When a fluid ads upon a body, as water or air upon
the vanes of a mill, or wind upon the fails of a thip, the ac-
celeration of the motion is not proportional to the whole force
of thofe fluids, but to that part only which is impreflfed upon
the vanes or fails, which depends upon the excefs of the ve-
locity of the fluid above the velocity which the vane or fail
has already acquired : for if the velocity of the fluid be only
equal to the velocity of the vane or fail, it juft keeps up with
it, but has no effe& either to advance or retard its motion.

It is, at the fame time, of the utmoft importance to have
regard to the dire&ion in which the force is imprefled, in
order to determine the change of motion produced by it. It
would be very erroneous to fuppofe that the acceleration of the
motion of the fhip, in the dire&ion in which fhe fails, is pro-
portional to the force imprefled when it a&s obliquely upon
the fail, or when the pofition of the fail is oblique to the di-
reGtion in which the fhip moves. The change of her motion
is firft to be eftimated in the direction of the force imprefled,
and thence, by a proper application of mechanical and geo-
metrical principles, the change of the motion of the fhip in
her own dire@ion is to be derived. When gravity or any

Q 2 centripetal
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centripetal force, acts upon a body moving with a dire&ion
oblique to the right line drawn from it to the centre, the
change of its motion is not proportional to the whole centri-

etal force which ads upon it, but to that part only, WhiCl’.l,
after a juft refolution of the force, is found to aét in the di-
rection of its motion. It appears from thefe inftances, of how
extenfive an ufe thefe general laws are in the doérine - of
motion.

4. The third general law of motion is, ¢ that aé#ion and 7e-
« gétion are equal with oppofite directions, and are to be
« eftimated always in the fame right line.” Body not only
never changes its ftate of itfelf, but reffts, by its 7nertia,
againft every adtion that produces a change in its motion.
When two bodies meet, each endeavours to perfevere in its
ftate and refifts any change ; and, becaufe the change which is
produced in either may be equally meafured by the a&ion
which it exerts upon the other, or by the refiftance which it
meets with from it, it follows that the changes produced in the
motions of each are equal, but are made in contrary directions.
The one acquires no new force but what the other lofes in the:
fame direction ; nor does this laft lofe any force but what the
other acquires; and, hence, tho’ by their collifions, motion
pafies from the one to the other, yet the fum of their motions,
eftimated in a given direction, is preferved the fame, and is un-
alterable by their mutual actions upon each other.. In colle@ting
this fum, motions that have contrary diretions are to be af-
feted with contrary figns ; a motion eaftward is contrary to
a motion weftward ; {o that if the motions are fummed up as
having a weftern diretion, a motion eaftward is to be con-
fidered as negative, or to be fubducted from the reft. In this
manner, this law ferves to render the firft law more general,

and.
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and to extend it to any number of bodies; for as, by the firft
law, a body perfeveres in its flate of reft, or of uniform
rectilinear motion, till fome external influence affe@ it; fo it
follows from this law, < that the fum of the motions of any
¢ number of bodies, eftimated in a given direction, perfeveres
¢ the fame in their mutual actions and collifions, till fome ex-
« ternal influence difturb them.”

5. The truth of this third law appears from manifold ex-
periments, in the collifions of bodies of all kinds. But the
meaning of it feems to have been miftaken, in feveral in-
ftances, by ingenious men; which it is neceffary for us to
guard againft. They who maintain the new opinion con-
cerning the forces of bodies, meafuring them by the com-
pounded proportion of the quantity of matter and the {quare
of the velocity, found it impoffible to explain the acions and
collifions of bodies of a perfe@ hardnefs, void of all elafticity,
confiftently with this doctrine. Therefore, in order to get rid
of them, fome pretended that it is ablolutely impoflible fuch
bodies thould exift, upon grounds the weaknefs of which was
thewn in the firft book ; while others contented themfelves
with obferving that they knew of no fuch bodies in nature,
and thought this a fufficient excufe for giving no account of
their collifions ; tho’ at the fame time they treated. largely of
bodies of a perfe& elafticity, none of which are to be met
with in nature ; and we have much better reafon to conclude
that there are bodies of a perfe® hardnefs, than of a perfe&t
elafticity ; becaufe we cannot but fuppofe the ultimate elemen-
tary particles of bodies that are void of all pores, or atoms,
to be perfeély hard or inflexible, {o as not to yield in the or-
dinary actions and collifions of bodies. ~ But after all this art in
fcreening their favourite opinion, the diffhiculty ftill recurred

in
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in explaining the collifions of {oft bodies ; and {fome farther
new invention was requifite to reconcile the phenomena with
their do@rine. For if a foft body, with the velocity #, ftrikes
another equal quiefcent foft body, they will proceed as in one
mafs with the velocity 2 #, dividing the motion of the firft
body equally between them, in confequence of the third ge-
neral law of motion. According to the new opinion, the
force of the firft body before the ftroke was #x, the force of
each of them after the firoke is 2 #x 2z or 2 ##; and the
fum-of their forces after the firoke is i # # ; fo that the {um
of the forces, after the ftroke, is only one half of what it was
before the ftroke, while the quantity of motion is preferved
the fame as it was, without any change. Now the difhculty
was, how to account for the lofs of one half of the force of the
firft body in the ftroke : for this purpofe, they advanced,
without any other proof, this new doctrine, that when the parts
of {oft bodies yield without reftoring themfelves, being void of
elafticity, a certain quantity of force is loft in the compreflion
of their parts by the collifion ; whereas we know no way by
which force is loft in one bady, but by its being communicated
to another. 'The parts of foft bodies are indeed moved out of
their places, in the collifion, and fome motion is loft in the
firft body by being communicated, in this manner, to the
parts of the fecond ; but thefe parts cannot lofe this motion
otherwife than by communicating it to other parts, or by its
accruing to the whole body ; fo that there is no juft reafon for
fuppofing that any motion or force is loft in flattening or hol-
lowing of {oft bodies, in their collifions; and this new tenet
is invented merely to f{erve a particular purpofe.

.6..The moft learned and fkillful advocate for this new
doctrine appears to have greatly miftaken this third law of
motion,
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motion, when he tells us that the prefervation of the fum of
the abfolute motions of bodies, in their collifions, is fo im-
mediate a confequence of the equality of afion and reattion,
that to endeavour to prove it would only render it more
obfcure, the augmentation or diminution of the force of the
one (fays he) being the neceflary confequence of the diminution
or augmentation of the force of the other. Now itis plain
that this third law of motion is general, extending to bodies
of all kinds ; and it is well known that when foft bodies meet
in oppofite directions, the fum of their abfolute motions or
forces is diminifhed ; and when the bodies are equal, and their
velocities likewife equal, it is totally deftroyed by their col-
lifion. It is not the fum of the abfolute motions or forces of
bodies, but this fum eftimated in a given direGion, that is pre~
ferved unaltered in their collifions, in confequence of this third
law of motion : nor can the prefervation of the fum of the
abfolute forces of any fort of bodies be confidered as an imme-
diate confequence of it. On the contrary, the fum of the ab-
folute motions of even perfectly elaftic bodies is fometimes in-
creafed, and in fome cafes diminithed, by their collifions ;
{fo that a proof was neceffary that the fum of their ablolute
forces (in whatever manner thofe forces are meafured) is preferved
unalterable, in their collifion ; efpecially fince this fum, ac-
cording to his own dodrine, undergoes an infinite variety of
changes, during the fmall time in which the bodies act upon
each other, while the parts firft yield and then reftore them-
felves to their former fituations.

7. The fame philofophers miftake this third law, or a moft
effential part of it, when they meafure action and reaction on
different right lines. Ina celebrated argument which they ad-
vance for their new dodrine concerning the forces of bodies,

and which is much applauded by thofe who favour it, they

I thew
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thew that a body with a velocity as 2, is able to bend and over-
come the refiftance of four {prings, one of which alone is
equivalent to the force of the fame body moving with a velo-
city as 1 ; from which they infer that, in the former cafe, the
force is quadruple, tho the velocity be only double of what it
is in the latter cafe. In like manner, becaufe a body moving
with a velocity proportional to the diagonal of the rectangle is
able to ballance the refiftance of two {prings proportional to
the fides of the fame re@angle, they thence infer that the force
of a body moving with a velocity as the diagonal is equal to
the fum of the forces of two bodies moving with velocities
proportional to the fides of the reftangle; and, becaufe the
{quare of the diagonal is equal to the fum of the {quares of the
two {ides, they thence infer that the forces of equal bodies are
as the {quares of their velocities. But in all thefe arguments
(which are the moft plaufible of any that have been offered
for their new doctrine, and are moft apt to miflead their rea-
ders) they do not confider that the force which one body lofes,
in acting upon another, is not equal to that which it produces
or deftroys in the other, eftimated in any direction at pleafure,
but in that only in which the firft body acs ; and that body,
in confequence of its mertia, not only refifts any change in its
quantity of motion, but likewife any change in the dire@ion of
its motion. If any planet revolves in a circle, the gravity of it
towards the centre is employed, during the whole revolution, in
changing the dire&ion of its motion only, without producing
the leaft augmentation or diminution of the motion it{elf
But thefe things will more eafily appear after we have treated
of the compofition and refolution of motion : we only ob-
ferve here, that, ih order to fupport their favourite do@rine,
Fhey embarrafs the plain, fimple and beautiful theory of motion,
in fome cafes by neglecting the time, and in others by con-

founding

1
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founding the dire@ions in which bodies act upon each other,
or upon {prings ; while all the the valuable confequences
which they pretend to draw from this doérine follow more
naturally, and in a fatisfactory manner only, from the laws of

motion rightly underftood and applied.

8. Our author’s firft corollary, from the laws of motion, is,
that when a body is a&ted upon by two forces at the fame
time, it will defcribe the diagonal, by the motion refulting
from their compofition, in the fame time that it would de-
{cribe the fides of the parallelogram by thofe forces acting fe-
parately. Let the body a (Fig. 2.) have a motion in the di-
reGtion as, reprefented by the right line a5, at the fame time
let another motion be communicated to it in the direcion A,
reprefented by the right line ap ; complete the parallelogram
ascp ; and the body will proceed in the diagonal ac, and
defcribe it in the {ame time that it would have defcribed the
fide as by the firft motion, or the fide ap by the fecond. To
underftand our author’s demontftration of this corollary, we
muft premife this obvious principle, that when a body is acted
upon by a motion or power parallel to a right line given in
pofition, this power or motion has no effect to caufe the body
to approach towards that right line or recede from it, but to
move ing line parallel to that right line only ; as apoe%s from
the fecond law of motion. Therefore ap being parallel to zc,
the motion in the direGion a b has no effe@ in promoting or
retarding the approach of the body s towards the line nc
confequently it will arrive at this line sc in the {fame time as if
the firft motion as orxly had been impreft upon it.  In like
manner, becaufe aBis parallel to pc, the motion a3 has no
effe® in promoting or retarding the approach of the body a
towards the line pc; confequently it will arrive at the line
pcin the fame time as if the motion ap only had been im-

R prefled
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prefled upon it.  Therefore the body a will arrive at both the
lines Bc and pc in the fame time, that, by the firft motion
alone, it would have defcribed as, or, by the fecond alone,
it would have defcribed ap. But it can arrive at both the
lines sc and pc no other way than by coming to their inter-
z&ion ¢ : therefore, when the two motions a8 and ap are
impreft upon it at once, it movesfrom a to ¢, and defcribes the
diagonal a ¢, in the fame  time that, by thefe motions acting
feparately, it would have defcribed the fides arand ap:

9. Becaufe this corollary is of very exten{ive ufe, it may be:
worth while to illuftrate it farther. Suppofe (Fig. 3.) the {pace
EF GH to be carried uniformly forward in the direction as,
and with a velocity reprefented by as.  Let a motion in the
dire@tion ap, and meafured by the right line ap, be impreft
upon the body a in the fpace eErcu.  To thofe who are in this
{pace, the body a will appear to move in the right line a ;.
but its real or ablolute niotion will be in the diagonal ac of
the parallelogram azcp; and it will defcribe ac in the fame:
time that the {pace by its uniform motion, or any. point of it,.
is carried over a right line equal to A, or that the body a4, by
its motion acrofs the {pace, defcribes ap. For it is manifeft
that the line 4 p, in confequence of the motion of the fpace,.
is carried into the fituation ec, and the point b to ¢ 3, fo that
the body a really moves in the diagonal ac..

ro. The converfe of this corollary is, that the motion in
the diagonal a ¢ may be refolved into the motions in the fides.
of the parallelogram ap and ap. For it is manifeft that if
(Fig. 4.) ax be taken equal to ap with an oppofite direction,,
and the parallelogram axzc be compleated, the right line as
{hall be the diagonal of this parallelogram ; confequently, by

the two laft articles, the motion ac compounded with. the
4 motion
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motion A% equal and oppofite to the motion a b, produces the
motion A8 ; that is, if from the motion a ¢, in the diagonal,
you {fubduét the motion ap in one of the fides, there will re-
main the motion ax in the other fide of the parallelogram
ABCD.

r1. This doérine will receive farther illuftration by refolving
each of the motions a3 and ap into two motions, one in the
direction of the diagonal ac and the other in the direcion per-
pendicular to it ; that is, by refolving (Fig. 5.) the motion 4 s
into the motions am and an, and motion AD into the motions
ax and arL. For the triangles Apx and scm being equal and
fimilar, px is equal to M, or aL to an; fo that the motions
atLand an, being cqual and oppofite, they deftroy cach others
effet : and it being an obvious and general principle, that
the motion of a body in a right line is no way affe&ted by
any two equal powers or motions that a¢t in direGions per-
pendicular to that line, and oppofite to each other, it thus
appears how the body a is determined to move in the diagonal
acy and, becaufe ax is equal to mc, it appears how the re-
maining motions A M and ax are accumulated in the dire¢tion
ac, {o as to produce a motion meafured by ac. It appears
likewife how abfolute motion is loft in the compofition of mo-
tion ; for the parts of the motions az and ap that are repre-
fented by an and a1, being equal and oppofite, defiroy each
others effe@, and the other parts aarand ax, only, remain in
the dire&ion of the compounded motion ac: while, on the
contrary, in the refolution of motion, the quantity ¢of abfolute
motion is increafed, the {fum of the motions as and ap, or
Bc, being greater than tlie motion ac. But the {um of the
motions, eftimated in a given direction, is no way affe@ted by
the compofition or refolution of motion, or indeed by any
R 2 adtions
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adions or influences of bodies upon each other, that are equal
and mutual and have oppofite directions.

For fuppofe that (Fig, 6.) the motions are to be eftimated in
the dire¢tion a» ; let cp, R, DQ, be perpendicular to this di-
rection in the points p, ® and q; then the motions ac, as,
aD, reduced to the dire&tion a p, are to be eftimated by ar, ar
and aq_refpectively, the parts which are perpendicular to ar
having no effe¢t in that dire@tion. Let ap meet zc in s ; then
becaufe rp is to sp, as Bc (or A D) to cs, thatis, as aq tosve,
it follows that aq_is equal to rp, and that 4 R+aq is equal to
ar; thatis, that the fum of the motions a3 and ap, reduced
to any given direction a®, is equal to the compounded motion
acreduced to the fame dire&tion. From which it is obvious,
that, in general, when any number of motions are com-
pounded together, or are refolved according to this general
corollary, the {fum of their motions continues invariably the
fame, till fome foreign influence affects them.

12. The ufefulnefs of the fame corollary has induced authors
to invent other demonflrations for -the farther illuftration of it.
We thall only add a proof of the fimpleft- cafe, when the
motions a3 and ap are equal, and the angle sap is a right one;
in this cafe apcp (Fjg. 7, 8.) is a {quare, and the diagonal
ac bife@ts the angle Bap ; and, becaufe the powers and mo-
tions of ap and 4B are equal, and there can be no reafon why
the direc¢tion of the compounded power or motion fhould in-
cline to one of thefe more than to the other, it is evident that
its direGtion muft be in the diagonal ac ; and that the com-
pounded power or motion is meafured by ac appears in the fol-
lowing manner. If it is not meafured by ac, firft let it be
meafured by any right line a5 lefs than ac ; join B interfecting
Acin K, upon A c take am greater than 4k, in the fame pro-

4 portion
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portion that ac is greater than 4 £ 5 thro’ the point m draw the
right line rc parallel to 3D, meeting ap incand asin¥ ;
compleat the parallelograms amcu and amrN: then becaufe
thefe parallelograms are fquares as well as ascp, and apis to
AG,as AK to aM, that is as AE to ac; and aB to aF in the
fame proportion ; and becaufe A £ is fuppofed to be the power
or motion compounded from as and ap, it follows that the
power or motion Ap may be fuppofed to be compounded from
the powers or motions amand an, and a3 from a m and an.
But an and a N, acing equally with oppofite direGtions, de-
ftroy each others effe& ; {o that it would follow that the re-
maining powers or motions AM+aMm (i e. 2am) which are ac-
cumulated in the direétion of the diagonal ac, ought to be
equal to aE; which is abfurd, for am is greater than ax by
the conftruétion, and 2 am greater than 2 A% or ac, which is
fuppofed to be greater than a . In like manner, it is thewn
(Fig. 8.) that the compounded power or motion, in the dia-
gonal ac, is not meafured by a right line greater than ac; and
therefore it is meafured precifely by the diagonal a c itfelf.

13. The flate of any fyftem of bodies, as to motion or reft,
is judged by that of their centre of gravity, in the moft
fimple and convenient manner. In a regular body of a ho-
mogeneous texture, the centre of gravity is the fame with the
centre of magnitude ; and, in general, it is that point of an
heavy body, which being fuftained the body is in confequence
it felf fuftained. In two equal bodies it is in a right line join-
ing their centres, at equal diftances from both : when the
bodies are unequal, it is nearer to the greater body, in propor-
tion as it is greater than the other ; or its diftances from their
centres are inverfely as the bodies. Let a (Fig. 9.) be greater

than s, join aB, upon which take the point ¢, fo that ca may
be



126 Sr ISAAC NEWTON’s Boox. IL

be to c#, as the body B is to the body 4, or that axca may be
equal to Bxce, then is c the centre of gravity of the bodies
aAand B; and we fhall afterwards fhew, that if o and s be
joined by an inflexible rod a & void of gravity, and the point
¢ be fuftained, then the bodies a and s thall be in @guilibrio.
If the centre of gravity of three bodies be required, firft find
c the centre of gravity of A ands, and fuppoling a body to be
placed there equal to the fum of a and », find ¢ the centre of
gravity of it and p; then fhall ¢ be the centre of gravity of
the three bodies A, B, and p: in like manner, the centre of
gravity of any number of bodies is determined.

14. The fum of the produdts arife by multiplying the
bodies by their refpective diftances from a right line, or plane,
given in pofition, is equal to the product of the fum of the
bodies multiplied by the diftance of their centre of gravity from
the fame right line or plane, when all the bodies are on the
fame fide of it: but when {fome of them are on the oppofite
{ide, their produéts when multiplied by their refpective diftances
from it are to be confidered as negative, or to be fubduéed.
Let 11 (Fig. 10.) be theright line given in pofition, c the centre
of gravity of the bodies Aand B, ag, B4, cc perpendiculars
to 1L in the points @, 4, ¢ ; then if the bodies 4 and 3 be on
the fame fide of 11, we fhall find AxAe+axBb=ALsxCe,
For drawing thro’ c the right line M parallel to 11, meeting
Az in M, and 84 in N, we have a to B, as Bc to ac, by the
property of the centre of gravity ; and confequently a to s,
as BN tO AM, OF AXAM=BXBN ; but AXAg+BxBd=AxcCctax

AM+BXCC—BXBN=AXCC+BXCC=A+BXCC

When (Fig. 11.) 3 is on the other fide of the right line 1 1,
and c on the fame fide with 4, then AXAB—BXBO=AXCC+AX

AM—BXBN+BXCc=A¥Bxc¢: and when the fum of the pro-
dués
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du&s of the bodies on one fide of 11 multiplied by their dif-
tances from it, is equal to the fum of the produés of the bodies
multiplied by their diftances on the other fide of 11, then-c¢
vanithes, or the common centre of gravity of all the bodies
falls on this right line r¢.

15. Suppofe now the bodies a and s to proceed in the right
lines ap and BE, (Fjg. 12.) and when they come to p and &
their common centre of gravity to be found in ¢ : let pd, e,
6 g be perpendiculars to 11, ind, ¢, g ; let DM, EN, 6K, parallel
to 1L, meet Aa, B4, cc, refpectively, in the points M, N, k. By

the laft article, xpd+ExEe=atBxcg; and, fubdudting this
from the equation in the preceding article, viz. AxAa+8xs 4

=A+Bxce, then Axam+exen=A+pxck. By proceeding in

the fame manner it will appear that AX D M+BXEN=A+EXGK.
The motions of A and & being fuppofed uniform, the right
lines Am and s~ will increafe uniformly; fo as to become
double in double the time ; confequently cx will alfo increafe
uniformly, or in the fome proportion as the time. And becaufe
DM, EN, increafe uniformly, it follows that cx alfo increafes:
uniformly ; and that cx is to k¢ in the conftant ratio of ax am
+BXBN to AxpM+BxEN. Hence it appears, ‘that when any
number of bodies move in right lines with uniform motions,,
their common centre of gravity moves likewife in a. right line.
with an uniform motion ; and that the fum of their motions,.
eftimated in any given dire@ion, is precifely the fame as if all
the bodies, in one mafs, were carried on with the dire&ion and.
motion of their common centre of gravity. Becaufe the fum
of the motions of the bodies, eftimated in any given direction,,
is preferved invariably the fame in their collifions, without being,
affeed by their actions upon each other, that are equal and.
mutual and have contrary directions ; it follows, that the ftate

of.
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of their centre of gravity is no way affected by their collifions
or any fuch actions; and that it perfeveres in its ftate of reft or
uniform motion, in the fame manner as by the firft law of
motion any one body perfeveres in its flate, till fome external
influencedifturbit. Thefe propofitions reprefent to us the theory
of motion in a plain and beautiful light ; and enable us to judge
the motions of a fyftem of bodies, with almoft the fame
facility as of thofe of one body.

16. The motions and actions of bodies upon each other, in
a {pace that is carried uniformly forward, are the fame as if
that {pace was at reft ; and any powers or motions that act up-
on all the bodies, fo as to produce equal velocities in them in
the fame or 1n parallel right lines, have no effect on their mu-
tual actions or relative motions. Thus the motion of bodies
aboard a fhip, that is carried fteadily and uniformly forward,
are performed in the fame manner as if the thip was at reft.
‘When a fleet of fhips is carried away by an uniform current,
their relative motions are no way affe¢ted by the current
but are the fame as if the fea was at reft. The motion of the
earth and air round its axis has no effe& on the a&ions of
bodies and agents at its furface, but {o far as it is not uniform
and redtilineal. 1In general, the actions of bodies upon each
other depend not upon their abfolute but relative motion ;
which is the difference of their al/oluze motions when they
have the fame direction, but their fum when they are moved
in oppofite dire&tions.

17. No principle being more univerfally allowed than this,
or more evidently eftablithed upon common expericnee, we
deduced the following argument from it againft the new doc-
trine concerning the forces of bodics in motion, in a picce that
obtained the prize of the royal academy of feiences at Pasis,

n
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in 1724 ; which, becaufe of its plainnefs and fimplicity, we
fhall defcribe here again. Let a and & (Fjg. 13.) be two equal
bodies that are feparated from each other by fprings interpofed
between them (or in any other equivalent manner) in a {pace
EFGH, which in the mean time proceeds uniformly in the di-
rection 8 A (in which line the {prings act) with a velocity as 1 ;
and fuppofe that the {prings imprefs on the equal bodies 4 and
3 equal velocities, in oppofite directions, that are each as 1.
Then the abfolute velocity of a (which was as 1) will be now as
2; and according to the new do¢rine its force as 4 : whereas the
abfolute velocity and the force of & (which was as 1) will be now
deftroyed ; fo that the action of the {prings adds to a a force
as 3, and fubducs from the equal body s a force as 1 only;
and yet it feems manifeft, that the acions of the {prings, on
thefe equal bodies, ought to be equal ; (and Mr. Bernovilli ex-
prefsly owns them to be {o) : that 15, equal actions of the fame
{prings upon equal bodies would produce very unequal effets,
the one being triple of the other according to the new do&rine;
than which hardly any thing more abfurd can be advanced in
philofophy or mechanics. In general, if 7 reprefent the ve-
locity of the fpace erGH in the diretion 84, 7 the velocity
added to that of A and fubduced from that of 8, by the aion
of the {prings, then the ablolute velocities of A and 8 will be
reprefented by 72+ 7 and #—n refpe@ively, the force added to
a by the {prings will be 2 7 7 + n#, and the force taken from
s will be 2 # »—nn, which differ by 2 »».  Farther, itis al-
lowed that the acions of bodies upon one another are the fame
in a fpace that proceeds with an uniform motion as if the
fpace was at reft : but if the fpace Erc u was at reft, it isal-
lowed that the forces communicated by the {prings to 4 and &
had been equal ; and, according to the new doérine, the
force of each had been reprefented by 7 7 ; whereas the force
communicated to A by the {prings in the fpace ercH is repre-

fented
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fented by 2mn+nn, and the force taken from s will be
o mn—nn. Thefe arguments are fimple and obvious, and
feem, on that account, to be the more proper in treating of this
queftion. They who maintain the new do&rine may define
force in fuch a manner, as to make the difpute appear to relate
merely to words ; but, as the terms aton and force feem to
be very nearly allied to cach other, it furely tends to confound
our notions and language, to maintain that equal actions ge-
nerate or produce unequal forces in the fame time. But what
evidently fhews that the authors on the fide of this new opinion.
did not underftand what they taught, is, their telling us, that
the quantity of abfolute force is unalterable by the collifions of
bodies, and that this follows fo evidently from the equality of
aétion and reaétion, that to endeavour to demonfirate it would
only render it more obfcure. For hence it appears, that they
underftood equal changes to be produced in the forces of
bodies in confequence of the equality of aé#ion and reaction
and yet it is evident from what we have {hewn, that the changes
produced in the forces of bodies muft be very unequal, ac-
cording to this new doétrine, tho’ the afion and realtion by
which they are produced be equal. It {feems to have been by
a miftake, that Mr. Leibnitz firft found himfelf engaged to
maintain this new doé&rine, in 1686 ; and in like manner,
fome of his difciples feem to have rafhly adopted the fame,
without having attended to the confequences.

18. In the theory of motion, rightly underftood, the fame
laws that ferve for comparing, compounding, or refolving
motions, are obferved likewife by preffures ; that is, the powers
that generate motion, or tend to produce it : for forces are
nothing elfe but the fums of fuch preflures accumulated in the
body, in confequence of the continued action of the powers
for a finite time ; and preflures are confidered as infinitely

{fmall
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fmall forces, or as the elements from which the forces are pro-
duced : and it adds no fmall beauty and evidence to this
theory of motion, that both obferve the fame laws. When a
force is generated in any body, by the accumulation of other
forces or impulfes, that which is generated, in any direion,
muft be equal to the fum of thofe which are all employed
and confumed, in that dire&ion, in producing it ; and if the
force is produced by a continual fucceflive action, the motion
generated muft be equal to the fum of the preffures that are
exerted in producing it. In like manner, if motion is deftroyed
by the refiftance of any oppofite power, it' muft be equal to
the fum of all the a&ions by which it is totally deftroyed. On
the other hand, the intenfity of the power that generates mo-
tion in any body, is proportional to the augment of force which
it generates in a given time, and the intenfity of the power
that refifts or deftroys motion, is meafured by the decrement of
force produced in a given time ; fince the augment in the firft
-afe, and decrement of motion in the fecond cafe, are the
adequate effe@s of the power ; which is fuppofed to be of fuch
a nature as to be renewed every moment, and exert all its in-
fluence at once. In general, the intenfity of any power that
generates or deftroys motion is the greater, in proportion as
the change of velocity produced by it in the direction of that
power is greater, and the lefs the time is in which that change
is produced, if the intenfity of the power continues uniform
during that time : but if the power varies, its intenfity, at any
given term of the time, is to be meafured by the change of
velocity which would have been produced, in a given time, by
the power continued uniformly for that time,

19. The preffure or power that generates motion in a body
is in the compounded ratio of the quantity of matterin the

S 2 body,
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body, and of the velocity which it would generate in it in a
given time, if it was continued uniform for that time; and.
thofe preffures are equal in any two bodies, when their quan--
tities of matter are reciprocally as thofe velocities, that is,
when the interdity of the power that ads upon the greater
body 4, is lefs than the intenfity of that which a&s upon the
leffer body =, in the fame proportion as Bis lefs than a.. If two.
bodies that are aced upon by fuch powers, with oppofite di-
reGions, be in contad, neither of the powers will prevail, and
no motion will be produced, In the fame manner, if two
bodies, moving with velocities inverfely proportional to their
quantities of matter, meet with oppefite dire&tions; their mo-
tions will deftroy each other, if they are foft bodies ; or if they.
are fo perfe@ly hard as that- their parts are quite inflexible,
they will both ftop after the ftroke : but if they have any
elafticity, they: will be. refleted after the ftroke with equal
motions. Fhus there is a perfe@t harmony between- the laws
of preflures, or powers, and the-laws of motions or forces pro-
duced by thofe powers ; as, in general, there muft be an ana-
logy between the powers that generate or produce any effe,,
and the effects themfelves which are generated. But this har-
mony is quite- loft, as to the forces of bodies, according to the
new opinton. concerning their menfuration ; for, according to:
this opinion, when the velocity is finite, how fmall foever it
may be, the force is meafured by the fquare of the velocity ;
but when- the velocity is infinitely-little (as it is, according to
the- favourers of the: new opinion) in confequence of: the firft
impulfe of the power that generates the motion, the force is
fimply as the velocity ;- and we cannot but obferve; that this
fudden cha.ngg of tbe law does not appear to be confiftent with
the favount,e prlr.mp‘le- of. continuity, o zealoudly: maintained
by the fame philofophers. According: to the fame opinion,

forces



Cuar. 2. PHILOSOPHICAZs DISCOVERIES. 133

forces that {uftain each other, with oppofite directions, and de-
ftroy each others effe®, may be unequal in any given ratio ;
and when bodies meet w1th equal forces in oppoﬁte dlre&mns,
they do not therefore fuftain each other, but that which has
the greater velocity carries it againft the other. Let v denote
the velocity of A, and v the velocity of 5 ; then axv will de-
note the motion or force of A, and s xv the motion or force'of 5 ;
{o that thefe motions are equal when A x v =8 x, that is, when v
‘isto v, as B isto A : and this is the cafe wherein conftant ex-
perience teaches us that the motions fuftain each other, pro-
vided their directions be oppofite. But, according to the new
opinion, the force of a is meafured by A xv v, and the force of
2 by Bx v, which are to each other in the fame proportion as.
v to v, in the prefent cafe, becaufe we fuppofe AxV=BxD.
Thefe forces, therefore, accordmg to the new opinion, are fo
far from be1ng equal, that the force of a is lefs than the force
of B, in proportion as v is lefs than v, or B lefs than a 5 fo
that, according to this do@rine, a force might fuftain, or even.
overcome, a force 1000 times greater than itfelf, or greater
than itfelf in any aflignable proportion. According to the fame
do&rme, the forces of A and: B are equal, when A »vv=38xvv,
that is, for example, when a being quadruple of g, the ve-
locity of B is double of the velocity of a; in which cafe the
quannty of motion, ormomentum,of A is double of that of 5; and.
the motion of A appears, from experience, to be more than fuf-
ficient to fuftain the motion of B. It has coft the favourers of
the new opinion a great deal of pains to compofe their ac-
counts, by which they: endeavoured to reconcile their thecry
with experience ; and how unfatisfactory their accounts have
proved, will eaﬁly appear to the reader who will take the
trouble to examine them..
T
zo, Let
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20. Let the bodies A and B (Fig. 14.) by moving towards
each other, comprefs equal and fimilar {prings placed between
them, till by the reaction of thofe fprings their motions be de-
ftroyed. Mr. Bernovilli exprefsly owns, that the a&ions of the
{prings on thofe bodies are conftantly equal to each other, and
yet maintains that they deftroy a force in B greater than the
force of a, in the fame proportion as the body a is greater
than B, or (c being the centre of gravity.of A and B) as CB is
greater than ca. He therefore maintains, that equal preffures
or actions of {prings generate, in the fame time, forces that
may be unequal in any affignable ratio ; which is repugnant
to the plaineft notions we are able to form of a&ion and force,
and {erves only to introduce myfterious and obfcure conceptions
into the theory of motion, without any neceffity. If we fup-
pofe the body A to comprefs the {prings from a to c, then the
body B will comprefs all the {prings from B toc, in the fame
degree, and in the fame time ; and thence he infers, that the
force of a is to the force of B, in the fame proportion as the
number of {prings from ¢ to 4, to the number of fprings from
c to B. But fince the motion, force, or effe& of any kind,
produced or deftroyed in A or B, depends upon the im-
mediate action which produces the effe&t, and upon it only;
and fince, in this cafe, the aions of the fprings upon the
bodies A and B are thofe which deftroy their motions ; and fince
it is allowed by him that the aions of the {prings upon thefe
bodies are equal, is it not evident that the forces deftroyed by
them in the fame time muft be equal ? And is it not manifeft,
that the forces which are produced or deftroyed in bodies, are
to be meafured by the efforts which the {prings exert upon the
bodies in producing this effe&, and not by the number of
fprings ? It is the laft {pring only, which is in conta& with
the body, that a&s upon it, the reft ferving only for {uftaining

X 1t
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it in its acion ; fo that any change produced in the body, by
whatever name it be called, ought to be determined from the
action of this laft {pring only, and in juft reafoning ought to be
computed from it alone. Had he defined force by the num-
ber of equal and fimilar {prings, that, by a given degree of
expanfion or compreflion, produce or deftroy it, juft exceptions
might have been made againft the propriety and convenience of
{fuch new and unneceflary expreflions, as tending to perplex and
darken this moft ufeful theory of motion, which was before
very clear and evident: but then this controverfy would have
appeared to relate chiefly to words and terms of art, and there
would not have been {fo much danger of miftakes arifing from
their doétrines. But he does not give this for the definition of
force.

21. When a body defcends by its gravity, the motion ge-
nerated may be confidered as the fum of the uniform and con-
tinual impulfes accumulated in the body, during the time of
its falling. And when a body is projeéted perpendicularly up-
wards, its motion may be confidered as equivalent to the fum
of the impulfes of the fame power till they extinguifh it. When
the body is projeted upwards with a double velocity, thefe uni-
form impulfes muft be continued for a double time, to be able
to deftroy the motion of the body ; and hence it arifes, that
the body, by fetting out with a double velocity, and afcending
for a double time, muft arife to a quadruple height, before its
motion is exhaufted. But this proves that a body with a
double velocity moves with a double force, fince it is pro-
duced or deftroyed by the fame uniform power continued for
a double time, and not with a quadruple force, tho’ it arife to
a quadruple height. This, however, was the argument upon
which Mr. Leidnitz firft built this doérine; and thofe which
have been fince derived from the indentings or hollows pro-

duced
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duced in foft bodies by others falling into them, are much of
the fame kind and force. Caufes are not to be meafured by
any effe@ts produced by them, taken without any choice, or
judgment, or regard to their circumftances. Motions and forces
are not to be meafured by the effects produced, without regard
to the times and direGions of the motions, according to the
principles of geometry and mechanics. In geometry, we judge
of wholes by comparing their parts, or the elements from which
they are generated ; and, in mechanics, we can have no better
method of judging of motions, or forces, than from the
powers that produce them. The motion, or force, of a body
has a much more fimple dnd plain analogy to the power that
produces it, than to the fpace defcribed by it in foft clay or any
other refifting medium.

22. The principle, ¢ that the caufe is to be meafured by
its effect,” is one of thofe that will be very apt to lead us into
error, both in metaphyfics and natural philofophy, if applied in
a vague and indiftin& manner, without fufficient precautions.
Force is defined to be that power of a&ing in a body which
muft be meafured by its whole effe& till its motion be de-
ftroyed, by thofe who favour the new opinion, or fome of
of them at leaft, and by fome who would reprefent this dif-
pute as merely about words. But the fame authors tell us
likewife, that force is proportional to the number of fprings
which it can bend before it be deftroyed ; and this they pro-
pofe, without any proof, asa definition or axiom. Did they
content themfelves with the latter of thefe only, we fhould
allow the difpute to be of very little moment, farther than as
fuch liberties tend to confound our notions of the a&ion and
motion of bodies, as we obferved above. But while they pre-
fend that force, defined by them at their pleafure, is to be con-

fidered



Cuar, 2. PHILOSOPHICAL DISCOVERIES. 137

{idered as the caufe of the effe@s produced by motion, and is
to be meafured by thofe effects, the difpute appears no longer
to be about words only.  Sir Ifzac NVewton, in his fecond law
of motion, points out to us that the imprefled force being con-
fidered as the caufe, the change of motion produced by it is
the effect that meafures the caufe ; and not the fpace defcribed
by it againft the action of an uniform gravity, nor the hollows
produced by the body falling into clay. This law of motion
is the fureft guide we can follow, in determining effeé&s from
their caufes, or converfely the caufes from their effecs.

23. The harmony between the laws of preflures, or powers,
that generate motion, and the laws of thefe motions themfelves,
appears in a fuller light when we attend to their compofition
and refolution. Powers acing in the direGions a 8 and a p,
(Fig. 4.) proportional to thofe right lines, compound a power
that a&ts in the direGtion of the diagonal a ¢, and is meafured
by ac. Becaufe ac is lefs than a®r+ap, the power com-
pounded from azand ap is always lefs than thofe powers
themfelves ; and this is fully accounted for by refolving the
power a3 into amand an, (Fig. 5.) and the power ap into
ax and avr; of which anx and aL are oppofite and equal
and deftroy each others effe@, {o that there remains am+ ak,
or ac, the meafure of the compounded power. The favourers
of the new opinion agree with us in arguing in this manner, con-
cerning powers and preffures ; butin a manner quite inconfiftent
with this, in the compofition and refolution of forces. When
the angle BaD is right, the compounded force is equal to the
fum of the:forces a3 and ap, according to them; and no
force is loft, notwithftanding the oppofite directions of the forces
ar and AN ; tho’ it is not eafy to conceive how this fhould
not have an effe& in the compofition of forces, as well as o
powers and preflures, When the angle sap (Fig. 15.) is acut}i:,

the
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the {quare of - the diagonal a ¢ exceeding the fum of the fquares
of ap and pc, (Ewclid, 12. 2.) or of Ap and aw, the two
forces in the dire¢tions a p and a 8 muft, according to the new
dodrine, compound a force ac greater than their fum. Now
this appears direétly contradi&ory to the metaphyfical principle
fo much infifted on by them, that the effect is proportional to
the caufe which produces it ; for, in this cafe, the effe&t is
oreater than the caufe ; and this feems to be as abfurd, in me-
chanics, as that two quantities colle¢ted together fhould pro-
duce a greater quantity than their fum, in geometry. When
this was objected, the anfwer * given to it deferves to be copied,
for a fpecimen of their way of getting over difliculties : itis no
more but that ¢ no abfurdity follows from the new opinion,
“ which by meafuring forces, not by momenta, but, by the
¢ {quare of the velocities, concludes that on account of the
¢ angle paB its being acute, the {quare of ac (which is the
¢ force compounded) is greater than the {quares of as and
¢ ap, the fum of what they call the compounding forces.”

24. To illuftrate this farther, fuppofe that the elaftic body
a {Fig. 16.) receives its force, in the dire¢tion ae, from the
equal elaftic body 1, and its force, in the dire&ion ap, from
the equal elaftic body ¢, at the fame time. According to the
patrons of the new doé&rine, the forces of 1 and 6 are com-
municated to o by infinitely {fmall degrees, or by an uninter-
supted fucceflion of preffures, and the whole force communi-
rated to a is the fum of the effe@s of thefe preflures. Now in
every inftant the preflure, or infinitely fmall force impréﬂéd on
A, is lefs than the fum of the preflures exerted in that inftant
by u and G, in proportion as ac is lefs than a B+AD, asis al-

1

lowed on all fides.  Therefore the fum of all the preflures, or

¥ See Defaguber’s courfe of experimental philofophy, vol. 2. in the note at the
bottom of page 72. )
the:
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the force imprefs’d on a, muft be lefs than the fum of all the
preflures, or the fum of the forces exerted by u and ¢, in the
fame proportion of ac toas+aDp ; that is, the forces of 1,
H, and G, muft be as the lines ac, asand ap, and not as their
{quares. It is not poflible to conceive that while the force iu
a arifes from the accumulation of the preflures, or infisiteiy
{mall forces, which it receives every moment from the actions
of u and 6, and each of thefe preflures, or infinitely {mall
forces, is lefs than the fum of the actions of u and ¢ that
produce them ; yet the whole force of a fhould neverthelefs
exceed the fum of the whole actions or forces of u and c.
I fpeak here of infinitely fmall forces, to comply as much as
poflible with the ftile of the favourers of this new opinion.
To * this they gave no other anfwer than that what we call
forces here ought tobe called 7omenta. But they pretend not
to explain how the infinitely {mall forces imprefled upon 4, in
the dire&ion ac, come to produce a finite force far greater
than their fum total ; or how the effe& thould be {o far from
correfponding to the caufe ; the metaphyfical principle which
they feem to ufe, or rejed, juft as it {erves their turn, If we
fuppofe the angle 8D to be infinitely acute, the fame forces
(according to the new opinion) gencrate a force in a whichex-
ceeds their fum as much as the {quare of aB+aDp exceeds the
fum of the {quares of azand ap; fo that if ap be equal to
a3, they will in that cafe generate at a a force double of their
fum, for then the {quare of ap+ap will be equal to the fquare
of 2 A, that is to 4 a3 2 ; tho’ the two equal forces which are
fuppofed to produce this, taken together, amount only to
2a8% according to their own computation; fo that, in this
cafe, a caufe produces an effect of the fame kind double of
itfelf. To this it has been + anfwered, that, according to the

* Ibid. p. 73, in thelaft note.
1 1Ibid. p. 74, in the notes.
T 2 new



140 Sr ISAAC NEWTONs BooxlIL

new opinion, a double muomentum may produce a quadruple
effe@, if the velocity is double. But furely the author who
gave this anfwer did not attend to the objection ; for what we
have proved, is not that a double #omentum produces a quad-
ruple effec, but that a double force, according to their own
notion and computation, produces a quadruple force, accord-
ing to the fame notion and computation. And indeed the
fum of the anfwers they have made to the abfurdities which
have been deduced from their favourite opinion amounts to
this, viz. that they are no abfurdities becaufe their new opi-
nion obliges them to admit them.

25, The refolution of powers, or preflures, is a neceflary
confequence of their compofition. As motion is loft in the
compofition, fo it is neceffarily gained in the refolution of
motion ; and as this is allowed of motions, and of the powers
that generate motion, there can be no good reafon given why
it ought not to be allowed of the effeCts of thofe powers, or of
the force of bodies. The fame reafons that argue for an in-
creafe in the one cafe, prove, with the fame evidence, that an
increafe of the other ought likewife to be allowed. Let the
body ¢ (Fig. 17.) moving in the dire&tion ¢, the diagonal of
the parallelogram cLpx, ftrike the equal body a obliquely, fo
as to impell it in the direGtion ca the continuation of ck, and
at the fame time the equal body s, in the direGion c & the con-
tinuation of cr j the body a will proceed in the right line ca,
and the body 3 will proceed in the direcion c » the continuation
of c1, and ¢ having communicated all its force to them will
ftop. It will not appear ftrange that the motions and forces
of a and B exceed the motion or force of ¢, if we confider that
c communicates the whole motion or force cx to a, and the
whole I.notion or force cL to B, that the refiftance or suertia of
a readting upon ¢, not in the dire@tion of its motion cp, but

n
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in the dire@ion cx oblique to it, the abfolute motion or force
of ¢, in the direction v, is not fo much diminifhed by this
reaction as if it was directly oppofite to the motion of ¢ ; for
no power, or refiftance, can produce fo great an effe& in any
dire@tion as in that wherein it aé&ts. In like manner the re-
adtion of ® deftroys the motion or force Lc in the body ¢, in
the direGtion in which 8 reacts; but not fo great a motion or
force in the direction pc to which it is oblique ; and thus it
appears, that the motion or force of ¢, in the dire&ion pc,
muft neceffarily be lefs than the fum of the motions or forces
of the bodies a and Bin their refpetive dire@tions. If it be ob-
je¢ted, that, in this cafe, the motion of ¢, in the dire&ion
pc, is the caufe of the motions of a and B, in the dire@ions
ca and cs; fo that a caufe produces effects whofe fum is
greater than itfelf; in anfwer to this, we have already obferved,
that as this is allowed on all hands of motions and preffures, it
cannot be abfurd to extend it to forces, but muft obtain in
them for the fame reafons. But farther, we are to obferve,
that, in confequence of the 7zertia of body, it not only refifts
any change of its motion, but likewife any change in the di-
reGion of its motion ; and that when the a&ion of bodies
upon each other is not in a right line, both thefe are to be taken
into the account. Suppofe the body ¢ firft to ftrike upon 4,
then the rea&ion of a has a twofold effe&t ; it fubdu&s fome-
what from the motion or force of ¢, and at the {fame time it

roduces a change in the direction of ¢ ; and the reaction of
A (to which the motion or force produced in it is equal) is not
to be eftimated by one of thofe eftects only, but by both con-
jointly.  After the body c has ftruck a, it proceeds in the right
line cB with a motion or force as cr, and, impinging upon 2
diredly, it communicates its whole motion or force to 3 which

reads dire@tly againft it. We have {uppofed the bodies ¢, a,
and
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and B to be perfectly elaftic, in conformity to the fuppofitions
of our opponents, fome of whom confine themfelves in their

.enquiries to thele only.

26. If we fubftitute {prings in place of the bodies a and s,
and their refiftances be meafured by ¢ x and c 1, it will appear,
in the fame manner, that the refiftances of thofe {prings are not
the proper meafures of the force of the body c, but that taken
together they muft exceed it ; for the fpring a acts at a dif-
advantage againft the motion or force of c. It has its whole
effe@ in the direcion ¢ x in which it refifts ; but not {o great
an effe& in the dire&ion cp, which is oblique to that in which
it a@s. If the {pring a acted with the fame advantage as s, they
would together produce a greater effect than in the fituation
they have in the figure ; and therefore the greateft refiftances
which they are able to exert taken together, muft exceed the
force of the body c. Thus it appears that this argument, in-
ftead of overthrowing our doctrine, confirms it, and that they
who advanced it fuppofed thofe forces to be equal, which, ac-
cording to the known principles of mechanics, are unequal.
If it is afked what becomes of the excefs of the force of the
fpring 4, above what is fubducted from the force of c? It
may be anfwered, that it is not without its effect : for the di-
rection of the body is changed from the line p ¢ into the right
line cz; and no principle, either in metaphyfics or mechanics,
teaches us that this effect is to be neglected, in comparing the
caufe and effects together on this occafion. On the contrary,
many inftances might be given where a force is employed in
producing a change in the direction of a motion of a body
only, without either accelerating or retarding it. The force
that is {ufficient to carry a body upwards in the perpendicular
to the horizon, to a double diftance from the centre of the

carth,



Cuar. 2. PHILOSOPHICAL DISCOVERIES. 143

earth, is equal to that which, imprefled in a horizontal direc-
tion, would carry it in a circle about the earth for ever, ab-
ftracting from the refiftance of the air; as appears from the
theory of gravity : and yet the firft would overcome the re-
fiftance arifing from the gravity of the body for a certain time
only ; whereas the other would overcome that refiftance for
ever, without any diminution of motion. In the firft cafe,
the gravity of the body would a& dire&ly againft its force; in
the fecond, it would act in a line perpendicular to the direction
of its motion : in the firft cafe, the action of gravity is entirely
employed in confuming the force of the body; in the other,
in changing its dirc&ion only. The arguments drawn in favour
of the new opinion from the refolution of motion, feem, at
firft fight, the moft plaufible of any that have been offered for
it ; but, from the confiderations which we have fuggefted, it
may appear to an impartial reader, that inftead of overthrowing
the common dod&rine, they rather confirm it. As, in other in-
ftances, Mr. Leibnitz’s followers negle&t the confideration of
time, in reafoning concerning the forces of bodies ; {o here we
find that they have not due regard to the directions of motions
and forces, in eftimating and comparing their effects ; which,
however, in mechanical enquiries, are of no lefs importance
than the motions or forces themfelves.

27. We have infifted on thefe obfervations, becaufe they fet
the theory of motion in a plain and juft light.  We often ob-
tain this advantage from difputes concerning the elementary
propofitions of any {cience, that they are the more carefully en-
quired into, and when found juft, are illuftrated and the better
underftood for having been difputed. We cannot, however,
leave this fubje& without mentioning an -experime::, made by
the ingenious and accurate Mr. Grabam, to w' ..n e me-

chanical {ciences are fo much indebted. He pre; .o a en-
: Autns
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dulous body with a cavity in it capable to reccive another body
of an equal weight, at the loweft point of its vibration ; and
when the body was drop’d into it, he found, by the {ubfequent
vibration, that the velocity of the double mafs was precifely
one half of what the velocity of the pendulum was before ;
from which it appears, that the fame force produces in ad.oubl.e
quantity of matter one half of the velocity only ; which is
agreeable to the common. do&rine, but directly repugnant to
the new one, concerning the forces of bodies in motion.
Many ingenious pieces have been writ againft this new doc-
trine by learned men, to which we refer the reader who defires
to fee more on the fubject *. It is pretended, that by this new
dodrine we are enabled to refolve problems in an eafy manner,
which are otherwife of great difficulty ; but by the reje@ing
hard and inflexible bodies, there is more loft than gained in this
refpect, as we have thewn elfewhere, and as will appear after-
wards, when we come to determine more particularly the
effeés of the collifions of bodies.

28. It 1s becaufe aéion and reaftion are always equal, that
the mutual acions of bodies upon one another have no effe¢t
upon the motion of the common centre of gravity of the {yftem
to which they appertain,  If there was any attion in the fyftem
that had not a contrary and equal 7eaftion always correfpond-
ing to it, it would affeét the ftate of the centre of gravity of
the fyftem, and difturb its motion : and, converfely, if it be
allowed that the ftate of the centre of gravity of a {yftem is
not difturbed by the a&ions of bodies upon one another that are
its parts, we may conclude that their actions are mutual, equal,
and have contrary dire@ions. It will therefore be found agree-

~ * Asapiece of Mr. de Mairan, inthe memoires de I’ academie royale des {ciences
1728. Several pieces of Dr. Furin, philofophical tranfactions, &e.

2 able
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able to the courfe of things, and to perpetual experience, that
the third law of motion be extended generally to all forts
of powers that take place in nature, thofe of astration and
repulfion as well as others, (and not to be a fuppofition arbi-
trarily introduced by Sir I/aac Vewtor ;) when thofe powers are
found to depend upon the bodies that are faid to azz7a& or re-
pell, as well as upon thofe that are aztralted or repelled. We
find the loadftone attra&s iron, and that iron attra&s the load-
ftone with equal force ; and becaufe they attra@ each other
equally, they remain at reft when they come into conta&. If a
mountain by its gravity prefled upon the earth, and the earth
did not reac equally on the mountain ; then the mountain
would neceflarily carry the earth before it, by its preflure,
with a motion accelerated 77 infinitum. The fame is to be faid
of a ftone, or the leaft part of the earth, as well as of 2 moun-
tain, Bodies a& upon light in proportion to their denfity,
ceeteris paribus, by refra&ing it when it enters into them ; and
converfely, light acs upon bodies by heating them and putting
their parts in motion.  This equality of afion and reation ob-
tains {o generally, that when any new motion is produced by
any power or agent in nature, there is always a correfponding
equal and oppofite motion produced by its realtion at the fame
time, or fome equal motion in the fame direction deftroyed.
When from an engine a weight is thrown, the engine reacts
with an equal force on the earth or air, If it was not for this
law, the flate of the centre of gravity of the earth would be
affected by every action or impulfe of every power or agent
upon it. But by virtue of thislaw, the ftate of the centre of
gravity of the earth, and the general courfe of things, 1s pre-
ferved, independent of any motions that can be produced at or
near its {urface, or within its bowels. By the fame law, the
flate of the lefler {yftems of the planets, and the repofe of the
general fyftem, is preferved, without any difturbance from the

U 20t0n8
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actions of whatever agents there may be in them. We muft
therefore allow, that in the astralting and repelling powers
which obtain in nature, from whatever fort of caufe they may
arife, aétion and re-aftion are always equal ; and fince this
law obtains in all forts of motions that arife from impulfe, we
may be the more furprized if we fhould find the philofophers
that explain thofe powers from impulfe call it in queftion.
Even in the motions produced by voluntary and intelligent
agents, we find the fame law take place ; for tho’ the principle
of motion, in them, be above mechanifm, yet the inftruments
which they are obliged:to employ in their actions are fo far
{fubject to it as this law .requires. When a perfon throws a
fone, for example, in the air, he at the fame time reacts
upon the earth with an equal force ; by which means the
centre of gravity of the earth and flone perfeveres in the fame
ftate as before. And the neceflity of this law, for preferving
the regularity and uniformity of nature, well deferved the at-
tention of thofe who have wrote {o fully and ufefully of fnal
caufes, if they had attended to it.

CHAP
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CHAP I

Of the mechanical powers.

1. HE knowledge of mechanics is one of thofe things

that contribute moft to diftinguith civilized nations
from barbarians : the works of art derive their chief beauty and
value from it ; and without it we can make very little pro-
grefs in the knowledge of the works of nature. It is by this
Icience that the utmoft improvement is made of every power
and force in nature, and the motions of the elements, water,
air, and fire, are made fubfervient to the purpofes of life,
when induftry, with materials for the neceflary inftruments,
are not wanting. However weak the force of man appears to
be, when unaffifted by this art, yet with its aid, there is hardly
any thing above his reach. It is a {cience that admits of
the ftricteft evidence; and certainly it is worth while to
eftablith it on its juft principles, and to cultivate it with the

greateft diligence.

It is diftinguithed by Sir Jfaac Newton into practical and
rational mechanics; the former treats of the mechanical powers,
vig. the lever, the axis and wheel, the pulley, the wedge, and
the ftrew, to which the nclined plane is to be added ; and of
their various combinations together. Rational mechanics com-
prehends the whole theory of motion ; and thews, when the

owers or forces are given, how to determine the motions that
are produced by them ; and, converfely, when the phzno-
mena of the motions are given, how to trace the powers or
forces from which they arife. Thus it appears that the whole

of natural philofophy, befides the defcribing the phenomena
U 2 of



148 Sir ISAAC NEWT ON’s Boox I

of nature, is little more than the proper application of rational
mechanics to thofe phenomena ; in tracing the powers that
operate in nature from the phznomena, we proceed by analyfis ;
and in deducing the phznomena from the powers or caufes that
produce them, we proceed by [ynzhefis. But in cither cafe,
in order to proceed with certainty, and make the greateft ad-
vances, it is neceffary that the principles of this art thould be
premifed and clearly eftablithed, being the grounds of our
whole work. 'We have already confidered the 7zertia or paflive
nature of body, according to which it perfeveres in its ftate of
motion or reft, reccives motion in proportion to the force im-
preft, and refifts as much as it is refifted ; which is the fum of
the three general laws of motion : from which, and their
general corollaries, demonftrated in the laft chapter, we are
now to deduce the principles of mechanics. As thefe laws
and their corollaries take place, tho’ the caufes of the motions,
the nature of the impreft force, or of the refiftance, be unknown
or obfcurely underftood ; fo the obfcurity of the nature and
caufe of the power that produces the motions, does not hinder
us from tracing its effe&s in mechanics with fufficient evidence,
provided we can fubje& its aétien to a juft menfuration : and,
mn fa&, we know that excellent contrivances have been invented
for raifing weights, and overcoming their refiftances, by fuch

as gave themielves no trouble to enquire into the caufe of
gravity, '

2. In treating of the mechanical engines, we always con-
fider a weighs that is to be raifed, the power by which it is to
be raifed, and the izfflrument or engine by which this effed is
to be produced. There are two principal problems that ought
to be refolved in treating of each of them. The firft is, ¢ to.
determine the proportion which the power and weight ought
to have to each other, that they may juft fuftain one another,

3 or
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or be in @quilibrio”” The fecond is, ¢ to determine what
ought to be the proportion of the power and weight to each
other, ina glven engme, that it may produce the greateft effec?
poffibley in a given time”” All the writers on mechanics treat
of the firft of thefe problems but few have confidered the
fecond ; tho’ in pra@ace it be equally ufeful as the other. As
to the ﬁrf’c there is a general uniform rule that holds in all the
powers, 1s founded on the laws of motion, and is another in-
ftance of the beauty and harmony that refults from the fim-
plicity of the theory of motion defcribed in the laft chapter.
Suppofe the engine to move, and reduce the velocities of the
power and weight to their refpective directions in which they
act; find the proportion of thofe velocities 5 then if the power
be to the weight, as the velocity of the weight is to the velo-
city of the power, or, (which amounts to the fame thing) if
the power multiplied by its velocity give the fame produ& as
the weight multiplied by its velocity, this is the cafe wherein the
power and weight fuftain each other and are in @guilibrio : {o
that in this cafe, the one would not prevail over the other, if
the engine was at reft ; and, if it is in motion, it would con-
tinue to proceed uniformly, if it was not for the fri¢tion of its
parts, and other refiftances. This principle has a plain ana]ogy
to that by which the equahty of the motions, or forces, of
bodies was determined in general, in chap. 2.§ 19. For, as
the motion of bodies are equal, and deftroy each others effe@,
it their dire@ions are contrary, when the firft is to the {fecond,

as the velocity of the fecond is to the velocity of the ﬁlﬂ

the greater Veloc1ty of the leffer body juft compenfatrrng its
deficiency in quantity of matter; fo the adtions of the power
and weight are equal, and deﬁroy each others effect upon the
engine, when the power is to the weight, as the velocity of

the weight is to the velocity of the power. But tho’ it is
I e
ufeful
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ufeful and agreeable, to obferve how uniformly this principle
prevails in engines of every for¢, throughout the whole me-
chanics, in all cafes where an @guilibrium takes place 5 yet it
would not be right to reft the evidence of {o important a doc-
trine upon a proof of this kind only.  Therefore we fhall de-
monftrate the law of the @guilibriumin the lever or vectis (which
is the foundation of all the other propofitions of this kind in
mechanics) by a new method, that feems to us to be founded
on the plaineft and moft evident principles ; to which we fhall
fubjoin the demonftration given by Sir Ifaac Newton of the
fame law, and that which is afcribed to Archimedes.

3. In the fir/? place it is evident, that if equal powers a&t at
equal diftances on different fides of the prop, or centre of mo-
tion, with dire&tions oppofite and parallel to each other, they
will have the fame effe@. Thus, as (Fig. 18.) being bifected
in ¢, if a power a a& upon the lever in the dire¢tion ar, and
an equal power 5 act upon it with an oppofite and parallel di-
rection » &, then the effeés of thofe powers, to move the lever
about the centre ¢, will be precifely equal ; fo that the one
may be always {ubftituted for the other. A fecond principle
is, that, gravity being {uppofed to act in parallel lines, if the
prop ¢ (Fig.19.2.1.) be between the bodies a and &, it muft bear
the fum of their weights ; becaufe the lever being loaded with
thofe weights, it muft give way if the prop does not fuftain
their fum; but that when the powers a and z are on the fame fide
of the prop or fulcrum, (Fig. 19.7. 2.)in which cafe one of them;
as a, muft pull upwards, while the other s pulls downwards,
that there may be an eguilibrium, it is then only loaded with
the difference of the powers a and . The one of thofe cafes
always follows from the other, if we confider, that in the cafe
of the @guilibrium, any one of the three powers that a& at 4,
5, and ¢, may be confidered as that of the prop, and the

other
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other two as endeavouring to turn the lever about it. From

thefe principles we deduce the law of the wguilibrium in the
lever, in the following manner,

4. Suppofing firft two equal powers, a and s (Fjg. 20.)
acting in the directions ar, BH, to carry a body c, upon the
lever A s, placed at c at equal diftances from them it is evi-
dent, that, in this cafe, each of the powers a and 8 {uftains
one half of the weight ¢, by dividing it equally between them.
Imagine now that the power a is taken away, and that inftead
of refting upon it, the end a of the lever refts upon a prop at
A 3 it is manifeft that the power 8, and the prop at a, {uftain,
as before, each one half of the weight c; the prop now aéing,
in every refped, as the power at a before ; and, the wequilibrium
continuing, it appears, that, in this cafe, a power B equal to
one half of the weight ¢ fuftains and ballances it, when the
diftance of ¢ from the prop a is one half of the diftance of
from the fame ; that is, when B is to ¢, as ca to Ba, or
BxBA=cxca. From this fimple inftance we fee, that powers
a&t upon a lever not by their ablolute force only, but that their
effe& neceflarily depends upon the diftance of the point where
they a& from the prop, or centre of motion ; and particularly,
that a power ballances a double power which ads at half its
diftance from the prop, on the fame fide of it, with an op-
pofite direGtion.

The cafe when the two powers act on different fides of the
prop, follows from this, by the principles laid down in the laft
article. For let 3u and cG (Fig. 21.) reprefent the directions
and forces with which the powers & and c¢ act upon the lever ;
upon B4 produced take a & equal to ac, or I Az, and in place
of the power ce fubftitute an equal power EX at E, with an

3 oppoﬁte
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oppofite direition ; and, by the firft of thofe principles, this
power ek will have the fame effe@ as ca, only the prop,
or centre of motion, a will now fuftain the fum of the forces
zx and su, by the fecond principle in the laft article. But
the @guilibrium between the powers 311 and £x will continue
as it was before between su and cc ; fo that the powers B 1
and ex will be i @quilibrio, when the power s is one half of
r k, and the diftance of & x from the prop a is one half of the
diftance of su from the fame; that is, when the power at B is
to the power at E, as AE to aB, or BxBA=ExEA. In this
cafe, the prop a being loaded with both the powers »and
which a& with the fame dire&ion, its rea¢tion muft be equal
to their fum ex*tBH=38H, and muft be in the oppofite di-
rection ar. In place of this reaction let us now (Fig. 22.)
fubflitute a power AF at 4, equal to thrice 1 ; and in place
of the power £x, let us fubftitute a prop at g, fuftaining that
end of the lever sr ; and fince the w@guilibrium continues as
before, it follows that the prop, or centre of motion, being at
£, the power su fuftains the power ar which is triple of s H,
when the diftance of s from the prop = is triple of the dif-
tance of the power Ar from the fame, that is, when suxBE
=AFXAE.

If we fuppofe the power £x to remain (Fig. 23.) but the end

B of the lever &3 to reft upon a prop, then the powers Ar and
ex will fuftain and ballance each other, the prop at ® now
coming in place of the power su; in which, aAr=38H, and
Ex=28H; fo that ar isto £x as 3 to 2 ; and the diftances
EB and a3 being in the fame proportion, it appears that when
two powers in the proportion of '3 to 2 a& upon a lever on the
fame fide of the prop, or centre of motion, with oppofite di-
reftions, at diftances in the proportion of 2 to 3, they then
fuftain
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fuftain each other. We have demonftrated therefore, that
when the powers are in the proportion either of 2 to 1, or of
3to1; orof 3to 2, and the diftances of their application
from the centre of motion are in the inverfe proportion, then
thofe powers ballance each other or are in equilibrio,

5. Upon BE produced (Fig. 24. 7. 1.) take EL=rA; and
in place of the power ar fubftitute a power Lm=ar, but with
a contrary direction ; this power LM will have the fame effe2
to turn the lever round the centre of motion & as ar had,
by the firft principle in § 3 ; confequently it will be in wgui-
librio with the power BH, as ar was. Therefore when two
powers Lm and B, in the proportion of 3 to 1, aé upon a
lever with the fame diretion, they are in eguilibrio, if their
diftances from the centre of motion L& and k& be in the ratio
of 1 to 3; that is, when LmMxLE=Bux8E. In this cafe, the
powers Lm and Bu acting with the fame dire&ion, the prop =
muft {uftain their fum Lm+BH=438H, by the fecond principle
of § 3. Therefore a power at 1 as 3, and a power ading at
8 with the fame dire@ion as 1, are fuftained by a power a&ting
at , with a contrary dire@ion, as 4. From which it follows,
by fubftituting in the place of the power LM a prop at 1, that
a power at B as I fuftains a power at E as 4, alting witha
contrary direGtion, when BL is to EL as 4 to 1; that is,
when the powers are inverfely as their diftances from the prop,
or centre of motion. By fubftituting the prop at s in the place
of the power sm, it appears that a power v at't, as 3, fuf-
tains a power, acting with an oppofite direction, at &, as 4, when
their diftances r& and & s.from the prop e, are to cach other.
as 4 to 3, or when LmMxLB=E kxEB. By taking upon L3 pro-
duced se=rx, (Fig. 24. ». 2.) andin place of the power at E, {ub-
ftituting an equal power at e with a contrary direction, it appears,

by the firft principle in § 3. that a power at L as 3 fuftains a power
' X acting
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ading at ¢, with the fame direction, as 4, when the diftance L3 is to
the diftance ¢3, as 4 to 3. In this cafe, the prop at & fuftains the
fum of the powers acting at L and ¢, thatis, a power equal to
feven times s 1. From which it follows, by fubftituting a prop at
L, or ¢, in place of the powers that act there, that a power at
2 as 4 fuftains a power at  as 7, about the centre of motion r,
when their diftances from it er, BL are to each other as 7 to
4: and that a power at L as 3 fuftains the power at s as 7,
about the centre of motion e, when their diftances from it, Le

and B e, are to each otheras 7 to 3.

6. By proceeding in this manner it appears, that when the
powers are to each other as number to number, and when their
diftances from the centre of motion are in the inverfe ratio of
the fame numbers, then the powers fuftain each other, or are
in equilibris. From which it is eafy to thew, in general, that
when the powers are to each other in any ratio, the’ incom-
menfurable, and the diftances of their application from the
centre of motion in the fame inverfe ratio, then they are in:
@quilibrio 5 becaufe the ratio of incommenfurable quantities
may be always limited, to.any degree of exactnefs at pleafure,
between a greater and a leffer ratio of number to number.
And this I take to be the moft dire& and natural proof of
the law of @guslibrium in the lever, the fundamental propofition:
of mechanics,

. When the centre of motion c is between the bodies' A and
B, it is the fame point which was called their centre of gravity,
chap. 2. § r3. And hence it appears, that when the two
bodies are fuppofed to be joined by an inflexible rod: void of
gravity, if the centre of gravity be fuftained, then the bodies
fhall be fuftained,

¥
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If two powers or weights, & and o (Fip. 23.) a& upon n
lever at the diftances rc and pc from the centre of moticn,
the forces with which they ac upon the lever {hall be in the
fame proportion of Bxsc to pxpcej that is, in the ratio com-
pounded of the ratio of the powers, or weights, and that of their
diftances from the centre of motion. For the effort of s i
fuftained by a, if axac be equal to exec; and the effort of
the power p is f{uftained by x applied at the diftance ca, if
kxac=pxDc. But the efforts of the powers, or weights, s
and p, upon the lever, are in the {ame proportion to each
other as the powers o and x, which, applied at the fame
‘diftance c a from the centre of motion, fuftain them, or as
AXAC to kxAc, and therefore as Bxsc to pxpc. From this
it appears, that when any number of powers act upon a lever,
if the fum of the produ@s that arife by multiplying each power
by its refpetive diftance from the centre of motion, on one fide
of it, be equal to the fum of the produés that arife by mul-
tiplying each power on the other fide of the centre of motion
by its refpective diftance from it, then thefe powers fuftain each
other, and the lever is in @guilibrio. But by what was fhewn
in § 13. chap. 2. the centre of motion coincides, in this cafe,
with what was there called the centre of gravity. Therefore
if any number of powers or weights act upon a lever, and,
their centre of gravity being determined by the conftruction in
that article, if the prop or fulcrum be applied at this centre,
the lever fhall be in wguilitrio. In the fame manner, if any
number of powers or weights be applied upon a plane that
refts upon a given right line 11, (Fig. 26.) and the centre of

ravity of all the powers or weights fall upon that line, the
lane fhall be in @quilibrio : for, by that article, the fums of
the products that arife by multiplying each power by its.re-
fpective “diftance from the axis of motion, being equal on

X 2 the
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the different fides of this axis, their efforts to move the plane
muft be edual and contrary, and deftroy each others effect.
Therefore as the ftate of any {yftem of bodies, as to motion or-
reft, depends on”the motion or reft of the point called the
centre of gravity, by what was fhewn above in the laft
chapter ; fo it is another notable property of this point, that
if the bodies be joined together, and toit, by inflexible lines
void of gravity, and this point be fuftained, the whole {yftem

{hall be {uftained and remain in @guilibrio.

8. When any powers 3 and o (Fig. 25, 26.) act upon a
lever, endeavouring to turn it about the centre of motion ¢, or
when they a& upon a plane, endeavouring to turn it about the
axis of motion 11, their effet is the fame as if a power or
weight equal to their fum was fubflituted in place of them
at their common centre of -gravity .  For, by § 14. chap. 2.
BXBC+DXDc=B+DXNc; or if 84, pd, Nz be perpendicular to
1L in the points 4, &, », then, by the fame article 3x84+px
pd=p+pxNz If 6; the centre of gravity of all the powers,
or weights, that a& upon the lever, fall on one fide of ¢ the
centre of motion; or the centre of gravity of all the powers
that a& upon the plane, is on one fide of the axis 11 ; then
the preponderancy will be on that fide, and will be the fame as
if; in place of all thofe powers, -one power equal to their fum
was fubftituted at their common centre of gravity. For it was

fhewn that 8x8c+DpxDc—aXxAac=a+B+Dx ¢, when the power
A alts on one fide and the powers B and » on the other.
Therefore, as when the centre of gravity of the powers refts
upon the centre of motion, the whole is in wguzilibrio, and the
prop c fuftains a force equal to their fum j {o when the centre
of gravity is not fuftained by the prop, but falls on one fide of
it, the preponderancy is on that fide, and is the {fame as if

all




Cuar. 3. PHILOSOPHICAL DISCOVERIES., 1¢+

all the powers or weights were eolle@ed together at that
centre. The analogy between thefe ftatical theorems, and
thofe in the theory of motion relating to this centre, defcribed
in the laft chapter, defetrve our attention ; and farther illuftrate
the fimplicity of this do@&rine and the harmiony of all its
parts.

9. Sir Ifaac Newton demonflrates the fundamental propofi-
tion concerning the lever, from the refolution of motion. Let
¢ (Fig. 27.) be the centre of motion in the leverx 1. ; let a and
8 be any two powers, applied to it at x and 1, acting in the
direions x 4 and r». Trom the centre of motion ¢, let cm
and ¢ ~ be perpendicular to thofe direGtions in M and x ; fup-
pole c M «w be lefs than ¢ n, and from the centre ¢, at the
diftance ¢ n, defcribe the circle N 1 D, meeting x ain p. Let
the power a be reprefented by b a, and let it be refolved into
the power b ¢ adting in the direction ¢ b, and the power p ¥
perpendicular to ¢ b, by compleating the parallelogram a r b G.
The power p 6, adting in the direction ¢ p from the centre of
the circle, or wheel, p u~ towards its circumference, has no
effet in turning it round the centre, from b towards u, and
tends only to carry it off from that centre. It is the part pF
only that endeavours to move the wheel from p towards mand
¥, and is totally employed in this effort. The power 3 may be
conceived to be applied at n as well as at 1, and to be wholly
employed in endeavouring to turn the wheel the contrary way,
from ~ towards u and p. If therefore the power B be equal
to that part of a which is reprefented by »-F, thefe efforts,
being equal and oppofite, muft deftroy each others effect ; that
is, when the power B is to the power a4, as DF to D a, or,
(becaufe of the fimilarity of the triangles ¥ D, D Mc) as cm
to ¢p, or asc M to ¢ N, then the powers muft be in zguilitrios

1 and
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and thofe powers always {uftain each other that are in the in-
verfe proportion of the diftances of their dire&ions from the
centre of motion ; or, when the produ@ of the one power
multiplied by the diftance of its direction from the centre, is
equal to the produ@ of the power on the other fide multiplied
by the like diftance from it.

ro. The demonftration commonly afcribed to Archimedes
is founded upon this principle, that when any cylindric or
prifmatic body is applied upon a lever, it has the fame effeét
as if its whole weight was united and applied at the middle
point of its axis. Let as (Fzg. 28.) be a cylinder of an uni-
form texture, c¢ its middle point; and it is manifeft, that
if the point ¢ be fupported, the equal halves of the cylinder,
ca and c B, will ballance each other about the point ¢, and
the body will remain in @guilibrie. Let the cylinder a 3 be
diftinguifhed into any unequal parts, ap and p & ; bife& a b
in g, and p B in r; then a power applied at e, equal to the
weight of the part a p, with a contrary direGion, will fuftain
it ; and a power applied at r, equal to the weight of the part
ps, with a contrary direction, will fuftain that part ; {o that
thefe two powers adting at & and F, refpedively equal to the
weights of 4 p and p B, have precifely the fame effe& as a
prop at ¢, fuftaining the whole cylinder 4 &, and may be con-
fidered as in w@guilitrio with a- power, adting a‘ c, equal to the
whole weight of the cylinder. But the diftance c e=c a—a &
=;AB—;AD=;DB; and, in like manner, the diftance c r
=CB—BF=;AB—;DB=.AD; confequentlyCE 1s to CF, as
DB to AD ; that is, as the power applied at r to the power
applied at &, thefe being in @guilibris with the weight of the
whole cylin.der applied at c. From which it appears, that
powers applied at & and r, which are to each other in the

proportion
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proportion of ¢® to cE, fuftain one another about the
centre c.

1 1. Suppofe the lever a & (Fig. 29.) with the weights a and
B, to turn round the centre c; the bodies a and B will de-
{cribe fimilar arcs A 2 and 34 ; and az willbe to s 4, as c a to
CB, Oras Bto A; confequently Ax Aa=8xg8b ; that is, the
anomenta, Or quantltles of motion, of a and B lel be equal
and confidering one of them as the power and the other as the
weight, the power will be to the weight, as the Veloc1ty of the
Welght to the Veloc1ty of the power. Thereforein this, asin
all mechanical engines, when a fmall power, raifes a great
weight, the velocity of the power is much greater than the
velocity of the weight ; and what is gained in force is there-
fore faid to be loft in time. In like manner, whena number of
powers are {fuppofed to a& upon the lever, and it is turned
round about their common centre of gravity c, the fums of
the momenta on the different fides of ¢ are equal.

12. The lever, or vefss, is commonly dif’tinguifhed into zhree
kinds. In the fir/3, the centre of motion is between the power
and weight. In the fecond, the weight is on the fame fide of
the centre of motion with the _power, but apphed between
them. In the #bird, the power is applied between the weight
and centre of motion. In this laft, the power muft exceed
the weight, in proportion as its dlﬂance from the centre of motion
is lefs than the diftance of the centre from the weight. Butas
the firft two ferve for producing a flow motion by a {wift one ;
fo the laft ferves for producing a {wift motion of the Welght
by a flow motion of the power. It is by this kind of levers
that the mufcular motions of animals are performed ; the
muficles belng inferted much nearer to the centre of motion

than the point where the centre of gravity of the weight to be
1 raife
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raifed is applied ; {fo that the power of the mulfcle is many
times greater than the weight which it is able to fuftain, Tho
this may appear at firft fight a difadvantage to animals, be-
caufe it makes their ftrength lefs ; it is, however, the effect of
excellent contrivance : for if the power was, in this cafe, ap-
plied at a greater diftance than the weight, the figure of ani-
mals would not only be awkward and ugly, but altogether un-
fit for motion ; as Borel/i has thewn in his treatife de motu
animalium.

r3. When the two arms of a lever are not in a right line,
but contain any invariable angle at c, (Fig. 30.) the law of
the @quilibrium is the fame as in the former cafe ; that is, if
the power ¢ be applied at B to the arm cs, and the weight w
a&, by means of a pulley M, in the direGtion am perpendicular
to the arm ca, the power and weight will fuftain each other
if pbetow, ascatocs, or pxcs=wxca. If feveral powers
a& upon the arm ca, find their centre of gravity a, on the
arm c 4, by § 13. chap. 2. {fuppofe all the powers to be united
there ; and if the power » be to their fum, as ca to cs, it
will fuftain them. The fum of the powers being {fuppofed
given, it is manifeft that the farther their centre of gravity a
is removed from the centre of motion ¢, the greater refiftance
they will oppofe againft the power r, and it will require the
greater force in the power to overcome them. From this
Galileo jultly concludes, that the bones of animals are the
ftronger for their being hollow, their weight being given ; or,
if the arm ¢ 5 F reprefent their length, the circle cup a feGion
perpendicular to the length, » any power applied along their
length, tending to break them ; then the ftrength or force of
flu their longitudinal fibres, by which the adhefion of the parts
is preferved, may be conceived to be united in a the centre of
the
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the circle cnp, which is the common centre of gravity of
thofe forces, whether the fection be a circle or anun/us.  Butit
is plain that when the area of the fe@ion, or the number of fuch
fibres, is given, the diftance ¢ a is greater when the {e&ion is
an annulus, than when it isa circle without any cavity ; con-
fequently the power with which the parts adhere, and which
refifts againft » which endeavours to feparate them, is greater
in the fame proportion. For the fame reafon, the ftalks of corn,
the feathers of fowls,” and hollow {pears, are lefs liable to ac-
cidents that tend to break them, than if they were of the fame
weight and length, but folid without any cavity. In this in-
ftance, therefore, art only imitates the wifdom of nature.

14. The fame excellent author obferves, that in fimilar
bodies, engines, or animals, the greater are more liable to ac-
cidents than the lefler, and have a lefs relative ftrength ; that
is, the greater have not a ftrength in proportion to their mag-
nitude. A greater column, for example, is in much more
danger of being broke by a fall than a fimilar fmall one ; a
man is in greater danger from accidents of this kind than a
child ; an infeé can bear a weight many times greater than
itfelf, whereas a large animal, as a horfe, can hardly bear a
burthen equal to his own weight. To account for this, it will
be fufficient to fhew, that, in {imilar bodies of the fame tex-
ture, the force which tends to break them, or to make them
liable to hurtful accidents, increafes in the greater bodies in a
higher proportion than the force which tends to preferve them
entire, or fecure againft fuch accidents. Suppole the fimilar
beams asDE, FGoHK, (Fig. 31.) of a cylindric or prifmatic
figure, to be fixed in the immoveable wall 11 ; and let us at
prefent abftra@ from any other force that may tend to break
them, belides their own weight. Bife&t a 3 in.c, and rc in
ar; and their weights may be conccived to ke accumnulated at

Y the
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the points ¢ and m, which are direétly under their centres of
gravity. For the greater facility of the computation, fuppofe
AB=2FG, and confequently the weight of the beam 4 5D &
will be eight times greater than the weight of the fimilar beam
reHK ; and the weight of the former being conceived to be
accumulated in ¢, and that of the latter in M, and 4 ¢ being
double the diftance r u, it follows, that the force which tends
to break the former at a, being eight times greater than that
which tends to break the latter at r, and at the fame time
acting at a double diftance, on both thefe accounts its effort
muft be fixteen times greater than that of the latter. Now,
to compare the forces which tend to preferve thofe beams entire
and fixed in the wall, let ARz be a fe@ion of the greater
beam, and r sk a fection of the latter, perpendicular to their
lengths at the points 4 and r ; bifet Arinp, and Fx in ¢;
then the number of longitudinal fibres, whofe adhefion tends
to preferve the beams entire, or rather the quantity of this ad-
hefion, in the greater beam, will be to the quantity of adhefion
in the lefler beam, as the area of the feGion arE to the area
of the fedtion ¥ sk, that is, in the prefent cafe (becaufe of the
fimilarity of the figures) asthe{quare of A& to the fquare of rx,
or as 4 to 1. But the adhefion of the parts that are in con-
tact with each other in the fe@ion arE may be conceived to
be accumulated at p their centre of gravity ; and the adhefion
of the parts in conta& with each other in the fe@ion rsx is to
be conceived as accumulated in ¢, for the fame reafon. The
adhefion, therefore, which tends to preferve the greater beam
entire is quadruple of that which tends to preferve the lefler
beamentire, and at the fame time isto be conceived as adting at
a double diftance from the centre of motion, becaufe a p=2Fqg;
{o that the effort which tends to preferve the greater beam
from breaking, is eight times greater than that which tends to
preferve the lefler beam entire. We have found, therefore,

that
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that the effort which tends to break the greater beam at a, is
fixteen times greater than that which tends to break the leffer
beam atr ; but that the effort, which, on the other hand,
endeavours to preferve the adhefion of the greater beam entire,
is only eight times greater than that which tends to preferve the
adhefion in the lefler beam. 1In general, it will eafily appear,
in the fame manner, that the efforts tending to deftroy the ad-
hefion of the beams, arifing from their own gravity only, in-
creafe in the quadruplicate ratio of their lengths ; but that the
oppofite efforts, tending to preferve their adhefion, increaf:
only in the triplicate ratio of the fame lengths. From which
it follows, that the greater beams muft be in greater danger of
breaking than the lefler fimilar ones ; and that, tho’ a lefler
beam may be firm and fecure, yet a greater fimilar one may
be made {o long, as neceffarily to break by its own weight.
Hence Galileo juftly concludes, that what appears very firm,
and fucceeds well, in models, may be very weak and infirm,
or even fall to pieces by its weight, when it comes to be exe-
cuted in large dimenfions according to the model.

15. From the fame principles he argues, that there are ne-
ceflarily limits in the works of nature and art, which they can-
not furpafs in magnitude. Were trees of a very enormous
fize, their branches would fall by their own weight. Large
animals have not ftrength in proportion to their fize ; and if
there were any land-animals much larger than thofe we know,
they could hardly move, and would be perpetually {ubje@ed to
moft dangerous accidents. As to the animals of the fea, in-
deed, the cafe is diffcrent, as the gravity of the water fuftains
thofe animals in great meafure, and in fa& thefe are known
to be fometimes vaftly larger than the greateft land-animals.
Nor does it avail againft this do&rine to tell us, that bones have
been found which were {uppofed to have belonged to giants of

Y 2 an
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an immenfe fize, {fuch as the fkeletons mentioned by Srrabo
and Pliny 5 the former of which was 60 cubits-high, and the
Tistér 465 for t{}ﬂe naturalifts have concluded, on juft grounds,
that in fome cafes thofe bones had belonged to elephants ; and
that the larger ones were bones of whales, which had been
brought to the places where they were found, by therevolutions
of nature that have happened in paft times. Tho™ it muit be
owned, that there appears no reafon why there may not have
been men that have exceeded, by fome feet in height, the
talleft we have feen.  The reader will find a curious and'ufeful
differtation on this fubjeét, by the celebrated Sir Hans Skane,
in the Philofaphical Tranfactions, or in the Memoires de I’ Aca-
demie Royale des Sciences, 1727. If, in the otherplanets, the
fame law of cohefion and other attra&ions takes place as in the
earth, it may be of ufe that the gravity near their furfaces
thould not be vaftly different from what it is near the furface
of the earth; it was perhaps with fome view to this, that
Sir Ifaac Newton infinuates, that it was not without defign and
contrivance that the gravities at the furfaces of the planets
thould differ fo much lefs from each other, than, at firft fight,.
might be expected from the attradtions of bodies of fo unequal:

magni’tude,.

16. Tt follows, from § 14th, that in order to make bodies,
engines, or animals, of equal relative ftrength, the greater
ones muft have groffer proportions. Thus in order that the
greater cylinder a B D2 may be as firm and fecure againft acci-
dents as the lefler cylinder r ¢ Bk, the feGtion a R & and its
diameter a E muit be increafed, till the effort arifing from the
adhefion of the parts bear as great a proportion to- the effort
that tends to overcome this adhefion, in the greater, as in the
lefler cylinder. And this fentiment being fuggefted to us by

1 per-
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perpetual experience, we naturally join the idea of greater
firength and force with the groffer proportions, and the idea
of agility with the more delicate ones.  In architeGure, wheire
the appearance of folidity is no lefs regarded than real {irmnefs
and ftrength, this is particularly confidered, in order to fatisfy
a judicious eye and tafte ; the various orders of the columns
ferving to fuggeft different degrees of ftrength. But, by the
fame principle, if we thould fuppofe animals vaftly large, from
the grofs proportions, a heavinefs and unwieldinefs would ne-
ceffarily arife, which would make them ufelefs themfelves, and
difagrecable to the eye. In this, as indeed in all other cafes,
‘whatever generally pleafes taftes not vitiated by education, or
by fabulous and marvellous relations, may be traced till it ap-
pear to have a juft foundation in nature ; tho’ the force of ha-
bits is {o flrong, and their effects upon our fentiments fo quick
and fudden, that it is often no eafy matter to trace, by re-
flexion, the grounds of what pleafes us.

17. We have infifted at fo great Iength on the lever, that
we may be brief in treating of the other mechanical powers.
The common ballance is a lever that has equal arms a6 and 63,
(Fig. 32.) with the centre of motion ¢ commonly placed di-
rectly over .  If the centre of motion wasin G, equal weights,
fufpended from a and s, would fuftain each other, in any

ofition of the lever a 3 ; but when the centre of motion is
above G, they fuftain each other when the lever as is level
only ; and when the weight at a is but a little greater than the
weight at B, the ends a and 2 defcend and afcend by turns,
till their common centre of gravity g fettles in the vertical line
c ¢ ; where they fuftain each other, becaufe their centre of
gravity is fuftained by c.” The ballance is falfe when the arms
s ¢ and ¢ » are unequal : and the exa&nefs of this inftrument

chiefly
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chiefly depends upon making the friction, at the centre of
motion ¢, as {mall as poflible.

18. The axis and wheel has a near analogy to the lever ;
the power is applied at the circumference of the Whee!, and
the weight is raifed by a rope that is gathered up (while the
machine turns round) on the axis. 'The power may be con-
ceived as applied at the extremity of the arm of a lever equal
to the radius of the wheel, and the weight as applied at the ex-
tremity of a lever equal to the radius of the axis ; only thofe
arms do not meet at one centre of motion as in the lever, but
in place of this centre, we have an axis of motion, viz. the
axis of the whole engine. But as this can produce no dif-
ference, it follows that the power and weight are in @quilibrio
when they are to each other inverfely as the diftances of their
directions from the axis of the engine ; or when the power is to
the weight, as the radius of the roller to the radius of
the wheel, the power being fuppofed to a& in a per-
pendicular to this radius ; but if the power a& obliquely to the
radius, fubftitute a perpendicular from the axis on the di-
rection of the power, in the place of the radius. Thus if
ABDE (Fig. 33.) reprefent the cylindric roller, m e~ the
wheel, L m the axis or right line upon which the whole
engine turns, q_ the point of, the furface of the roller
where the weight w is applied, ¢ the point where the power is
applied, x q_the radius of the roller, c» the radius of the
wheel ; then if the power » a& with a dire@ion perpendicular
to cp, the power and weight will fuftain each other when » is
tow, as kg tocrorcH: butif the power a& in any other
direction »®, let ¢ ® be perpendicular from ¢, the centre of the
wheel, on that direGtion ; then ¢ and w will fuftain each other
when » is to w, as k Qto ¢ r; becaufe, in this cafe, a power P

I hag
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has the fame effe& as if it was applied at the point r of its
direction, acting in a right line perpendicular to cr.

19. The fimple pulley ferves only to change the direction of
the power, or motion, without any mechanical advantage, or
any difadvantage but what arifes from the fri%ion. Let m
(Fig. 34.) reprefent a fimple pulley, » n w the rope that goes
over the pulley from the power » to the weight w: and it is
manifeft, that if »and w be equal, they will fuftain each other
as if fufpended at equal diftances, m a and m B, from the centre
of the lever a®. But, if befides the fixed pulley m, there be
(Fig. 35.) another moveable pulley 1, to which the weight w is
fixed, and the rope that goes from the power », over the
fixed pulley M, and under the moveable pulley 1, be fixed
above at g, then it is manifeit that the power » fuftains only
one half of w, becaufe the rope x n {fuftains only one half

of it, the other half being fuftained by the rope x :.

There is an obvious analogy between this cafe of pullies,
and that wherein a power fuftains a double weight at half its
diftance from the centre of motion, on the fame fide.” For if
A B be the diameter of the pulley 1, at whofe extremities the
parallel ropes, a E and B N, touch it, the power » may be con-
ceived to be applied at B, the weight w at 1, and the centre of
motion to be at a. If we {fuppofe the power » and weight w to
move, as p is equal to one half of w, fo the velocity of w is
one half of the velocity of », or » multiplied by its velocity
gives a produc equal to w multiplied by its velocity 5 for, that
the weight w may be elevated one inch, each of the parts of
the rope £ x and x N muft be fthortned by one inch ; and the

ower P that draws the whole rope from & by x and ~, muft de-
{cend two inches. A fimilar reafoning may be applied to all

the combinations of pullies,
20. When
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20. When a weight w (Fig. 36.) defcends along an #nclined
plane ac, a part of its gravity s fuftained by the re-adtion of
the plane, and the remaining part produces its motion along
the plane. Let a 5 be the height of the plane, B¢ the bafe,
and the gravity of the weight w being reprefented by the ver-
tical line wu, let this power be refolved into the power w N
perpendicular to the plane, and w q parallel to it. The former
w N is deftroyed by the re-a&ion of the plane, and the latter
w q_is that which produces the motion of the body along the
plane. Becaufe the triangles wam and A e c are fimilar, wq_
is to wM, as aB to ac; and the force with which a body de-
{cends along the plane is to its gravity, as the height of the
plane to its length; confequently a force acting upon the body
w, with the dire@tion q_w parallel to the plane ac, will fuftain
it, if it be to the whole weight of the body, as a s to ac.

21. Let avc (Fig. 37.) reprefent a wedge driven into the
cleft £ p ¥, of which pE and pr are the fides ; and if we fup-
pofe thofe fides p & and » r to re-a& upon thewedge with di-
reCtions perpendicular to pE and p F, let the horizontal line
E Fmeet D F in F ; then when the force'impelling the wedge,
{uppofed perpendicular to the horizon, is in @guilibrio with the
refiftances of the fides of the cleft p £ and p 7, thefe three
powers are in the fame proportion as.the three right lines & g,
p e and pr. For it follows from the compofition of motion,
that when three powers are in @guilibrio with each other, they
are in the fame proportion as the, three fides of a triangle pa-
rallel to.their refpedtive dire@ions, and, confequently, as the
three fides of a triangle perpendicular to their dire&ions ; fuch
a triangle being evidently {imilar to the former. But =7 is
perpendicular to the diredion in which the weight of the weglge,

Or.
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or the power that impells it, is fuppofed to a& ; and e, D&
are perpendicular to the diretions in which their refiftances are
fuppofed to a&, confequently the power that impells the wedge
and thofe refiftances are in the fame proportion as £ F, p £ and
p 5. If other fuppofitions are made concerning the refiftances
of the fides of the cleft p& and b r, the proportions of the
powers may be determined, from the fame principles.

22. When a point moves along the fide of a cylinder, with
an uniform motion, upon its curve furface, while this fide is
itfelf carried with an uniform motion about the axis of the cy-
linder, the line traced, by this compounded motion, upon the
curve furface of the cylinder, is called a fpiral.  When this
lineis raifed upon the external furface of the cylinder, it iscalled
the external fcrew ;5 butif it is carried on in the internal fur-
face, it is called the szternal fcrew.  While one of thefe is con-
verted about the other, one of them ought to be fixed ; and
they form a machine of great force for {queezing or moving
bodies. If a power » (Fig. 38.) turn cither of the fcrews with
a dire¢tion parallel to the bafe, it will {fuftain the weight w
which is to be raifed, if it be to w in the fame proportion as
the diftance between the two neareft {pirals is to the circum-
ference of the circle defcribed by the power » 5 becaufe while
the power makes a compleat revolution, the {crew advances by
the diftance of the two neareft {pirals, and the velocity of the
power is to the velocity of the weight, as the circumference
defcribed by » to that diftance. The fame will appear by con-
{idering the fcrew as an inclined plane involved about acylinder.
In this engine the friction is very great. ?

%

23. From thefe fimple machines, compounded ones are
formgd by various combinations, and ferve for different pur-
pofes 5 in which the fame general laws take place, particulaﬁly

Z that
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that which was defcribed in § 3. That the power and weight
fuftain each other when they are in the inverfe proportion of
the velocities which they would have in the directions wherein
they ad, if they were put in motion. By thefe the famous
problem is refolved, of moving any given weight by any given
power, provided the refiftance arifing from the fri¢tion can be
overcome. It being of great importance to diminifh this fric-
tion, feveral contrivances have been invented for that purpofe.
In wheel-carriages, the fri¢tion is transferr’d from the circum-
ference of the wheel (where it would aé& if the wheel did not
turn round) to the circumference of the axis; and, confe-
quently, is diminithed in the proportion of the radius of the
axis to the radius of the wheel. In thefe, therefore, the fric-
tion is always diminithed by diminithing the diameter of the
axis, or by increafing the diameter of the wheel. The frition
is likewife diminifhed by making the axis of an engine to reft
upon the circumferences of wheels that turn round with it,
inftead of refting in fixed grooves that rub upon it; for
by this contrivance, the frition is transferred from-the circum-
ferences of thofe wheels to their pivots ; and the fri®%ion may
be ftill diminithed farther by making the axles of thofe wheels
reft upon other frition-wheels that turn round with them. It
is hardly poflible to give general and exa& rules concerning
friction, fince it depends upon the ftructure of bodies, the form
of their prominent parts and cavities, and upon their rigidity,
elafticity, their coherence, and other circumftances. Some
authors have made the friction upon a horizontal plane equal to
one third of the weight ; but others have found that it was
only one fourth of it, and fometimes only : or >of it. Of
late, authors have told us that the friion depends not on the
furface of the body, but its weight only ; but neither is this
found to be accurately true. In leffer velocities, the friGtion is
nearly in the fame ratio as the velocities ; but in greater velo-

cities,
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cities, the friction increafes in a higher proportion, whether the
bodies are dry or oil’d.

24. The fecond general problem in mechanics, mentioned
above, is, to determine the proportion which the power and
weight ought to bear to each other, that, when the power pre-
vails, and the engine is in motion, the greateft effec poflible
may be produced by it in a given time. It is manifeft that
this is an enquiry of the greateft importance, tho’ few have
treated of it. When the power is only a little greater than that
which is fufhcient to fuftain the weight, the motion is too
flow ; and tho’ a greater weight is raifed in this cafe, it is not
{fufhcient to compenfate the lofs of time. When the weight is
much lefs than that which the power is able to fuftain, it is
raifed in lefs time ; and this may happen not to be fufhicient to
compenfate the lofs arifing from the fmallnefs of the load. It
ought, therefore, to be determined when the produé of the
weight multiplied by its velocity is the greateft poflible ; for
this produ@ meafures the effet of the engine in a given time,
which is always the greater in proportion as the weight that is
raifed is greater, and as the velocity with which it is raifed
is greater. We fhall, therefore, fubjoin fome inftances of
this kind that may be demonftrated from the common ele-
mentary geometry 5 withing that farther improvements may be
madec in this moft ufeful part of mechanics.

25. When the power prevails, and the engine begins to
move, the motion of the weight is at firft gradually accelerated.
The acion of the power being fuppofed invariable, its influence
in accelerating the motion of the weight decreafes while the
velocity of the weight increafes. Thus the action of a ftream
of water, or air, upon a wheel is to be-eftimated only from the
excefs of the velocity of the fluid above the velocity already

Z 2 acquired
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acquired by the part of the engine which it ftrikes, or from
their relative velocity. On the other hand, the weight of the
load that is be elevated, and the fricion, tend to retard the
motion of the engine ; and when thefe forces, v7z. thofe that
tend to accelerate it, and thofe that tend to retard it, become
equal, the engine then proceeds with the uniform motion it
has acquired.

Let a & (Fig. 39.) reprefent the velocity of the ftream, acthe:
velocity of thepart of the engine which it ftrikes, when the motion
of the machine becomes uniform; and c s will reprefent their
relative velocity, upon which the effet of the engine depends.
It is known that the action of a fluid, upon a given plane, is
as the fquare of this relative velocity ; confequently, the
weight raifed by the engine, when its motion becomes uni-
form, being equal to this adion, it is likewife as the {quare of
¢ 5. Let this be multiplied by ac, the velocity of the part
of the engine impell’d by the fluid ; and the effe&t of the en-
gine in a given time will be proportional to acx ¢ 2= (fup-
pofing ¢z to be bifeted in p) Acx2¢DXx2DE=4aCxCDXDE ;,
confequently, the effe of the engine is greateft when the pro-
du& of ac, cp, and ps is greateft. But it is eafy to fee,
that this product is greateft when the parts ac, cp and s
are equal ; for, if you defcribe a femicircle upon a p, and the
perpendicular ¢ & meet the circlein g, then acxcp=cE? and
is greateft when ¢ is the centre of the circle ; fo that in order
that 4 ¢xcp x b B may be the greateft poffible, 4 o muft be
bifected in ¢ ; and c¢ 3 having been bife@ed in s, it follows.
that a ¢, cp, D& muft be equal ; or that a ¢, the velocity
of the part of the engine impelled by the ftream, ought to be
but one thirdof a B the velocity of the ftream. In this cafe,
when (abftracting from friction) the engine a&s with the utmoft
advantage, the weight raifed by it is to the weight that would
jaft fuftain the force of the ftream, as the {quare of c s, the

4 relative
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relative velocity of the engine and ftream, to the fquare of 4 e,
which would be the relative velocity if the engine was quief-
cent ; that is, as 2x2 to 3xg or 4 to 9. Therefore, that the
engine may have the greateft effe¢t poflible, it ought to be
loaded with no more than # of the weight which is juft able
to {uftain the efforts of the fiream. Of this the reader will find
more in my Treatife of Fluxions, § 9o8.

26. For another example, fuppofe that a given weight e,
(Fig. 40.) delcending by its gravity in the vertical line, raifes a
greater weight w likewife given, by the rope » M w (that paffes
over the fixed pulley M) along the inclined plane s p, the
height of which Ba is given; and let it be required to find.
the pofition of this plane, along which w will be raifed in the
leaft time, from the horizontal line A p to 8. Let ®c be the
plane upon which if w was placed, it would be exa&ly fuf-
tained by P, and, by § 20. of this chapter, ¢ fhall be to w,
as AB to BC ;3 butw is to the force with which it tends to de-
fcend along the plane B D, as 8D to a B, by the fame article
confequently the weight » is to that force, as 5p to sc.
Therefore the excefs of »p above that force (which excefs is the
power that accelerates the motions of » and w) isto », as 8D
—BC to BD ; or, taking B H upon Bc equal to 8D, ascH to
B D. But it is known that the {paces defcribed by motions uni~
formly accelerated are in the compound ratio of the forces
which produce them and the {quares of the times ; or, that
the {quare of the time is directly as the {pace defcribed in that
time, and inverfely as the force ; confequently, the fquare of
the time, in which B is deferibed by w, will be dire@ly as

8D and inverfely as $5, and will be leaft when 22~ is a muni-

mum - that is, when 22 +cu+28c. or (becaufe 28c is inva-
b ] ) J

CH
riable) when 25 +cwu is a minimum. Now as, when the fum

of two quantities is given, their produ& is.a maximum when

they
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they are equal to each other; {o it is 'manifeft, that, whe
their produé is given, their fum muft be a minimum whr?n the
are equal. Thus'it is evident;’ that, as in the laft feGtion tt
reGangle or produét of the equal parts A c and ¢D was c E*
fo the reGtangle or product of any two unequal parts, int
which ap may be divided, is' lefs than c £, and a p is t!
leaft fum of any two quantities the product of which is equ
to ce®. But the produ&t of &3 and cH is 3 ¢c? and conf:

quently giyen ; therefore the fum of Z5~ and cu is leaft whe
tHefe™parts are equal, that is, when c is equal to B¢, or s
equ‘al to 2 Bc. It appears, therefore, that when the power
and weight w are given, and w is to be raifed by-an inclinc
plane, from the level of a given point a to the given point

in the leaft time poffible, we are firft to find the plane » ¢ upc
which w would be fuftained by ¢, and to take the plane »
double in length of the plane zc; or, we are to make ufe ¢
the plane & p upon which a weight that is double of w cou

be fuftained by the power ».

27. Let a fluid, moving with the velocity and dire&ion a
(Fig. 41.) ftrike the plane c &, and fuppofe that this plar
moves parallel to itfelf in the direction ¢ 8, perpendicular
C A, or that it cannot move in any other dire&tion ; thenl
it be required to find the moft advantageous pofition of tl
plane c g, that it may receive the greateft impulle from tl
action of the fluid. Let a » be perpendicular to ¢ & in », dra
a x parallel to c3, and let » x be perpendicular upon it in x
and a x will meafure the force with which any particle of tl
fluid impells the plane = ¢, in the dire&tion ¢ 3. For the for
of any fuch particle being reprefented by a c, let this force |
refolved into 4 q_parallel to & ¢, and a ¢ perpendicular to i
and it is manifeft, that the latter o » only has any effe& upc
the plane ¢ 8. Let this force 4 p be refolved into the force a

perpendicul
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perpendicular to ¢, and the force a x parallel to it ; then it is
manifeft, that the former, 4 1, has no effe® in promoting the
motion of the plane in the direGtion c 5 ; {o that the latter a x,
only, meafures the effort by which the particle promotes the
motion of the plane ¢, in the dire¢tion c¢s. Let &M and
E N be perpendicular to ca and ¢, in mand v and the
number of particles, moving with dire¢tions parallel to ac, in-
cident upon the plane c &, will be as en.  Therefore the
effort of the fluid upon ¢ &, being as the force of each par-
ticle and the number of particles together, it will be as a x x
EM?XEN

CE )
{o that c & being given, the problem is reduced to this, to find
when sM*xe N is the greateft poffible, or a maximum. But
becaufe the fum of em® and of En* (=cm?) is given, being
always equal to ce?, it follows that Enx*xeM* is greateft when
EN’=Ice®; in the fame manner as it was demonftrated in §
25. that when the fum of a c and ¢ 3 was given, acxce?
was greateft when ac=7as. But when ENn*xEM* is greateft,
its fquare-roct EnxEM®is of neceflity at the fame time
greateft. Therefore the adion of the fluid upon the plane ¢ &
in the direction c s is greateft when En*=ice” and confe-
quently Em*=%cE’; that is, when rwm the fine of the angle
a c & in which the flream firikes the plane is to the radius, as
v2 toy3; in which cafe it eafily appears, from the trigono-

metrical tables, that this angle is of 54° 44

EM 5 or, becaufe Ak isto AP (=EM,) as EN to CE, as

28. Several ufeful problems in mechanics may be refolved by
what was thewn in the laft article.  If we reprefent the velocity
of the wind by ac, a fe&tion of the fail of a wind-mill per-
pendicular to its length by c E, as it follows from the nature
of the engine, that its axis ought to be turned diretly towards
the wind, and the fail can only move in a diretion perpendi-

cular
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cular to the axis, it appears, that, when the motion begins, the
wind will have the greateft effeé to produce this motion, when the
angle acr in which the wind ftrikes the failisof 54°. 44" In the
fame manner, if cs reprefent the direction of the motion of a
fhip, or the pofition of her keel, abftracting from her lee-way,
and a c be the dire&tion of the wind, perpendicular to.her
way, then the moft advantageous pofition of the fail cE, to pro-
mote her motion in the dire&ion c 8, is when the angle 4 ¢ g,
in which the wind firikes the fail, is of £4° 44. The beft
pofition of the rudder, where it may have the greateft effect
in turning round the fhip, is determined in like manner. And
how this fame angle enters into the determination of the figure
of the rhombus’s that form the bafes of the cells in which the
bees depofite their honey, in the moft frugal manner, I have
thewn in a letter to the learned and worthy Martin Folkes,
Efq; prefident of the royal fociety.  Philofophical Tranfactions
N° 471.

29. But it is to be carefully obferved, that when the fine of
the angle acx is to the radius as v 2 to v 3, or (which is the
fame thing) when its tangent is to the radius, as the diagonal of
a {quare to its fide, this is the moft advantageous angle only at
the beginning of the motion of the engine ; fo that the fails of a
-common wind-mill ought to be fo fituated, that the wind may
indeed ftrike them in a greater angle than that of g4° 44’. For
we have demonftrated elfewhere, that when any part of the
engine has acquired the velocity ¢, the effort of the wind upon
that part will be greateft, when the tangent of the angle in
which the wind ftrikes it is to the radius, not as the v 2 to I,

——

but as v2+%2°4% to 1, the velocity of the wind being repre-
fented by @.  If for example ¢ =; @ then the tangent of the
angle AcE ought to be double of the radius, that is, the

angle
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angle a c & ought to be of 63° 26" If ¢=a then a c & ought
to be of 74°. 19'. This obfervation is of the more importance,
becaufe, in this engine, the velocity of the parts of the fail re-
mote from the axis, bear a confiderable proportion to the ve-
locity of the wind, and perhaps fometimes are equal toit; and
becaufe a learned author, Mr. Dawiel Bernowilli, has drawn an
oppofite conclufion from his computations in his Sydvrodynamics,
by miftaking a minimum for a maximum ; where he infers, that
the angle in which the wind firikes the fail ought to d>zreal:
as the diftance from the axis of motion increafes, that if ¢= ¢«
the wind ought to firike the fail in an angle of 45° and that,
if the fail be in one plane, it ought to be inclined to the wind,
at a medium, in an angle of about 50°. How he fell into thefz
miftakes, we have explained elfewhere *.  In like manner, tho’
the angle Ack of §4° 44’ be the moft advantageous at the be-
ginning of the motion, when a thip fails with a fide-wind, yet
it ought to be enlarged afterwards as the motion increafes. In

eneral, let ag, parallel to cs, beto ac, asthe velocity which
the engine has already acquired in the dire&ion cs, to that of
the ftream ; upon A c produced take Ap to ac as 4 to 3,
draw p ¢ parallel to cs, and let a circle defcribed from the
centre ¢ with the radius cz meet p ¢ in g ; and the plane ¢ &
fhall be in the moft advantageous f{ituation for promoting the
motion of the engine, when it bife@s the anglea cg. It is
generally fuppofed, that a dire&t wind always promotes the
motion of a fhip, the fail being perpendicular to the wind,
more than any fide-wind ; and this has been affirmed in {everal
late ingenious treatifes ; but, to prevent miftakes, we are
obliged to obferve, that the contrary has been demonftrated in
our treatife of fuxions, § 919 ; where other inftances of this

* Treatife of Fluxions, § 914
Aa fecond
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fecond general problem in mechanics are given, to which we
refer.

30. The mechanical powers, according to their different
firucture, ferve for different purpofes ; and itis the bufinefs of
the {killful mechanic to chufe them, or combine them, in the
manner that may be beft adapted to produce the effect re-
quired, by the power which he is poflefled of, and at the leaft
expence. The lever can be employed to raife weights a little
way only, unlefs the engine itfelf be moved, as, for example,
to raife ftones out of their beds in quarries. But the axis and
wheel may ferve for raifing weights from the greateft depths.
The pullies being eafily portable aboard fhips, are therefore
much employed in them. The wedge is excellent for {eparat-
ing the parts of bodies ; and the fcrew, for comprefling or
{queezing them together ; and its great friction is even fome-
times of ufe, to preferve the effeét already produced by it.
The ftrength of the engine, and of its parts, muft be propor-
tioned to the effeéts which are to be produced by it. As we
found, that, when the centre of motion is placed between the
power and weight, it muft fuftain the fum of their efforts ; a
imall ballance ought not to be employed for weighing great
weights ; for thefe diforder its ftruure, and render it unfit for
ferving that purpofe with accuracy. Neither are great engines
proper for producing fmall effects : the detail of which things
muft be left to the fkillful and experienced mechanic. |

31. But, befides the raifing of weights and overcoming re-
fiftances, in mechanics we have often other obje&s in view.
'To make a regular movement, that may ferve to meafure the
time as exadtly as poflible, is one of the moft valuable pro-
blems in this {cience ; and has been moft fuccefsfully effected,
hitherto, by adapting pendulums to clocks ; tho’ many inge-

nious,
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nious contrivances have been invented to correé ‘the irregula-
rities of thofe movements that go by fprings. Somc have en-
deavoured to find a perpetual movement, but without fuocefs
and there is ground to think, from the principles of mecharics,
that fuch a movement is impoffible. In many cafes, when
bodies a& upon each other, there is a gain of abfolute motion;
but this gain is always equal in oppofite direftions, and the
quantity of diret motion is never increafed. To make a per-
petual movement, it appears neceffary that a certain {yftem of
bodies, of a determined number and quantity, fhould move
in a certain {pace for ever, and in a certain way and manner ;
and for this, there muft be a feries of actions returning in a cir-
cle, to make the movement continual ; fo that any acion by
which the abfolute quantity of force is increafed, of which there
are feveral forts, muft have its correfponding counter-action,
by which that gain of force is deftroyed, and the quantity of
force reftored to its firft ftate. Thus, by thefe acions, there
will never be any gain of dire& force, to overcome the friGion
and the refiftance of the wmedium. But every motion will be
abated, by thefe refiftances, ofits juft quantity ; and the mo-
tions of all muft, at length, languith and ceafe.

32. To illuftrate this, it is allowed, that, by the refolution
of force, there is a gain or increafe of the abfolute quantity of
force ; as the two forces a® and ap (Fig. 2.) taken together,
exceed the force ac which is refolved into them. But you can-
not proceed refolving motion 7z nfinitum, by any machine
whatfoever ; but thofe you have refolved muft be again com-
pounded, in order to make a continual movement, and the
gain obtained by the refolution will be loft again by the com-
pofition. In like manner, if you fuppofe a and 3 (Fig. 42.)
to be perfectly elaftic, and that the lefler body a ftrikes » qui-
efcent, there will be an increafe of the abfolute quantity of

A a2 force,
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force, becaufe a will be refle¢ted ; but if you fuppofe them
both to turn round any centre ¢, after the ftroke, fo as to meet
again in @ and 4, this increafe of force will be loft, and their
motion will be reduced to its firft quantity. Such a gain,
therefore, of force as muft be afterwards loft in the actions of
the bodies can never produce a perpetual movement. There are
various ways, befides thefe, by which abfolute force may be
gained ; but fince there is always an equal gain in oppofite di-
re@ions, and no increafe obtained in the fame dire¢tion ; in
the circle of actions neceffary to make a perpetual movement,
this gain muft be prefently loft, and will not ferve for the ne-
ceffary expence of force employed in overcoming friction and
the refiftance of the medjum.

33. We are to obferve, therefore, that tho’ it could be thewn
that in an infinite number of bodies, or in an infinite maghine,
there could be a gain of force for ever, and a motion con-
tinued to infinity, it does not therefore follow that a perpetual
movement can be made. That which was propofed by Mr.
Leibritz, in Auguff 1690, in the Leipfick alts, as a confe-
quence of the common eftimation of the forces of bodies in
motion, is of this kind ; and, for this and other reafons,
ought to be reje¢ted. It is, however, neceffary to add, that
tho’ on many accounts, it appear preferable to meafure the
forces as well as motions of bodies by their velocities, and not
by the fquares of their velocities ; yet, in order to produce a
greater velocity in a body, the power or caufe that is to gene-
rate it muft be greater in a higher proportion than that velo-
city ; becaufe the action of the power upon the body depends
upon their relative motion only ; fo that the whole a&ion of
the power is ‘not employed in producing motion in the body,
but a confiderable part of it in fuftaining the power, fo as to

enable
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enable it to aé upon the body and keep up with it* Thus the
whole action of the wind is not employed in accelerating the
motion of the fhip, but only the excefs of its velocity above
that of the fail on which it ad&s, both being reduced to the
{fame direction. When motion is produced in a body by fprings,
it is the laft fpring only which acts upon the body by conta&,
and the reft ferve only to {uftain it in its a&ion ; and hence a
greater number of {prings is requifite to produce a greater ve-
lecity in a given body, than in proportion to that velocity.
A double power, like that of gravity, will produce a double
motion in the fame time ; and a double motion in an elaftic
body may produce a double motion in another of the fame
kind. But two equal fucceflive impulfes, acting on the fame
body, will not produce a motion in it double of what would
be generated by the firft impulfe ; becaufe the {fecond impulfe
has neceffarily a lefs effect upon the body, which is already in
motion, than the firft impulfe which aced upon it while at reft.
In like manner, if there is a third and fourth impulfe, the
third will have lefs effe& than the fecond, and the fourth lefs
than the third. From this it appears what anfwer we are to
make to a {pecious argument that is adduced to {hew the pof-
fibility of a perpetual motion.” Let the height a3 (Fig. 43.)
be divided into four equal parts ac, cp, DE, EB: {uppofe the
body a to acquire, by the defcent ac, a velocity as 1, and
this motion by any contrivance to be tran{mitted to an equal
body s ; then let the body 4, by an equal defcent cp, acquire
another motion as r, to be tranimitted likewife to the fame
body B, which in this manner is fuppofed to acquire a motion
as 2, that is fufficient to carry it upwards from s to A 5 and
becaufe there yet remain the motions which a acquires by the
defcents p £ and & B, that may be fufficient to keep an engine
in motion, while © and 4 afcend and defcend by turns, it is

hence concluded that a fufhicient gain of force may be obtained
I in
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in this manner, fo as to produce a perpetual movement. But
it appears from what has been thewn, thata motion as 2 can-
not be produced in s, by the two fucceflive impulfes trani-

mitted from a, each of which is as 1.

Some authors have propofed projedts for producing a per-
petual movement, with a defign to refute them ; but, by
miftaking the proper anfwer, have rather confirmed the un-
fkillful in their groundlefs expeations. An initance of this
we have in Dr. #ilkin’s Mathematical Magick, book 2. chap.
13. A load-ftone at a (Fig. 44.) is fuppofed to have'a fufhcient
force to bring up a heavy body along the plane r 4, from F to
B; whence the body is fuppofed to defcend by its gravity,
along the curve eEF, till it return to its firft place r; and thus
to rife, along the plane r 4, and defcend, along the curve
BEF, continually, But fuppofing 8z to be the furface upon
which if a body was placed, the attraction of the load-ftone
and the gravity of the body would ballance each other, this fur-
face thall meet 5& F at fome point & between a and r, and the
body muft flop in defcending along A& F at the point k.

CHAP
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CHAP 1V,
Of the collifon of bodies.

I. H O’ the laws of motion and principles of mecha-
nics are fufliciently explained and eftablifhed in the
preceding chapters, it will be of ufe, before we proceed to ap-
ply them to fubjeds of a higher nature, to confider the moft
fimple and obvious motions and ph@nomena that are derived
from them ; by which they may be farther tried and examined,
and our methods of reafoning from them juftified : and thefe
are the motions which are produced by bodies impinging upon
one another, which fall frequently under our obfervation, and
can be repeated by us in experiments. It is always from the
moft fimple kind of phznomena that we can trace with the
reateft certainty the analyfis of the laws of nature ; from
which we afterwards may proceed to fuch.as are more com~
licated and abftrufe : but it would be contrary to the rules of
good method to begin with the latter. It would be very pre-
pofterous, for example, in defining or afcertaining the true
notion of the #nertia of body, to begin with chymical experi-
ments concerning fermentation, the folutions of bodies by men~
ftruums, the phznomena of generation and corruption, or
others of that complicated kind. If we fhould begin with
fixing our attention on thefe, we fhould be apt to afcribe to
body an aéivity which is really repugnant to its nature. It is
from obfervations and experiments concerning the fenfible and.
grofs bodies, that we muft acquire our knowledge of the firft
principles of this fcience. 'The dod&rine of the collifion of

bodies was very plain and clear, and deduced ina fatisfattory
| 3 mannes:
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manner from the laws of motion, before fome late authors en-
deavoured to cloud it, by introducing abftrufe notions into it,
in favour of their new doérine concerning the eftimation of
the forces of bodies in motion. But we fhall have no regard
to thefe; and fhall endeavour- to deduce it, in a plain and
fatisfattory manner, from the principles eftablithed and il-
luftrated in the fecond chapter.

2. Bodies have been commonly diftinguithed into three forts.
Thofe are called perfetly hard whofe parts yield not at all in
their collifions, but are abfolutely inflexible ; and fuch the laft
elements of bodies, or atoms, are fuppofed to be. Thofe are
called /of whofe parts yield in their collifions, but reftore not
themfelves again towards their firft pofitions. Thofe are faid
to be elafftic which yield in their collifions, but reftore them-
felves fo as to recover their firft fituation ; and they are faid to
be perfeély elaftic, when they reftore themfelves with the fame
force with which they are compreffed. The adions of per-
feétly hard or inflexible bodies on one another are confummated
in 2 moment : and, as there is no {pring, nor any force, to fe-
parate them, they muft go on together after their collifion as if
they formed one body. But when an elaftic body is aced on
by any force or power, its parts yield at firft, and afterwards
reftore themfelves by degrees to their firft fituations. There is
a time required for this, which may be diftinguithed into two
portions ; the firft is the time during which the parts yield and
become more and more comprefled ; the other is the time
during which they reftore themfelves to their firfk fituations.
When two fpherical elaftic bodies meet;, at firft they touch
one another in a point, but their conta& gradually increafes,
as the parts that touch and prefs on one another yield, till their
greateft compreflion : and afterwards thefe parts recover by the

fame
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fame fleps, tho’ in a contrary order, their firft fituations. The
actions of elaftic bodies may be explained by imagining
fprings x L placed betwixt hard bodies a and s (Fig. 14.); for
the {fprings muft have the fame effe@ in this cafe, as the elaf-
ticity of the parts of the bodies in the other cafe. If a move
towards 3 and comprefs the {prings, and, by their mediation,
act on 8, the {prings will become more and meore comprefied,
till the two bodies have equal velocities in the fime dire@ion ;
and then, no force acting on the {prings, they will have liberty
to begin to expand themfelves ; which they will do by the fame
degrees as they were comprefled, in a contrary order: and
this is the fecond period of the aétion of the bodies on one an-
other. In the firlt period of the a&ion of elaftic bodies, or
of bedies acting by the intervention of {prings, the fame effe@ts
are produced as if the bodies were perfectly hard. At the end
of this period the refpective velocity of the bodies is deftroyed,
and in the inftant when it ceafes the fecond begins, the velo-
cities of the bodies in the fame direion being now equal.
In this fecond period of the acion of the bodies, if the elafticity
is perfed, the fprings expanding themfelves by the fame force
with which they were comprefled, the bodies muft be feparated
with a refpe@ive velocity equal to that they had before their
collifion ; and whatever motion was added to, or {ubdu&ed
from, either body, in the firft period, as much will be added
to, or fubduéted from it, in the fame direction, in the {econd ;
{o that there will be twice as much force loft, or twice as much
gained, by either, as if the bodies had been perfectly hard.

3. The effe@s produced in the firft period of the adtion of
bodies that have an imperfect elafticity are the fame as when
the bodies are perfectly elaftic; but, becaufe their parts recover
their firft fituations with lefs force than that whereby they were
difplaced from them, there is lels force loft or gained in the

Bb {econd
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{fecond than in the firft period. There is, however, a conftant
proportion obferved between what is loft or gained in thefe two
periods, in the fame fort of bodies ; {o that there isa conftant
proportion between their refpeéive velocities before and after
their collifion. In glafs, for example, this proportion is ob-
ferved to be that of 16 to 13.

4. In foft bodies, whofe parts yield {o as not to reftore them-
felves at all to their firft fituations, the aétion muft be the
fame as in the firft period of perfe@tly elaftic bodies, and the
fame as in perfectly hard bodies. By their collifion their re-
{pective velocity is deftroyed, the 7nertia, or refiftance of the
parts, having the fame effe& in this cafe, as their {pring in the
other.  After the collifion they go on together as one mafs,
there being no {pring to feparate them. Becaufe the partsyield,
in their collifions, certain philofophers have imagined that fome
force muft be loft in producing this effe® : but there is no
motion communicated to any one part that it can lofe without
communicating it to others ; a body moving in a fluid lofes no
force but what it communicates to the parts of the fluid ; and
a body aéting upon a {oft body canlofe no force but what muft
be communicated to the parts of that body, which therefore
muft be accumulated to the force of the whole. The parts are
indeed moved out of their firft places, but this can produce
no lofs of force ; for it is manifeft, that if A move and ftrike
B, (Fig. 45.) and make it go into the place 4, and there ftrike
¢, fo that it remain itfelf in the place 4, all the force which a
had at firft muft be ftill found in 4 or ¢, and there can be none
loft or. confumed in carrying & from its firft place B, to its laft
place 4, fince a loft none but what it gave to 5, and & could
lofe none, but what is communicated to c. There can be no
force loft in this cafe more than if & had ftruck c in its firft place
B; nor would there be more force loft in 5 moved twice or

4 thrice
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thrice as far before it ftruck c¢. In like manner, when a bod
acts upon a {oft body and moves its parts out of their places,
the force which the firft body lofes is employed in moving thofe
parts indeed, by which they acquire whatever is loft by it, and
lofe none of what they thus acquire, but by communicating to
other particles ; nor is it of moment how far they are moved
from their places, but what force is communicated to them,
which it is not poffible to conceive they can lofe by merely
moving out of their places, but by acting on other particles.
!

5. This will ftill be found true, tho’ you fuppofe the par-
ticles of the foft body to cohere with fome certain degree of
force. That cafe may be explained by fuppofing particles, s,
cand p, (Fig. 46.) cohering by a ftring of a certain degree of
ftrength, and that a impelling ¢ changes the fituation of the
particles with refpect to one another. In this cafe, a will lofe
no force which will not be all communicated to ¢, but fome
part, by mediation of the ftring, muft be imprinted on s and p,
and all that a lofes and is not given to ¢, muft be communi-
cated to 5 and b, if we fuppofe the ftring infinitely fine, or ab-
ftra& from its szertia, and reckon all the force in the fame di-
rection. It is true the ftring will be ftretched by the force
which is at firft imprinted on ¢, but as ¢ can lofe none but
what B and p reccive, there can be no force loft from that caufe;
and, if the ftring thould break, the only confequence can be,
that there will be no mote force communicated from c to »
and p, after that happens. From the equality of action and
re-adtion it follows, that the firing aés equally on c and 5, and
on c and p; fo that it adds as much force to 3 and » as it
takes from c¢; and, as this is always true, it muft hold in the
inftant when the ftring breaks, as well as before :* the cohefion
of the particles, therefore, can be the occafion of no lofs of
force, taking in all that are affe@ted in the collifion, and there

Bb 2 appears
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appears no ground for fuppofing that any force is confumed,
in making the parts of foit bodies yield, but what is accumu-
lated to the whole mafs of body, whileits parts continue all
together.

6. Thele things being premifed, firft let the bodies 4 and =
(Fig. 47.) be fuppofed void of elafticity, let ¢ be their centre of
gravity, and let a p and s p reprefent their velocities before the
firoke. Then fuppofing the {troke to be direct, after it they
will proceed together as forming one mafs, and their centre of
oravity being carried along. with them, their common velocity
will be the fame as the velocity of that centre, which (by § 135.
chap. 2.) is the fame after the flroke as before it. But while
the bodies defcribed a p and B b before the {troke, their centre
of gravity moves from ¢ to p, the place where they meet, or
the one overtakes the other ; therefore the common velocity
of a and s after the ftroke is meafured by cp, their velocities
before the ftroke being reprefented by ap and Bp refpectively.
The right line cp fhews the dire@ion as well as the velocity of
their motions after the ftroke ; for it is always in the direcion
from ¢ ton. If o fall upon c, then ¢ p vanithes, and their
motions are deftroyed by the ftroke. This propofition ferves
for determining the cafes when the bodies. are either perfe@l
hard, or perfectly {oft, |

7. But if the bodies are perfe@ly elaftic, take ce equal to
¢ p in an oppofite direGtion ; and the velocities of a and & after
the ftroke, with their dire&ions, will be reprefented by ga and
E B refpectively. For the change produced in their motions by
the ftroke, being, in this cafe, double of what it was in the
former, by § 2; and the difference of ap and c¢p (the change
produced in the velocity of 4 in the former cafe) being equal
to the difference of ¢, or c&, and ra, it follows that the

velocity



Cuar. 4. PHILOSOPHICAL DISCOVERIES. 18¢g

velocity of a after the ftroke is meafured by £ a; and the dif-
ference of ®pand cp, or er, wiz. cB, being equal to the dif-
ference of cp and »p, it follows, that &8 is the velocity of &
after the ftroke. If B have no motion before the ftroke, let
an reprefent the velocity of a, take ce equal and oppofite to
c s, and Ea, £B, will reprefent the velocities of a4 and s after
the ftroke : in which cafe, the velocity of a before the ftroke
is to the velocity of B after it, as aB to &5, or 2cp; thatis, as
one halt a3 to c3, and therefore (by the property of the centre
of gravity) as half the fum of the bedies a and & to a.

From this theorem, all the cafes relating to the motion of
bodies that have a perfe& elafticity may be immediately de-
duced. For example, if the bodies a and s be equal, then
ca=cs, and {ince cE=cp, it follows that £ a=8D, and es=
aD ; that is, the bodies exchange their velocities by the ftroke.

8. But if the elaflicity of the bodies is imperfe@, take c=
(Fig. 48. 7. 1.) equal and oppofite to cp, but ca lefs than
ca, and c 4 lefs than ¢ B, in the fame propertion as their elafti-
city is lefs than a perfe& elafticity ; and the right lines 4 and
e will reprefent their velocities after the firoke, by § 3 : be-
caufe if we diftinguith the time in which the bodies a& upon
each other into two periods, as in that article, the effect produced
in the fecond period will be lefs than the effe¢t produced in the
firflt period, in that ratio. In this cafe their refpective velocity
after the flroke is reprefented by @ 4, and is to their refpetive
velocity before the ftroke, as @ 4 to a 3. In glafs, Sir [fzac
Newron found this ratio to be that of 15 to 16, as was ob-
ferved above ; confequently in determining the effe of their
collifions, we are to take ca=1ica, andeb=Xcs,

9. K
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9. If motion be communicated, in this manner, from a
body a to a feries of bodies in a geometrical progreflion, then
the velocity fucceflively communicated to thofe bodies will be
likewife in a geometrical progreflion ; and if A and 5 be the
two firft bodies, the common ratio of the velocities will be that
of half the fum of a and s to a; that is, if the bodies 4, 8, be
reprefented by the right lines 02 and 04, (Fig. 48. ». 2.) and
a b be bifected in ¢, the common ratio of any two fubfequent
velocities in the progreflion will be that of 0 ¢ to v 2 ; and if
reprefent the number of bedies without including the firft a4,
the velocity of the laft will be to the velocity of the firft, as
the power of 0 2 whofe exponent is # to the fame power
of ve.

10. Any three bodies being reprefented by o4, 04, and o4,
take 0f to 0d, as o is to v 4; then {uppofing the motion to
begin from the firft 0 2 (which was fuppofed to ftrike 04 qui-
clcent, and 04 afterwards to firike o & quiefcent) the velocity
communicated, in this manner, to the third {hall be to the ve-
locity of the firft, as oz is to one fourth part of the fum of o ¢,
0, of and od. For the velocity of the firft 0 2 is to the velo-
city of the fecond 04, asthefum of 02 and 0 4 to 204 ; the
velocity of 04 is to that of od, as the fum of v4 and od to
206 ;5 confequently the velocity of the firft o 2 is to the ve=
locity of the third ¢ &, in the compound ratio of va+0b to
20a and of vd+vd to 206, thatis, (fince va, 04, of, od, are
proportional, fo that oz isto 64, asoa+ofto 0b+0od, andoa
+0b to 06, asthe fum of 04, 05, of and od to vb+0d) as the
fum of oz, 04, ofand od is to 404. Hence the velocity of
04 being given, the velocity communicated to od is inverfely
as the fum of 02, 04, 0 fand od, and is greateft when this
fum is leaft ; ¢hatis, if o2 and od be given, when 04 and of

coincide
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coincide with each other and with o £ the mean proportional be-
tween oz and 0d.  Therefore the velocity communicated to od
is greateft when 04, the body interpofed between oz and 0 4, is a
mean proportional between them. This is one of Mr. Huygerns’s
theorems ; from which it follows, that the more fuch geometrical
mean proportionals are interpofed between oz and od, the
greater is the velocity communicated to od. There is, how-
ever, a limit which the velocity communicated to od never
amounts to, (the bodies 02, od, and the velocity of oa
before the ftroke, being given) to which it approaches conti-
nually, while the number of fuch bodies interpofed between
oa and od is always increafed. And this limit is a velocity
which is to the velocity of the firft 0 @ before the ftroke, in the
fubduplicate ratio of o4 to od ; as we have demonftrated in our

Suxions, § 514.

r1. The fame principles will ferve for determining the ef-
fe&s of the collifions, when a body flrikes any number of bodies
at once, in any directions whatever. Let the bodies firft be
perfe@ly hard and void of elafticity, and the body ¢ (Fig. 49.)
moving in the direGtion ¢ p with a velocity reprefented by c o,
ftrike at once the bodies a, &, B, &c. that are fuppoled at reft
before the ftroke, in the direétions cr, cu, cx, &c. in the fame
plane with ¢, and let b 2, D 4, De, be perpendicular to c 7, cu,
CK, in @, 4, and e, refpectively. Determine the point p where
the common centre of gravity of the bodies c, a, », &, &.
would be found, if their centres were placed at the points c,
a, b, e, &c. refpe@ively, (by § 13. chap. 2.); joinp e, andcL
parallel to p » fhall be the direGtion of the body c after the
ftroke. Let pr, perpendicular to p », meet ¢ in ®r, and pr,
perpendicular to ¢p, meet cvin L ; then if ¢ 1 be divided in 6,
fo that cc be to cvr in the ratio compounded of that of ¢p to
c R, and that of the body ¢ to the fum of all the bodies, the ve-
locity
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Jocity of c after the firoke will be reprefented by co ; that is,
the velocity of ¢ after the firoke will be to its velocity before
it, asccisto cp. Letcf, ¢h, and 64 be relpectively per-
pendicular to cr, cH, and ¢k, in f; 4, and £; and the velocities
of », B, and &, after the ftroke, will be reprefented by cf, ch
and ck.

But if we now {uppofe the bodies to be perfedtly elaftic, or
the relative velocities, before and after the ftroke, to be always
equal when meafured on the fame right line ; produce p ¢ till
p g be equal to 2D, join cg, and the body c will deferibe ¢ g
after the ftroke, in the fame time that it would have defcribed a
right line equal to cp, before the ftroke. And, in like manner,
the motions are determined when the elafticity is imperfec, if
the relative velocity after the ftroke is always in a given ratio
to the relative velocity before it in the {fame right line. Mr.
Bernouilli has refolved only a very limited cafe of this problem,
in his Effzy on motion, Paris 1726 5 for he fuppofes the bodies
‘to be perfedly elaftic, and that, for each body on one fide of
the line of direétion ¢ v, there is always an equal body on the
other fide, that is impell'd in a right line forming an equal
angle with ¢ » 5 {o that the body ¢ moves with the fame di-
rection after the ftroke as before. The folution of this parti-
cular cafe, (which he reprefentsas a matter of uncommon dif-
ficulty, and magnifies as the fruit of the new do@rine concern-
ing the forces of bodies) he derives from this principle, ¢ that
the fum of the bodies multiplied by the {quares of their velocities
is the fame before and after the ftroke;” which principle,
however, had never been demonfirated by him ; for it cannot
be confidered as an immediate confequence of the equality of
action and re-adtion, as he too haftily concluded, by what was
fhewn above, But the folution of thefe and other problems

4 of
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of this kind is derived, in a natural eafy and general manner,
from the laws concerning the fum of the motions of a fyftem
of bodies eftimated in a given direction, and concerning the
motion of their centre of gravity, which is never affected by
their collifions.

12. The fame things being fuppofed as in § 7. becaufe ce=cp,
(Fig. 47.) itfollows that ap*—aE*=4cExca; and that 5p*—
BD®=4CEXCB. But AX4CEXCA=BX4CExCB, by the. pro-
perty of the centre of gravity c : therefore axap*~axar’=
BX EB*—BX BD? O AXAD>4+BXBD’=AXAE +BXEB"; that Is,
when the bodies are perfedtly elaftic, the fum arifing when
each is multiplied by the {quare of its velocity, is the fame
after the ftroke as before it.  The fame things being now fup-
pofed as in the laft article, let pa, g¢, fm, hn, kr, be per-
pendiculars to ¢, in @, ¢, #2, 7, and 7; then the reGangles
contained by cs and cg, ¢z and cq, c7 and cc, will be
refpe@ively equal to the {quaresof ¢ f, c¢h, and ¢4 If the
bodies ¢, a, B, E, be{uppofed to have no elafticity, their ve-
locities after the ftroke will be reprefented by cq, cf, ¢/ and c4,
the velocity of ¢ before the ftroke being reprefented by c o, be-
caufe, inthis cafe, no relative velocity is generated by the ftrokein
their refpective diretions ; and the fum of Axc, Bx c#, Excr
is equal to cxca_, becaufe the fum of the motions which would
be communicated to a, B and g, in the dire¢tion ¢ g, is equal
to the motion which ¢ would lofe in the fame dire¢ion, by § 4.
chap. 2. Therefore the fum of a x ¢ f?, Bxcb®, Exct* is equal
to cxcaxcq ; and to thefe if we add cxca?, the fum of all
the bodies multiplied by the fquares of their velocities in this
cafe would be cxcexeq. But when the bodies are fuppofed
to be perfedtly elaftic, the velocities of 4, » and 5, are to Le
reprefented by 2¢c f; 2ch, and 2 c4, relpedtively ; the fum of
axgqcf3 Bxgch and Bx4ck’, is equal to cxq4cGxcaQ or

Cc (Elen.
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(Elem. 8. 2.) excq’~cxcg’; to which if we add cxcg* (or
cxcg*+cexpQ’) the whole {um of the produ@s, when each
body i multiplied by the {quare of its velocity, is equal to
cxcp®; and confequently the fame after the ftroke as it was
before the ftroke. When therefore the bodies are void of elal-
ticity, this fum is lefs after the ftroke than before it, in the
ratio of cexcqto ¢p? or of cctocL, L being the point
where 1 p perpendicular to ¢ p meets ¢ . And when the
bodics a, B, E, move, before the flroke, in direéions different
from thofe in which ¢ a&s upon them, the propofition will ap-
pear by refolving their motions into fuch as are in thofe di-
recions (which alone are affeGted by the ftroke,) and {fuch as
are in perpendiculars to thofe directions, from Elem. 47. 1.
This propofition likewife holds when bodies of a perfe&t elaf-
ticity ftrike any immoveable obftacle as well as when they ftrike
one another, or when they are conftrained, by any power or
refiftance, to move in directions different from thofe in which
they impell one another. But it is manifeft, that it is not to
be held a general principle or law of motion, fince it can take
place in the collifions of one fort of bodies only. The folu-
tions of fome problems which have been deduced from it may
be obtained, in a general and dire& manner, from plain prin-
ciples that are univerfally allowed, by determining firft the
motions of hard bodies, which are {fuppofed to have no elaf-
ticity, and thence deducing the folutions of other cafes, when
the relative velocities before and after the firoke are equal, or
in any given ratio.

13. From what was thewn in the laft article, we are led to the
principie, which, by Mr. Huygens, was called the confervatio vis
afcendentis. It is well known, and was proved in § 11. chap.
1. that the heights to which bodies will rife againft the dire&

refiftance
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refiftance of an uniform gravity are as the fquares of t\e velo-
cities with which they fet out. In the laft article we found
that the fum of the produés, when the bodies are multiplic:!
by the {quares of their velocities, is the fame after as before the
ftroke ; provided the bodies be perfedly elaftic. If, thercfors,
we fuppofe the motion of the bodies to be turned upwards in
vertical lines, the fum of the produéts when each body is mul-
tiplied by the height to which it would arife is the fame after as
before the ftroke. But by the property of the centre of gra-
vity, in § 15. chap. 2. the fum of the produés of the bodics
multiplied by thofe heights is equal to the produ&t of the fum
of the bodies multiplied by the height to which their centre of
gravity would arife. Therefore when the motions of bodies
are fuppofed to be converted upwards in vertical lines, before or
after their collifions, their common centre of gravity will al-
ways arife to the fame height; and that is what is meant by
Mr. Huygens when he tells us the vis afcendens of any fyftem of
bodies is not affe¢ted by their collifions or mutual a&ions, pro-
vided they be perfe@tly elaftic ; for if they are foft bodies, or
have an imperfe& elafticity (which indeed is the cafe of all
bodies we have accefs to examine,) then it is obvious that by
their collifions their motions are often diminithed, and fome-
times totally deftroyed ; fo that the centre of gravity will ne-
ceflarily arife to a lefs height after their collifion than before it,
if the motions of the bodies be fuppofed to be converted up-
wards in vertical lines.

14. When bodies are moved by their gravity, and at the
fame time aét upon each other, it will ftill be found, that the
fum of the produds that arife when each body is multiplied by
the fquare of the velocity acquired by it, is equal to the diffe-
rence of the fum of the produ@s of thofc that defcend multi-
plied by the fquares of the velseitice that would have been ac-

Cr 2 q_u_ired
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quired by the fame defcents, if the bodies had fallen freely Withqut
acting uponcach other, andof the fumofthe produéts of the bedies
that afcend multiplied by the fquares of their re{pective velo-
cities that would be acquired by falling freely along the refpec-
tive cltitudes to which they have arifen ; provided that the
elufticity of the bodies be perfe& ; or if it be imperfect, that
there be no collifion, or fudden communication of motion
from onc body to another. For if the relative velocities in their
refpective dire@ions be lefs immediately after that action than
before it ; in thofe cafes, the fum of the produés of the bodies
multiplicd by the fquares of their velocities will be lefs than it
would have been it the bodies had defcended freely from the
fame refpective altitudes ; and if the bodies be fuppofed to af-
cend with their refpecive velocities at any time, and their mo-
tions be retarded by their gravity only, the common centre of
gravity will not afcend to the fame level from which it de-
icended ; as we have thewn at length in our Treatife of Fluxions,
from § 521 to 533.

15. The true general principle on this {fubje, is, that when
any number of bodies, moved by their gravity, are connected
together in any manner fo as to a& upon each other while
they move, the afcent of their common centre of gravity, in
their vibrations or revolutions, will be always found to be either
equal to its defcent, or lefs than it, but never to exceed it.
And, from this principle, the impoflibility of a perpetual mo-
tion is juftly derived. For it appears, that, in fuch vibrations
and revolutions, the fucceflive afcents of the centre of gra-
vity muft continually diminifh, in confequence of the attri-
tion of the parts of bodies, and the refiftance of the medium ;
fince the alcent of the centre of gravity being never greater
than the defcent (tho’ often lefs than it,) there can be no gain

of

I
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of force to overcome thofe refifftances. All motion, there-
fore, muft be abated and gradually languith in our mechanical
engines, unlefs they be {upplied by new and repeated influ-

ences of the power.

15. It is very well known, that, when allowance is made
for the defe& of elafticity in bodies, for attrition, and the re-
fiftence of the medium, thefe conclufions are perfectly agree-
able to experience ; and therefore ferve to confirm the ge:
neral laws of motion with their corollaries, and our metheds
of reafoning from them.

CHAP V.

Of the motion of projeftiles in vacuo ; of the eycloid, and the

motion of a pendulum in it *,

LEMMA I

Suppofe the motion of a body to be uniformly accelerated ;
let the time be reprefented by the right line a M, (Plaze IV.
Fig. 1) and any part of it by a x, draw M N, x L perpen-
diculars to A M in M and k, and a~ interfeéting them in ~ and
L : then the velocities acquired in thetimes a M, a x, reckoned
from the beginning of the motion, will be as the perpendicu-
lars M N, k 1, but the {paces defcribed in thefe times will be as

the areas AMN, AKL.

* To render the fecond book more complete, we have added this fupplement,
from two pieces which the author ufed to give his {cholars. The fubftance of them
is taken from the learned Mr. Cozes’s trats, printed at the end of his Harmonia
Menfurarum.

This
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This propofition has been demonftrated elfewhere ; but we
fhall here add the proof that is commonly given of it, by the
method of indivifibles.

Since the motion of the body is {uppofed to be uniformly
accelerated, that is, to receive equal increments of velocity in
equal times, the velocities acquired will be always proportional
to the times : fo that if m x reprefent the velocity acquired in
the time a m, it follows, becaufe amM:ax:: MN: kL, that
x . will reprefent the velocity acquired in the time a4 x. After
the fame manner, the velocities acquired in the times 4 B, a ¢,
A p, &c. will be reprefented by the perpendiculars s&, cF, DG,
&c. refpetively.

The fpace defcribed by any uniform motion is as the rect-
angle contained by the right lines that reprefent the velocity
and the time : therefore the fpaces defcribed in the times A,
B ¢, CB, D H, &¢c. with the velocities 8 &, c F, D G, H1, &, are
as the reftangles Ak, 3 ¥, cc, D1, &¢. and the fpaces de-
fcribed in the whole time ak as the fum of thefe re¢tangles.
That the motion may be uniformly and continually accelerated,
fuppofe the number of the parts a8, 8¢, ¢ p, &. into which
the line ax is divided, to be increafed 7 infimitum, and the
fum of the rectangles a &, B¥, ¢ 6, &%, will become equal to
the triangle ax L. Therefore, in a motion uniformly accelerated,
the fpaces defcribed in any times 4 x, a M, from the beginning
of the motion, are as the areas Ax1, aMN. °

 Corol. 1. The fpace defcribed by a motion uniformly ac-

celerated, in any time, is half the fpace that would be de-
fcribed, in the fame time, by an uniform motion with the
velocity acquired at the end of that time.

I The
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The {pace defcribed by a motion uniformly accelerated, in
the time a x, is reprefented by the triangle axL ; the fpace
that would be defcribed by an uniform motion, in the fame
time, with the velocity x v, is reprefented by the re@angle
contained by a x and x L, but the triangle a x v is half of that
re¢tangle ; and the propofition is manifeft.

Corol. 2. The fpaces defcribed by a motion uniformly ac-
celerated, are as the fquares of the times from the beginning
of the motion ; for thofe fpaces are as the fimilar triangles
axL, AMN, whofe homologous fides a x, aM, reprefent the
times. For the fame reafon, the fpaces are alfo as the fquares
of (kr, M N.) the velocities acquired at the end of thofe

fpaces.

Corol. 3. If the accelerating force is {fuppofed to be greater
or lefler in any given ratio, the velocities generated by it, in a
given time, will be increafed or diminifhed in the fame ratio.
And in any times, the velocity generated by this force, will be
to that generated by the former, in the compounded ratio of
the forces and of the times.

Corol. 4. The fall of heavy bodies, either perpendicular or
along inclined planes, being a motion uniformly accelerated,
the preceding Lemsma and its corollaries may be applied to

them.

LEMMA 1. Fg IL

If two heavy bodies fall from reft at ¢ to the horizontal line
A B, one in the vertical ¢ 3, and the other along the inclined
plane c a ; the time of defcent from ¢ to 5, will be to the time

of
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of defcent from ¢ to a, asce to ¢ A; and the velocities ac—
quired at 5 and a will be equal.

For let the force of gravity by which the body defcends in
the vertical ¢ 3, be reprefented by ¢ », and refolved into the forces
8D perpendicularto ¢ a, and ¢ D ; the other body is urged along
the inclined plane by c¢p only. Therefore the accelerating
forces by which the bodies defcend in the vertical ¢s and along the
inclined plane c a, are reprefented by c 8 and cp. The fpaces
defcribed in equal times, by the uniform continued aéion of
any forces, are in the fame ratio as thofe forces: therefore
the bodies will fall from ¢ to s, and from c to b, in equal times.
But the time of defcent fromc to p is to the time of defcent from
c to a (by Corol. 2. and 4. Lem. 1.) in the fubduplicate ratio
of cp to c 4, that is, (becaufe ¢, c B, c 4, are in continued
proportion) in the ratioof ¢p to ¢ B, orof csto c a.

~ Again, the velocities generated in the falls are in the com-
pound ratio of the generating forces, and of the times of their
generation (Corol. 3. Lem. 1.) that is, in the prefent cafe, in
the compound ratio of ca to c s, and of ¢35 to ca ; which
compound ratio is that of equality. o

LEMM.A I

Upon the fame horizontal plane, let there be raifed an-
other plane ¢ 4, whofe clevation is ¢ s ; from ¢ draw c1
parallel to ca, meeting 8a in1, and from s the line 54 per-
pendicular toc 1. Then c s reprefenting, as before, the con-
ftant force of gravity, ¢ b, cd will reprefent the accelerating
forces along the planes ca and (c1 or) ¢ 25 and their ratio being
compounded of thofe of c¢p to ¢ 3, and of ¢35 to ¢ &, that is,

of
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of c3 to ca, and (c1to cB or) catocs; it follows that
thofe accelerating forces are dire@ly as the elevations of the
planes, c 8, ¢ B, and inverfely as their lengths c 4, ¢ 4.

Corol. 1. Compound now thefe three ratios ; that of ¢ a to
cB, of vycBtovcs, and of ¢Btoca, their fum gives the
ratio of the times of falling thro’ ¢ a and ¢ 4, being the direct
ratio of the lengths ¢ 4, ¢, and the inverfe fubduplicate of
the elevations ¢ B, or ¢ 5.

Coral. 2. The velocities acquired being as the accelerating
forces and the times in which they a& ; compound the ratio of
thefe found in the preceding Lemma and Corellary, and there
will refult that of the velocities, viz. the dire& fubduplicate of
the elevations ¢ B, ¢ s,

Corol. 3. Hence likewife it is inferred, that if (Fig. III.) a
body fall from reft at ¢, to a in the horizontal line a s, along
any number of planes ¢p, D E, E 4, inclined to each other
any how, asat p and &, the velocity at a will be the fame as if
the body had fallen in the vertical ¢ 5 ; abftra&ing however
from the lofs of velocity that happens by its impulfes at » and
B, upon the contiguous planes.

That multiplying the number of planes from c to s, till the
path of the body becomes curvilinear, the velocity at a will be
accurately the fame as in the perpendicular fall ¢ s.

And laftly, that if a feries of planes, ¢ d, d e, &c. fimilar
and {imilarly fituated to the former, or two fimilar and fimilarly
fituated arcs of a curve, be the path of the body ; the velocities
will be as the lengths of the paths ; and the times in the {ub-

Dd duplicate
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duplicate ratio of thofe lengths, of the heights c 8, ¢ 4, or of
any two homologous lines belonging to the figures,

Corol. 4. Let a p (Fig.IV.) be the diameter of a eircle touch-
ing the horizontal line in 4 5 ¢ 4, ¢4, any two chords drawn to
a. Then, if bodies defcend by the force of gravity along thefe
chords, the times of defcent will be equal ; and the velocities
will be proportional to the chords ¢, ¢ a.

For, joining p ¢, D¢, and making cE, ¢ e, perpendiculars
to the diameter ; becaufe the triangles b ¢ 4, & ¢ A are fimilar,
as alfo p ¢ a, eca it is eafily thewn, that cais to ¢ A in the
fubduplicate ratio of the elevations AE, Ae: and this com-
pounded with the fame ratio inverted, gives the ratio of equality ;
which, by Corol. 1. is that of the times,

. And, by Corol. 2. the velocities are in the fubduplicate ratio
of A® toae, or that of ca to ¢ a,

L Of the motion of projectiles.
PROPOSITION 1. Fg. V.

The line defcribed by a heavy body, thrown in any diretion not

perpendicular to the horizon, is a parabola.

Suppofe a body proje¢ted in the dire&tion ap, with the ve-
locity it would have acquired by falling from & to a, the body,
by that force alone adting upon it, would uniformly defcribe the
right line a p ; and any part of the line of direGion, as A H, re-
-prefents the time in which it would be defcribed.

Suppofe



Cuar. 5. PHILOSOPHICAL DISCOVERIES.  :zo3

Suppofe that the force of gravity, a&ing alone, would have,
in the fame time, carried the body from a to r; compleat the
parallelogram apmm, and, at the end of the time reprefented
by 4 u, the body will actually be found in . Since, by the
fult Corollary of the firt Lemma, the time in which the
body falls from & to a is the fame in which it would defcribe
2 Ao B by an uniform motion, with a velocity equal to that
acquired at 4, therefore that time will be reprefented by 2 a 5.
But the time in which the body would fall from 4 to » being
reprefented by a m, it follows, from the fecond Corollary of the
fame Lemma, that ap:aAB:: AH*: 44387 and 4apxaP=an"
=pM*: from which it appears that the point m is a point in
the Parabola whofe diameter is A ¢ and vertix a, having the
parameter of that diameter equal to 4 as.

Corol. 1. 1t is evident that the line A u is a tangent to the
Parabola in A, becaufe it is parallel to the ordinate p m.

Corol. 2. Since 4 A8 is the parameter of the diameter a r, it
follows that the parameters belonging to the vertex a of the
diameter A p are always in the duplicate ratio of the velocities
of the projection, the fpace a B being always as the fquare of the
velocity acquired by falling from Bto a. It follows alfo that
the parameter of A » is the fame when the velocity of the pro-
jection is the fame, whatever the direction A u of -the pro-
je@ile be.

Corol. 3. If from A as centre you defcribe the femicircle

B L, its circumference thall be the /ocws of all the foci of the
parabolas that can be defcribed by a projectile thrown from a,
with the velocity it could acquire falling from & toa : for, by
a known property of the parabola, the diftance of the focus
d o from
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from A is always equal to ; of the parameter of the diameter
that paffes thro’ a : that is, to of 448 orto asitfelf ; all
the foci muft therefore be found in the femicircle s o 1.

Corol. 4. Hence it is eafy to determine the parabola defcribed
when the dire@ion of the projectile is given ; for you need
only draw ar fo as to make the angle ¥ 4 p equal to the given
one D A 8, which the direGion A p makes with the perpendi-
cular A B, and the point F where a F cuts the femicircle QL
{hall be the focus required ; and, if you draw thro’ ¢ the line
¢ N parallel to 4 B cutting the direftrix e in N, it {hall be the
axis, and 1, the middle point betwixt r and n, fhall be the
vertex of the parabola, 4 F 1 being the parameter of the axis.

Corol. 5. If you draw a line thro’ the vertex 1 parallel to the
direfirix, meeting A 5 in c it muft be bife¢ted by the line of
direction in p; and if you draw a line from the focus , to b,
it will be perpendicular to the tangent, and will pafs thro’ e if
produced, as appears from the properties of the parabola : and
therefore a femicircle defcribed upon a & asdiameter will always
pafs thro” the point b, where the line of dire@ion cuts c 1 the
tangent to the vertex of the parabola.

Definition. X you draw a line thro’ the point 4, parallel to
the horizon, cutting the axis in o and the parabola in x, then
ax is called the amplitude of the parabola.

PROPOSITION II

The amplitude of any parabola is always equal to four times
the fine of double the angle which the line of diretion makes with
the vertical, taking the balf of As for radius. X

For
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ForaAx=2A0=2c1=4cp; butax is the amplitude of
the parabola, and c b is the fine of the angle » ¢ B, which is
the double of & a b, if you take ¢ & (=1 a &) for radius.

Therefore the amplitude is equal to 4 times the fine of

double the angle & a p, which the vertical makes with the line
of diretion.

Corol. 1. The velocity of proje&ion being given, the ampli-
tudes are to one another as the fines of double the angles of
inclination.

Corol. 2. If the angle BAD does not exceed 435° then it is
plain that the more acute that angle is, the amplitude a x muft
be the lefs ; fince the fine of double that angle muft become
lefs, and the amplitude is equal to four times the fine.

When the angle & a p vanifhes, then the parabola A 1x coin-
cides with the ftreight line A 8 ; and the projectile, inftead of
defcribing a curve, will only rife to 5 and fall again to a.

On the other hand, the more the angle 8 A p approaches to
43° the line ¢ p, which is the fine of double that angle, be-
comes the greater : and therefore the amplitude a x, which is
quadruple of that fine, muft alfo become the greater.

Corol. 3. When the angle 8 A b becomes 435°, the points F
and o fhall fall on the point o, where the femicircle 3 o L cuts
the horizontal line a x ; the fine ¢ p of double B A D becomes
now the fine of 9o°, and therefore is equal to the radius ¢ A.

But
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But fince the radius is the greateft {ine, it is plain that now
the amplitude ax is the greateft that can be defcribed by any
proje&ile thrown from a with a velocity which it would have.
acquired by falling from B to 4 : and this greateft amplitude is
always double of B a; for ax in this cafe is equal to 44c
=2 a8 Hence it appears, that if you throw a body in a di-
reGtion that makes an angle of 45° with the horizon, it will be
carried farther on the horizontal line, than if you threw it with
the fame force in any other dire@ion.

Corol. 4. When the angle BaD is greater than 4.5° then ac-
cording as it approaches to a right angle, the parabola becomes
more and more open, but the amplitudes a x decreafe as the
angle B A D increafes ; for A x = 4¢p, and cp muft, in this cafe;
decreafe according as B A p increafes.

If of two directions Ap and ad, the elevation of the one ex-
ceeds that of 4.5° as much as the elevation of the other wants
of it, theiy amplitudes will be equal ; for the fines of double
thefe angles muft be equal, becaufe they are fupplements to two
right angles, to one another : but the amplitudes of the para-
bola are always quadruple of thefe fines, and therefore they
muft alfo be equal to one another. That the doubles of thefe
angles are {fupplements to one another appears thus: let their
difference from 45° be called a, and the greater fhall be 4 5°+a,
the lefler 45°—4, their doubles thall be 9o°+2aand go°—2 4,

which are fupplements to each other becaufe together they make
up 1 807,

Corol. 5. When the angle 5 a p becomes a right angle, then
AB 'becomﬁs the axis, and a the vertex of the parabola, ¢ p
vanifhes, and 4 % becames = o,

T Corol,
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Corol. 6. When the angle & a p becomes greater than a right
one, then the curve defcribed fhall be only a portion of the
parabola that we have confidered in the preceding corollaries,

lying on the other fide of a.

Corol. 7. If there is given the smpetus or velocity wherewith
the projectile is thrown, and the angle of elevation, or its com-
plement ® a p, you may find the amplitude a x, and the alti-
tude of the purabola defcribed by this projetion. For {eeing
the amplitude of 45° is 2 a B (which is the line that always
expreffes the velocity, fince by falling thro” it the velocity is
acquired) you may fay as the radius (or fine of go°) is to the
fine of double the angle 8 ap, fois 2 4 5 to 4 x the amplitude
{ought, (by Cor. 1.) : the amplitude being found, you may find
the altitude by faying, as radius is to the tangent of the angle
of elevation, fois c¢p (=14x) to a c the altitude fought.

Corol. 8. If you have given, the amplitude 4 &, and the
angle of elevation o a x, you may find the impetus neceflary
to defcribe a parabola that fhall have that amplitude, by this
proportion ; as the {ine of double the angle of elevation, is to
the radius, fo is cne half of the given amplitude to a s, the
{pace thro’ which a body muft fall to acquire the neceflfary im
petus.

Corel. 9. If the impetus and amplitude be given, the di
re¢tion may be found by this rule. Firft find a8, by falling
thro’ which the given impetus may be acquired ; then fay, as
the double of this line to the given amplitude, fo is the radius,
to the {ine of double the angle of elevation, and this angle or
its complement will fatisfy the problem.

PROPO-
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PROPOSITION III. Fg. VI

A projetile thrown in the direftion A &, with the velocity
5t would acquire by falling from v to a, will fbrike any line a x
in x, fothat a x fball be equal to 4cp: fuppofing A G perpendi-
cular to the line aN, the angle G a= G aB, and that the circle
defcribed from G as centre, with the radius G a, cuts the di-
reflion A E in D, and that Dc isparallel to AN, meeting aRin c.

For it is plain that the angle apc (=D Ak) =D B 4, by
Eucl. 32. 3. and that confequently the triangles Apc, Aps are
fimilar, having the angle at A common, and the angle apc,
asD; therefore Ac:ap::ap:aB:: (becaufe of the fimilar tri-
angles Acp, pax) ar:pk:: (by the property of the parabola)
PK: 4 AB, therefore aAp=rk, and confequently cp=Iak, or
AX=4CD,

Corol. 1. Draw thro’ p a parallel to A 5 meeting the circle in
dyand draw A 4 ; then will the projedile thrown in the dire&ion
A d firike the line A n in the fame point x ; for cp=cd.

Corol. 2. Let u 1, parallel to a s, touch the circle in 1, then
fhall A n be the direction which will carry the projectile fartheft
on the line a N ; becaufe when » comes to 1, then cp is the
greateft it can poflibly be, and confequently a x (=4-¢D) is then’
the greateft diftance the projeile can be carried to, on the line
AN, by the velocity acquired by falling from = to a. But
it is plain that the angle HaN=HBA=H a5, therefore the di-

rection au bifeds the angle 5 A x which the line a N makes with
the vertical a &,

Corol,
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Corol. 3. The lines 4 b, ad, make equal angles with
an, alfotheangle p An=daz; and when thefe angles are
equal the diftance a x is the fame,

Corol. 4. When 4 x is given and the direction is required,
take Ar=;of 4 %, and thro’ r draw r D parallel to a3, meeting
the circle in p and & ; then draw ap, ad; and thefe will be
the dire&ions *.

II. Of the cycloid 5 and the motion of a pendulum in it.

Defsnitions. If the circle cp 1 (Fig.VIL) rollonthegiven ftreight
line 43, {othat all the parts of the circumference be applied to it
one after another, the point c that touched the line 4 5 in 4,
by a rmotion thus compounded of a circular and reéilineal
motion, will deferibe the curve line aces which is called the
cycloid. 'The ﬁreigll't,li~ne as is-called the éafe ; the line £F per-
pendicular to as, bifecting it in F, the axis; and the point &
the vertex'of the cycloid. The circle by whofe revolution the
curve line is defcribed, is ¢alled the generating circle. 'Theline
cx parallel to-the bafe s, meeting, the circle in ¢ and the axis
in x, is called an ordinate to the axis ; dnd a line meeting the
curve in-one point, that produccd-doejs not fall withiin the curve,
is called a zangens to the curvein that peint.

PROPOSITION I

On the axis £¥ deferibe the genérating circle EGFv, meeting
the ordinate ¢ X in G5 and the ordinate will be equal to the funt
of the:arc £ and its vight fine 6 x 5 I fiy, cx=EG6+GK,

It is plain, from the definition, that the line a5 is equal to

the whole circumference of the gencrating circle, and there-

¥ See morc on this fubjeltin Mr. Gray's treatife of Gunnsro, Londat 1731.

E e fore
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fore ¥ muft be equal to the femicircumference e gr. It is alfo
obvious, from the defcription of the curve, that the arc. ¢p 1s
equal to theline ap, and confequently thearc c n equal to D F
or 1x orcG; but the arc cHis equal to the arc g ; there-
fore c 6 is equal to the arc g, and the ordinate cx (=cc+6K)
muft be equal to the fum of the arc & G and the right line ¢ .

PROPOSITION IL

The line cu, parallel to the chord E G, is a tangent to the
cycloid in c.

Draw an ordinate ¢4 very near ¢ x, meeting the curve in ¢,
the circle in g, and the axis in 4 : let c« and ¢ #, parallel to
the axis, meet the ordinate c¢4in # and »; and from o the
centre of the circle 8 6 7, draw the radius oc. Since ck=rg
gk, therefore cu=cg+gn ; and if you fuppofe the ordinate:
ck to approach to the ordinate ¢ k, and at length to coin-)
cide with it, as g and ¢ » vanith, the triangles ¢ g#~ and
G oK become fimilar, whence cg:g#:: 06:0K, and cg+gn:
g7::0G+0K(=FK): oK ; but 6z#:g#::6K: 0k, therefore 6g+

7:672::FK:GK::6K: EK; and confequently cx:cu::ck:EK;
and if you draw the chord ce¢, the triangles cxe¢, Exc.will be
fimilar ; fo that the chord cc, as the points ¢ and ¢ coincide,
becomes parallel to £c: therefore the tangent of the cycloid
at ¢ is parallel to E .

PROPOSITION IIL

The arc of ke cycloid ® 1 is double of the chord s m of the
correfponding arc of the generating circle & M ¥.

Let
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Let x . and 4s be two very near ordinates of the cycloid,
meeting the generating circle in M and q_; produce the chord
E M till it meet the ordinate 2s in ¢ ; let o be the perpendi-
cular from q_on M ; then draw the lines £ N and M, touching
the circle in & and M.

Becaufe the triangles £ N M, p oM are fimilar, and Ex=nwm,
therefore ¢ q_ is equal to qm; and the triangle pqm being
ilofceles, the perpendicular Qo bife@&s the bafe ¢ a; {o that
MmP is double of M o: but, by the laft propofition, v s is pa-
rallel, and ‘confequently equal, to mp, and Ls is equal to
2mo. The line rs is the increment of the curve & L, gene-
rated in the fame time that the chord & M increafes by M o, fince
£ Q is equal to £, when the points _and M come together :
Therefore the curve increafes with double the velocity that the
chord increafes ; and fince they begin, at E, to increafe toge-
ther, the arc of the cycloid e v will be always double of the

chord & M.

Corol. 'The femi-cycloid £ L8 is equal to twice the dia-
meter of the generating circle, £r; and the whole cycloid
A ce B is quadruple of the diameter = r.

PROPOSITION 1V,

Let € R be parallel to the bafe av, and cr parallel to the axis

of the cycloid y and the [pace ® c r, bounded by the arc of the
cychoid & ¢ and the lines Er and rc, [ball be equal to the circular

area E G K,

Eez2 Draw
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Draw c» parallel to cr; and fincec#:cu:: gx:EK;
therefore & K x cz= G Kk x c #, and confgquently p rx c r=G%
x K & : therefore the little fpace c R#¢ =6 K kg. So that the
areas E € R, E G k increafe by equal increments; and fince they
begin to flow together, therefore they muft be equal.

Coral. 1. Let a, perpendicular to the bafe 4 B, meetE &
in T, and the fpace e T acE will be equal to the femicircle
E G F.

Corol. 2. Since a F is.equal to the femicircumference E ¢ F,
the redangle eraT, being the re@angle of the diameter and
femicircumference, will be equal to four times the {emicircle
£6 F: and therefore the area £ car £ will be equal to three
times the area of the generating femicircle £ 6 r.

Corol. 3. If you draw the line £ a, the area intercepted be-
twixt the cycloid & c 4 and the ftreight line & o will be equal
to the femicircle £ 6 7 ; for thearea Ecarke is equal to three
times E 6 7, and the triangle E A r=a Fx;EF the reftangle
of the femicircle and radius, and confequently equal to 2 & 6 F;
therefore their difference, the area Ec aE, is equal to E G F.

PROPOSITION V.
Take £6=0%K, draw bz parallel to the Zaﬁz, meeting the ge-

nerating circle in x, and the cycloid in z, and 0inC Z,F X : then

Jball the area c zEc be equal to the fum of the triangles GFK
and b F x. ‘

Draw
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Draw z d parallel to the axis & r, meeting 1 produced in
d, and the trapezium rc zd will be equal to crR+2zdx rd
=(becaufe zd=rbd=0%x)!0ExrRd But RI=RE4+Ed=
CK+b62=EG+ G K+ EX + 6 x ; therefore the trapezium rczd
is equal to the fum of the re@angles of half the radius and the
arcs EG, Ex, added to their fines cx, and 4 x. But the area
EGF, 7 e the triangle £ ¢ and the {egment cut off by the
chord E G, is equal to the retangle contained by half the ra-
dius and the fum of the arc £ ¢ and its right {ine ¢ x ; and the
area ExF confifting of the feGor Eox and the triangle xoF is
equal to the reétangle of half the radius and the fum of the arc
Ex and and its right fine 4 x ; therefore the trapezium rczd
is equal to the fum of the areas Ecr and Exr. By the laft
propofition, the area Ecr is equal to ¢k, andE zd= £ 6 x;
from the trapezium R ¢ z J fubtra@ the areas Ec r, Ez d, and
from the areas E 6 F, E xF, {ubtra& the areasE G x, E 4 x,
and there will remain the area ¢ z E ¢ equal to the fum of the
triangles, G Fx, 4 F x.

Corol. 1. Hence, an infinite number of fegments of the cy-
cloid may be afligned that are perfectly quadrable. For ex-
ample, if the ordinate cx be fuppofed to cut the axis in the
middle of the radius o E, then x and 4 coincide ; and the area
E ¢ x becomes in that cafe equal to the triangle 6 x 7, and E4z
becomes equal to réx; and thefe triangles themfelves become
equal.

Corol. 2. Suppofe now that x comes to the centre o, and ¢
comes to 7 ; then becaufe o x vanifhes, therefore E 4 vanifhes,
and the fpace ¢ z £ ¢ becomes in this cafe Ec7E, which is
equal to 2 o £ *; for the triangle & F x in this cafe vanithes.

Bz
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But to return from this digreffion ;

PROPOSITION VI Fip. VIII

Let a1 c bea femi-cycloid having its bafe Ec parallel 1o the
horizon, and its vertex A downwards : [uppofe o firing, with a
pendulum, of the length of the femi-cycloid, [ufpended at ¢, and
applied to the femi-cycloid ¢ T a5 the body », by its gravity, will
gradually [eparate the flring from the femi-cycloid c T a, and
will defcribe an equal femi=cycloid a v v, having its vertex in v,
and its axis perpendicular to the horizon.

On the axis 4 E defcribe the generating femicircle aGE, draw
aB cutting the vertical line ¢ v in b, and onp v, taken equal
to A E, defcribe the femicircle p 1 v. Then, fince the femi-
cycloid cT 4 is equal to 2AE or cv, (by Cor. Prop. IIL.)therefore
the body ¢ will come to v, when the ftring ¢ ? comes to a
vertical {ituation. Thro” r and ¢ draw T ¢ and ¢ u parallel to
a p, meeting the femicircles in ¢ and 1 ; and fince the ftreight
part of the fring T ¢ is equal to the curve T A to which it was
applied, therefore Tr=24a6=2Tk, and confequently T x
and x P are equal, and the points ¢ and u muft be equally dif-
tant from the line ap: and therefore the arc 4 ¢ will be equal
to p H, and confequently the angle caAp=aDpHu; and the
chords 6 4, b, areparallel, But Tr, being a tangent to the
cycloid in T, is parallel to ¢ 4 ; therefore b x P 1 is a paral-
lelogram, and » x is equal to p 1. But the arc a ¢ is equal to
G T, by Prop. I. and therefore the arc ac=ax; and fince
AD=AGE, it follows that DK or PH=GcE or Hv : and if
p 1 be produced till it meet the axis in r, then fhall the ordi-
nate » r be equal to the fum of the arc u v and its right {ine
H ®, and therefore the point v, by Prop. I, muft be in a fe-

I mi—cycloid,
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mi-cycloid, whofe gencrating circle is pu v, itsaxis b v, and
vertex v.

Corol. If another femi-cycloid equal to cTa, ascz s, be
placed in a contrary fituation, it is plain, that, by means of
thefe {femi-cycloids, a pendulum may be made to defcribe the
cycloid a v B in its ofcillations.

PROPOSITION VIL

Let v v, perpendicular to o v, be equal to any arc of the cy-
cloid v M L 5 defcribe with the radius v L the femicircle Lz [
and_fuppofing the pendulum to begin an ofcillation from v, the ve-
locity acquired at M, in the cycloid, will be as v x the ordinate of
the circle at the correfponding point M in the flreight line v v :
and the force by which the motion of the pendulum is accelerated
in M, #s as the arc of the cycloid v m that remains to be de~

Jeribed.

Let . », ms be perpendiculars to the axis p v, meeting the
generating circle in o and o, and draw the chords v o, v
then by Cor. 3. Lemma 3. the velocity of the pendulum at w,
will be the fame as would have been acquired by a body di-
rectly falling from R to s, and the velocity acquired at v will be
the fame as would have been acquired by a body directly falling

from ®r to v 3 but thefe velocities are to one another as RS to

VRV, by Cor. 2. Lewnma 1. and fincer visv:i:vo®: v’
and RV:RV—sV (=Rs)::VO :VO ' =~VvQ :: VL :VL®
—vum” (becaufe vi=2v o and v M= 2 v @), it follows that
the velocity of the pendulum acquired in M is to the velocity

. - L — 2
acqulred mv, as ,vL*—vM*to yvL* Or asMxto v Z.

The
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The force of gravity that is fuppofed invariable, acting in the
dire@ion of the diameter b v, may be reprefented by o v ; and
may be refolved into the two forces » q_and v q, whereof
the firft p o, parallel to zm the ftring, {ferves only to ftretch
the ftring, and-does not at all contribute to accelerate the mo-
tion of the pendulum ; it is only the force reprefented by the
chord vq_that accelerates the motion of it along the curve M 7,
and is all employed to produce that effe&, the diretion v q
being parallel to the tangent of the cycloid at m, by Prop. 1L
But v M= 2 v q, by Prop. III ; therefore the force that accelerates
the pendulum at M, is as the arc of the curve v m.

Corol. It is obvious from the demonftration, that the part of
the "gravity which the ftring fuftains in any point M, is to the
whole weight of the pendulum, as the chord b _to the dia-
meter.

PROPOSITION VIIL

Suppofe that the circle v. 2 [ is defcribed by the body x with an
uniform motion, by the wvelocity acquired by the pendulum in v 4
and any arc of the cycloidy as M, will be defcribed by the pen-
dselum, in the fame time as the arc of the circle x v by that wuniform
mation i taking v N, on the fireight line v 1, equal to v N in the
cyeloid, and drawing Ny parallel to v 2, meeting the circle in v,

Let wzz be an ordinate very miear to xu, and draw x 7 pa-
rallel to the diameter ¢ /, meeting w7z 1in 7 ; then, fince the
triangles x7x and vxar are fimilar, it follows that x & : m #2
(=xr)t:vx:wy, thatis, as the velocity of the body x to
that of the body w: and confequently the {paces xx and M 7z will
vz defcribed in the fame time by thefc bodies, the times being

1 always
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always equal when the {paces are taken in the fame ratio as the
velocities.  After the fame manner, the other correfponding
parts of the lines M N and x v will be defcribed in the fame
time ; and therefore the whole {pace M N will be defcribed in
the fame time as the arc xv.

Cor. Therefore the pendulum will ofcillate from . to v, in
the fame time as the body x will defcribe the quadrant 1. z.

PROPOSITION IX.

The time of a complete oﬁillaz‘z’m in the cycloid is to the time
in which a body would fall thro’ the axis of the cycloid o v, as

the cz'rczszereﬂce of a circle to its diameter.

The time in which the femi-circumference Lz/ is defcribed
by the body x, is to the time in which the radius & v could be
defcribed with the fame velocity ; as the circumference of a
circle, to its diameter. But the fame time, in which the femi-
circumference L z/ is defcribed by the body x, is equal to the
time of the complete ofcillation & v » in the cycloid, by the
Corollary of the laft propofition. The time in which a body
falls from o to v, along the chord ov, is equal to the time in
which Lv (=20v) could be defcribed by the velocity acquired
at the point v, by Cor. 1. Lem. 1. and Cor. 3. Lem. 3. and
the time of the fall thro’ the chord o v is equal to the time of
the fall thro’ the diameter b v, by Cor. 4. Lem. 3. confequently
the time in which L v could be defcribed by a velocity equal to
that of the body x, is equal to the time of a fall thro’ the dia-
meter pv. Itfollows therefore that the time of the entire of-
cillation LvP, isto the time of a fall thro’ the diameter v ; as
the circumference of a circle, to its diameter.

Ff Loral,
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Corol. 1. Hence the ofcillations in the cycloid are all per-
formed in equal times ; for they are all in the fame ratio to the
time in which a body falls thro’ the diameter pv. If therefore
a pendulum ofcillates in a cycloid, the time of the ofcillation
in any arc is equal to the time of the ofcillation in the greateft
arc 3v a, and the time in the leaft arc is equal to the time in
the greateft.

Corol. 2. The cycloid may be confidered as coinciding, in v,
with any fmall arc of a circle defcribed from the centre c ;
pafling thro’ v ; and the time in a {mall arc of fuch a circle
will be equal to the time in the cycloid ; and hence is under-
ftood why the times in very little arcs are equal, becaufe thefe
little arcs may be confidered as portions of the cycloid as well
as of the circle.

Corel. 3. The time of a complete ofcillation in any little
arc of a circle, is to the time in which a body would fall thro’
half the radius; as the circumference of a circle, to its dia-
meter : and fince the latter time is half the time in which a body
would fall thro’ the whole diameter, or any chord, it follows
that the time of an ofcillation in any little arc, is to the timein

which a body would fall thro’ its chord ; as the femicircle, to
the diameter. '

Suppofe Nv a fmall arc of the circle defcribed from the centre
¢ 5 then the time in the arc n v is {o far from being equal to
the time in the chord nv, even when they are fuppofed to be
evanefcent, that the laft ratio of thefe times is that of the cir-
cumference of a circle to four times the diameter : and hence
an error in feveral mechanical writers is to be corrected, who,
from the equality of the evanefcent arcs and their chords, too

rafhly
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rafhly conclude the time of a fall of a body in any of thefe
arcs equal to the time of the fall of a body in their chords.

Corol. 4. The time of the ofcillations in cycloids, or in {mali
arcs of circles, arein a fubduplicate ratio of the length of the
pendulums. For the time of the ofcillation in the arc Lv p is
in a given ratio to the time of the fall thro’ pv, which time iz
in the fubduplicate ratio of the fpace o v, or of its double c v

the length of the pendulum.

Corol. 5. But if the bodies that ofcillate be acted on by un-
equal accelerating forces, then the ofcillations will be per-
formed in times that are to oneanother in the ratio compounded
of the dire& fubduplicate ratio of the lengths of the pendu-
lums, and inverfe fubduplicate ratio of the accelerating forces ¢
becaufe the time of the fall thro’ p v is in the fubduplicate ratio
of the fpace pv dire&ly and of the force of gravity inverfely;
and the time of the ofcillations is in a given ratio to that time.
Henceit appears, that if ofcillations is of unequal pendulums are
performed in the fame time, the accelerating gravities of thefe
pendulums muft be as their lengths ; and thus we conclude
that the force of gravity decreales as you go towards the equator;
fince we find that the lengths of pendulums that vibrate fe-
conds are always lefs at a lefs diftance from the equator.

Corol. 6. From this propofition we learn how to know
exaétly what {pace a falling body defcribes in any given time :
for finding, by experiment, what pendulum ofcillates in that
time, the half of the length of the pendulum will be to the
fpace required, in the duplicate ratio of the diameter to the
circumference ; becaufe {paces defcribed by a falling body, from
the beginning of its motion, are as the fquares of the times in
which they are defcribed ; and the ratio of the times, in which

Ffo2 thele
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thefe fpaces are defcribed, is that of the diameter to the circum-
ference : and thus Mr. Huygens demontftrates that falling bodies,
by their gravity only, defcribe 15 Parifian feet and 1 inchin a

fecond of time.

Schol. That it may be underftood how the time in a fmall
arc is not the fame with its chord, tho’ the evanefcent arc is
equal to its chord, we may here demonftrate, that if v 4 and
N 4 be two planes touching the arc v in v and n.  Tho’ the
evanefcent chord ~v be equal to the fum of thefe tangents v£
and ~ 4, yet the time in the chord is to the time in thefe tan-
gents as 4 to 3.

By Cor. 1. Lem. 3. the time in N2 isto the timein nv as
Nk to NV, oras 1 to2; butv being horizontal, the motion
in £ v muft be uniform, and it will be defcribed by that uniform
motion in half the time the body falls from ~ to £ : therefore if
the time in which Zv is defcribed uniformly be called T, the
time in which ~£ is defcribed will be 2T, and the time in which
the chord ~ v will be deferibed will be 4 T : and confequently
the time in which a body would fall along the two tangents,
is to the time in which it would defcribe the chord, as 3 to 4.

BOOK
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B O O K IIL
Gravity demonfirated by analyfis.

CHAP L

Of the theory of gravity as far as it appears to have been known
before Sir Haac Newton,

enabled to colle&t the hiftory of nature, or defcribe

her phznomena. By the principles of geometry and
mechanics, we are enabled to carry on the analyfis from the
phznomena to the powers or caufes that produce them ; and,
by proceeding with caution, we may be fatisfied that our foun-
dations are well laid, and that the fuperftructure raifed upon
them is fecure. The firft views which philofophers had of na-
ture were no better than thofe of the vulgar, being the im-
mediate {fuggeftions of fenfe. But by comparing thefe toge-
ther, examining the nature of the fenfes themfelves, correGting
and affifting them ; and by a juft application of geometrical
and mechamcal prmaples, the {cheme of nature foon appears
very different to a philofopher from that which is prefented to
avulgar eye. At firft fight, the furface of the carth appears of
an unboundcd extent, and of a moft irregular form ; while all
the reft of the univerfe, the clouds, metecrs, moon, fun, and
ftars of all forts, appear in one concave furface bent towards
the earth. 'This was the opinion concerning the {yftem that
moft commonly prevailed at firft, while their imagination, in-
fluenced by fuch prejudices, made men fancy that they faxg

2 an

1. i I'\R OM experiments and obfervation alone, we are
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and heard things impoffible. T hus the Roman poet reprefents
their army when in Portugal (the weftern boundary of the
oreat continent) as hearing the fun enter with a hifling noife
into the ocean,

Audiit berculeo firidentem gurgite folem.
Lucan.

while other travellers have talked of a vaft cavity in the moft re-
mote parts of the eaft, from whence the fun was heard to iffue
every morning with an unfufferable noife. But philofophers
foon difcovered that the earth was not of an unbounded extent,
but of a globular form ; and that the meteors, planets, and
ftars, were not confined to one concave furface, but difperfed
in fpace at very different diftances ; that their real magnitudes
and motions are very different from their apparent ones, and are
not to be deduced from the appearances in any one place, but
from views taken from divers points of fight, compared toge-
ther by geometrical principles.

2. As our analyfis of the fyftem muft be founded upon the
real figures, magnitudes and motions, of the bodies of which
it is compofed ; fo we fhall have an excellent inftance of the
method of proceeding by analyfis and [ynthefis if we defcribe in
what manner we are enabled, from the apparent phznomena,
to deduce an account of the real ; without the knowledge of
which our enquiries into the powers or caufes that operate in
nature muft be doubtful or erroneous. The knowledge of the
difpofition and motions of the celeftial bodies muft precede a
juft enquiry into their caufes. The former is more fimple, the
latter more arduous ; and the former will prepare the way for
the latter, and ferve to make the reader acquainted with this

method
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method (the only one by which certainty can be acquired in this
{cience) in eafy cafes, before he proceed to thofe of a more com-
plicated nature. We fhall therefore begin with the plaineft and
moft fimple inftance of this kind, by fhewing briefly how,
from the phznomena, the true figure, magnitude and motions
of the earth are derived ; and how, thefe being eftablithed, in-
numerable phznomena are deduced by fynzhefis.

3. It is to fiohs that our knowledge of the diftant parts of
the {yftem is owing, thofe obje@s that are very near us falling
under the obfervation of the other fenfes only : but this fenfe,
however admirable, has its imperfections. Vifion depends
upon the l[’:ié’cure of external obje@s formed on the retina, to-
gether with a judgment of the underftanding, acquired by habit
and experience ; which is fo immediately conneéted with the
fenfe, that it is impoflible, by an ac& of refleGtion, to trace it,
or, when it is erroneous, fuddenly to corre&t it. If vifion de-
pended upon the picture only, then equal pi¢tures upon the 7e-
tina would fuggeft ideas of equal magnitudes of the objects ;
and if the {fmalleft fly was fo near that it could cover a diftant
mountain from it, the fly ought to appear to us to be equal to
the mountain. But we have, by habit, acquired a faculty of
compounding the opinion, or prejudice, formed concerning
the diftance with the apparent magnitude or bulk of the image
formed on the retina ; and this with an inconceivable quick-
nefs of thought, fo that the idea or image we form to our-
{elves of its magnitude is the refult of both; an allowance
being made for the greater diftance, agreeable to the notion: we
have conceived of it. Hence it is eafy to fee how many fal-
lacies in vifion muft arife : for as we may be often miftaken
in our notion of diftance, fo every fuch miftake muft produce
a correfponding error in our idea of the magnitude of the
object. Befides, in many cafes, this notion of diftance arifes

2 without
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without reflexion, from the force of habit ; and we find the
«ffe@ of it takes place even after the underftanding is better in-
formed, and the judgment correted. Thus the moon con-
tinues to appear bigger to us at the horizon than at the meri-
dian, even after it has been demonftrated to us that her diftance
is then greater, {fo that fhe ought really to appear lefs. Be-
caufe (according to Kepler’s obfervation) the heavens appear to
us, not in an hemifpherical dome, but as a fegment of a
{phere lefs than the hemifphere, we have been accuftomed to
afcribe a greater real magnitude to objects feen at a great dif-
tance along the horizon, than to thofe of an equal apparent
magnitude (or that have equal images on the resina) feen at a
confiderable elevation about it ; and hence he ingenioufly ac-
counts for the moon’s appearing bigger to us at the horizon
than at the meridian. But after we are better informed, and
know that the apparent magnitude of the moon is lefs at the
horizon in the fame proportion as the diftance is greater, we
continue to make an allowance not on this account only, but
a much greater than this requires, from the great influence of
habit and cuftom * ; the effe@ of which on the mind and its
operations is a {ubject that well deferves the particular attention
of philofophers, but is improper to be infifted on in this place,
left we fhould feem to mix, without neceflity, what is obfeure
and uncertain with what is clear and fatisfactory. For the
analyfis we are to defcribe, depends not on any difputed prin-
ciples, but on thofe of practical geometry applied to the heavens.

* Perhaps the concave furface of the heavens appears to us as a portion lefs than
a hemifphere, becaufe we have been always accuftomed to fee greater diftances along
the horizon than in the vertical line towards the zenith. But whatever the reafon of
this appearance ({fuppofing it true) may be, it would feem that an habitual way of
‘thinking to the contrary ought to have fome effect; and fome obferve that the moon

never appears to them fo lurge at the horizon, as it did formerly when they were
young and unacquainted with her motions.

4. Experience
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4. Experience has taught us feveral ways of forming a judg-
ment concerning the diftances of objects, when they are not
very remote from us ; as by the different difpofition of our
eyes when we look at a near obje¢t with both ; it being mani-
feft that when the objet is near, the eyes muft be turned more
towards each other, in order that they may be directed towards
the fame point of it, than when it is at a greater diftance. We
foon learn from experience, likewife, that when the object is
very near, the image is obfcure and confufed, and we are
obliged to ftrain the eye to render it tolerably diftin&. The
image is alfo found to be more luminous and bright when the
object is near than when it is remote. But the moft ufual way of
eftimating the diftance is from the intervening objecs ; or, when
the object itfelf is of a kind with which we are well acquainted,
by the bulk its image bears in the pi¢ture upon the rezina. By
thefe, and perhaps other metheds, we are enabled to form
{fome judgment of the diftance of near objeéts *. But when
they are very remote, and no objeds intervene, as is the cafe
of the celeftial .bodies, thefe methods fail us, the fenfe is at a

L ]

* A learned author, of a diftinguithed character, begins an ingenious treatife upan
< this fubjeét, by obferving, ¢ itis, I think, agreed by all, that diftance, of it-
¢ felf and immediately, cannot be feen. For diftance being a line directed end-
“ wife to the eye, it proje¢ts only one point in the fund of the eye, which point re-
“ mains invariably the fame, whether the diftance be longer or thorter.””  The
diftance here {poken of, is diftance from the eye ; and what is faid of it 1s not to
be applied to diftancein general. The apparent diftance of two ftars is capable of
the fame varieties as any other quantity or magnitude. Vifible magnitudes confift of
parts into which they may be refolved as well as tangible magnitudes, and the pro-
portions of the former may be afligned as well as of the latter ; fo that this author
goes too far, when he tells us that vifible magnitudes are to be no more accounted
the objet of geometry than words ; and when he concludes of diftance in general,
what had only been fhewn of diftance directed ““ end-wife to the eye;”” and pretends
«“ to demonftrate that the ideas of fpace, cutnefs, and things placed at a diftance,
<« arenot, ftrictly fpeaking, the object of fight ; and are not otherwife perceived Ry

s the eye than by the ear.”
G g 10{\3,
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lofs in comparing their diftances together, and is unable to de-
termine which are greater or lefs, without the aid of geometry,
or fome equivalent art. In fuch cafes, therefore, the objects
are all referred by the {enfe to one concave furface. Thus the
clouds, meteors, planets, and ftars of all kinds, appear to the
fenfe in one concave furface of heaven, tho’ there be the greateft
variety in their real diftances. Itis in thefe cafes that practical
geometry brings us its neceflary and {ure aid. By it we {oon
find that the clouds are not only nearer us than the celeftial
bodies, which they often cover from us, but that their diftance
is only of a few miles ; afmall change of the place producinga
great change in their pofition with refpet to us, while thofe
that are feen by us at one place are different in pofition from
thofe that are feen at the fame time in places remote from i.
We foon perceive that the moon is at a vaftly greater diftance;
becaufe fhe is feen over one half of the earth at once, and
nearly in the fame dire@ion, or in the fame fituation among
the fixed ftars. 'We eafily learn that the moon is at a lefs dif-
tance from us than the fun, becaufe by coming between us and
the fun fhe produces the folar eclipfes ; an§ that Zenus and
Mercury are nearer to us in their inferiqr conjun&ions than the
fun, becaufe they are then feen as dark {pots upon his ditk.  If
our inftruments were abfolutely perfe@, and our obfervations
could be made with the utmoft accuracy, then each celeftial
body might have its diftance, precifely afcertained, and the whole
difpofition of the fyftem might be exa&ly known. But this
fubje& being of the utmoft importarice in our prefent analyfis,
it deferves fome farther illuftration. i

5- Leta and ¢ (Plare 111 Fig. 50.)reprefent two-fpe&ators, or
two different ftations of the fame {pe@ator, » the object or phz-
nomenon whofe diftance is required. This object appears to:
the {peQator at 4 in the right line o 5, and to the {pe@ator

at
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at c in the right line cpe; the angle contained by which, apc,
thews how much the pofition of the object b varies with re-
fpec to the two {pe@tators. When this angle is great, the dif-
tance A D bears not a great proportion to ac ; but whea this
angle isvery fmall, as when the obje& is removed from » to .
then its diftance from a muft be much greater than a c the dii-
tance of the two fpe@ators or ftations ; becaufe ac is always to
AD, as the fine of the angle apc to thefine of acp, by com-
mon trigonometry. Thus when 4 c confifts of {fome miles,
and p reprefents a cloud, the angle apc is found to be confide-
rable ; and thence we learn that its diftance is not very great.
If epc reprefent the right line in which the fun fhines, then ¢
will reprefent the thadow of the cloud upon the plane ac; and
the proportion of 4D to ac may be determined by obfervations
taken from one ftation a. But tho’ the right line ac confift of
hundreds of miles, if u reprefent the moon, it is found that the
angle auc is exceeding {mall ; and thence we conclude, that
the diftance of the moon is not to be exprefled but by a great
number of miles.

6. Let ¢ (Fig. 51.) reprefent the centre of the earth, a a
place upon its furface, cae the vertical line of this place, dany
obje or phenomenon in the zenith; apF a tangent to the
furface of the earth at a, the fenfible horizon at that place.
Then the obje& d being fuppofed to project upon the fixed ftar
¢, when in the vertical line, to a fpeGtator at a as well as at ¢,
it will be otherwife when the obje&t & comes to the horizon at
p. For tho’ the centre ¢, the obje@& b and the ftar & (ab-
ftracting from their proper motions) be ftill in a ftrait line, yet
p and E are no longer ina right line with a the place of the
fpectator ; but while p appears to be fet at #, the ftar appears
{till. elevated above the horizon by the arc e¥, which meafures
the angle cp F, or aDC; the fine of which is to the radius,

GQZ as
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as ¢ a the femidiameter of the earth is to cp the diftance of the
obje@ from the centre of the earth. This angle apc is what
is called the horizontal parallax of the object or phznomenon,
and fhews under what angle the femidiameter of the earth c a
would appear if viewed at the diftance of the obje& cp.  And
to find this-horizontal parallax of any objed, is no more than
to determine how great (or under how many sinutes and fe-
conds) the femidiameter of the earth would appear viewed at
that obje&t. Suppofe any number of objects in the right line
AT, as D, G, H; and {pectators at each of thefe viewing the
femidiameter of the earth ¢ 4 ; it will appear to them under
the refpedive angles ¢ b 4, cG4a, cHa, which are the refpeive
parallaxes of thofe objedts, and which gradually decreafe as
their diftances increafe. We difcover therefore the diftances of
thofe objects by determining what appearance, as to bulk or ap-
parenit magnitude, the earth’s {emidiameter makes at thofe ob-
je&s: and it is obvious that this method is well founded, it
being manifeft, that the diftances at which the earth appears
great toa {peGator muft be lefs, and that thofe diftancesat which
the earth appears fmall to him muft be greater. Thustoa
{peQator carried to a few. hundred miles diftance only, the
earth would appear very large ; to a fpe@ator at the moon, the
femidiameter of it would appear under an angle lefs than a de-
gree ; to a fpeQator at Fenus, of much about the fame bignefs
as ¥ enus appears to us ; and to a {peCator as remote as Fupiter
or Saturn it would hardly be vifible at all, unlefs his fenfe was
more acute than ours, or affifted by art.  And as, when the
proportion of the diftance of the fpe@ator from the centre of
the earth to its femidiameter is known, it is eafily afcertained
how great an appearance the earth will make to that {pe@ator
fo converfely, when this appearance is determined, it is ealy to
aflign the {pe@ator’s diftance from it. '

7. In
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7. In this manner, menfuration is carried from the earth to
the heavens ; and the diftances of the celeftial bodies com-
pared with femidiameters of the earth, and with one another.
For the further illuftration of what is of fuch importance in
aftronomy, a {cience that affords us fo noble and extenfive
views of nature, let us imagine a {peéiator at a viewing the im-
menfe expanfe around him, while a right line o 1, perpendicu-
Iarto A p and equal to the femidiameter of the earth, moves off
on the right line a r from the leaft to the greateft diftances;
then the parallax belonging to any diftance is nothing elfe than
the angle which the femidiameter of the earth at that diftance
fubtends to the fpe¢tator at a. Thus the parallaxes belonging
to the feveral diftances ap, ac, an, &, are the refpettive
angles paL, caM, HAN, &c; which meafure the apparent
magnitude of the femidiameter of the earth viewed, at thofe
diftances, by a fpe¢tator at a. While we fuppofe this {femi-
diameter to be carried oft 7 infinitum, thefe apparent magni-
tudes gradually decreafe, nearly in the fame proportion as the
diftance increafes. The parallaxes decreafe in the fame manner
and a fcale of the one affords us a {cale of the other. It isob-
vious, that, from the moment any objeét departs from the ver-
tical line, it appears to a {fpectator at a deprefled towards the
horizon, and is the more deprefled in proportton as it is nearer
to him. The true place of the objeét p is ate, where it would
be feen from the centre ¢ ; but its apparent place to a fpec-
tatorat a is at 7, and its depreflion or parallax is meafured by
the arc £ ¥, or by the angle eDF equal to apc. Now in order
to find this depreflion, it is fufficient to make ufe of the fixed
ftar £, which has no fenfible parallax, and was fuppofed to be
in conjunction with the object in the vertical line ade ; for the
depreffion of the object D below -the. ﬂa.r E, .viewed from 4
gives the parallax, By procefles of this kind, it is found, fr.om

aftronomical
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aftronomical obfervations, that the mean diftance of the moon
from the centre of the earth, is about 60! {femidiameters of the

earth.

8. The figure of a body is more eafily known when we are
able to view it from great diftances than from very {mall ones ;
becaufe when it is at a great diftance, the eye takes in a confi-
derable portion of it in one view, from which the figure of the
whole is more eafily colle@ted : whereas when it is viewed at a
{mall diftance, {mall irregularities on its furface have too great
an effe® upon the fenfe, and are apt to miflead us in our
judgment concerning the whole. It is very eafy to {fee, for ex-~
ample, that the fun and moon are globular, becaufe in all po-
fitions they conftantly appear to us as bounded by a circle, a
property which belongs to the {phere or globe alone. But the
tigure of the earth is not fo eafily difcovered by us, becaufe the
largeft views we are able to take of it, from the tops of the
higheft mountains, bear a fmall proportion to the whole fur-
face ; and the curvature or fphericity is hardly fenfible in thofe
profpeéts of it. However, we have undoubted proofs that the
earth is globular, tho’ not exacly {pherical. We are affured
that the meridian fections of the earth, or fe@ions thro’ its
poles, are circular, becaufe as we go fouthwards the northern
ftars are depreffed, and the fouthern ftars elevated, nearly in a
regular courfe ; f{o that a degree of depreflion of the former,
or elevation of the latter, always correfponds to 60 Italian or
geographical miles on the meridian ; whence we conclude,
that a meridian fe@ion of the earth is a circle, a degree of
which is 60 fuch miles, and the whole circumference is 60x360,
or 21600, of the fame miles. At the equator, both the poles
are in the horizon ; as we remove northwards, the northern
pele rifes till we come to the pole of the earth, where the ce-
feftial pole 15 in the zenith 5 and, in general, the elevation of

1 the
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the pole increafes gradually and regularly with the diftance
from the equator. The cquator and its parallelsappear to be cir-
cular from the regular daily progrefs of light, from ¢zt to weft,
along their furface. The fun arrives at the meridian of places
that are more eafterly, fooner than to the meridian of thofe
that are towards the weft, in propertion to the diftance of the
meridians meafured upon the equator. The {pherical figure of the
earth appears likewife from Zevelling, where it is found neceffary
to make an allowance for the difference between the apparent
and the true level ; the former being a plane that touches the
earth’s furface, the latter the globular furface itfelf, which falls

below the tangent plane.

9. But we have the plaineft and moft fimple proof of the
globular figure of the earth, from that of its thadow projected
on the moon in a lunar eclipfe. For this {hadow being always
bounded by an arc of a circle, it follows that the earth which
projeés it is of a {pherical figure.  If there was any remarkable
angle, or very confiderable irregular protuberance, onthe earth,
it would, en fome occafion or other, appear by the fhadow.
The mountains, indeed, are irregularities on the {urface of the
earth ; but they bear fo fmall a proportion to its vaft bulk, that
they make no appearance upon its thadow. There is likewife
a gradual rifing from the fea fhore towards the inland parts of
the great continents ; as in Exrope from the thores of the ocean,
the Mediterranean, and Euxine {ea, towards Switzerland ; but
this gradual rifing is fmall, and has little effeét on the figure of
the earth. If it was confiderable, it would carry the inland
parts too high in the atmofphere ; but it is futhcient for giving
a courfe to the rivers, and preferving the beautiful circulation
of water, fo neceffary to the good condition of this globe ; and:

the extent of the continents has been probably contrived with a
view
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view to this great purpofe. Upon the whole, the earth is evi-
dently globular tho’ not an exa& fphere, and if feen at a dif-
tance would appear to us as the fun or moon ; that is, always
terminated by a circular figure, unlefs this diftance was {o great
as to make it appear like Penus or Mars ; when, in confe-

uence of the contraction of the apparent diameter, the whole
furface would appear to be crouded in one point, and the 4/ps,
Pyrenees, and even the diftant Cordelleras, would refle& un-
diftinguithed rays. At fuch diftances its figure could not be
difcerned by fenfe, unlefs it was aflifted by a telelcope or fome
equivalent inﬁrument.‘

10. The ocean, which covers a great part of the furface of
the earth, is more accurately globular ghan the folid parts ; and
it is manifeft that this arifes from the gravitation of its parts to-
wards the earth, aing in right lines perpendicular to its fur-
face. For if its dire¢tion formed an acute angle with the fur-
face, the fluid water would neceffarily move towards that fide,
and could not be in @guilibrio till the direction of gravity be-
came perpendicular to the furface every where, o as to give no
inclination to the fluid to move towards either fide. The per-
. pendiculars to a {pherical {urface meet all in the centre of the
iphere. 'Therefore, fince the earth is nearly a {phere, the di-
rection of the gravity is nearly towards its centre 5 not as if
there was really any virtue or charm in the point called the
centre, by which it attracted bodies, but becaufe this is the re~
{ult of the gravitation of bodies towards all the parts of which
the earth confifts; as will appear more fully afterwards, The
dire&ion of gravity is not any one fixed or determined one, as
the vulgar are apt to imagine ; nor is there any occafion for
pillars or inflruments of any kind to fupport the earth ; that di-
re¢tion being always downwards which is towards the centre,
or to fpeak more accurately) which is perpendicular to the

T fluid
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fluid furface or level, on the concave fide ; and that direGtion
being upwards which lies in a perpendicular to the furface on
the convex fide. Was the earth all fluid, all the furface
would be on one level, and no one part would have a pre-
eminence above the reft in this refpeét ; and bodies would be
{uftained by the earth equally round all its furface with equal
firmnefs and fecurity. Thus there is no difficulty in conceiving
that there are 4utipodes ; and it appears equally abfurd that
bodies thould fall off from any other part of the earth, as that
they thould rife here into the air.

11. This principle of gravity extends to all bodies around
the earth.  For the gravity of the air being eftablithed beyond
all difpute, by the celebrated experiments of Galiles and 7or-
ricelliy and many others of the fame kind, it cafily appears
that all terreftrial bodies whatfoever are heavy, or gravitate to-
wards the earth ; and that the apparent levity of fome of them
proceeds only from the greater gravity of the ambient air,
which makes them rife upwards, for the fame reafon that cork
rifes in water, and lead in quick-filver ; or from their being
carried off by fome medium entangled in its parts. The gra-
vity of terreftrial bodies muft the rather be allowed to be uni-
verfal, becaufe, by the moft accurate experiments, it is always
found to obferve the fame proportion as their quantities of mat-
ter ; and not to depend on the figure or bulk of bodies, or tre
contexture of their parts, but always to meafure their quantity
of matter, and to be meafured by it only, abftradigg from
the influence of the medium in which they {fwim. For gra-
vity always generates the fame velocity, in bodies of all {orts,
in the fame time ; and therefore muft ac equally qn equal
portions of matter, and on a greater portion with a force pro-
portionally greater. The direction of this power is nearly to-
wards the centre of the earth; for, at prefent, we.abftract from

Hh the
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the variation of its figure from that of a perfe&t fphere, arifing
from its motion on its axis. 'The force of this power is fuch,
that it carries all bodies downwards about 135% feet, of Paris
meafure, ina fecond of time. This is the refult of accurate
experiments ; every body would fall juft fo much if it defcended
frecly in the plumb-line, or perpendicular to the horizon, and met
with no refiftance from the air or ambient medium. When a
body is projeéted in a right line that is not perpendicular to the
horizon, it moves in a curve, but {o as to fall always below the
point in the line of proje¢tion which is direétly over it, as much
as it would have fallen by defcending freely in the perpendicular
in the fame time ; provided we fuppofe gravity to act in parallel
lines, as was ufual before Sir I/aac Newron found it neceflary to
confider this fubje& more accurately, and which may be ad-

mitted, without any fenfible error, in fuch motions as our
engines are able to produce.

12. The globular figure of the earth, with the direction and
force of gravity, being difcovered by this analyfis, a great va-
riety of phznomena may be thence deduced by the Symshetic
method. The whole do&rine of the fphere may be explained
from the figure of the earth, either in the Pyzhagorean or Pto-
lemaic fyftem.  As the fun appears to go round the whole cir-
cle of 360 degrees in 24 hours, fo in one hour he appears te
defcribe 15 degrees, and one degree in 4 minutes of time, on
the equator or its parallels. Hence the diftance of meridians
at two places, meafured upon the equator, or their difference
of longitude, being known, it is eafy to compute how much
the hours at one place precede the fame hours at the other, b
allowing 4 minutes of time for each degree of that diftance ;
and converfely, the difference of time being given, the differ-
ence of longitude is computed by allowing one degree for each
4 minutes of time, and proportionally in greater or lefler dif-

3 ferences.
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ferences. And it is obvious that the hours of the day, which
are fucceflive in any one place, are co-exiftent when you take
in the whole globe ; fo that no hour of the day can be afligned,
but a meridian can be likewife affigned where it is that hour at
this prefent time. The fenfible horizon of any place is a plane
perpendicular to the plumb-line at that place, and tangent to
the earth’s furface there. The rational horizon is a plane thro’
the earth’s centre parallel to this, whofe poles are the zenith
and zadir, in the fame manner as the north and fouth poles of
the world are the poles of the equator. The particular phe-
nomena of places depend upon the pofition of their horizon
with refpet to the circles of the apparent diurnal motion of the
fun and ftars. The horizon of a place at the equator paffes
thro’ the poles, and divides equally the equator and its parallels.
Hence the days and nights are always equal in {uch places, and
each of the ftars performs one half of its revolution above their
horizon, and the other half under it. The circles of diurnal
motion are all perpendicular to their horizon, and therefere
they are faid to be in a right [phere. When the fun moves in
the equator, he rifes diretly from their horizon to their ze-
nith, and then defcends directly to their horizon again ; in
other cafes, after rifing perpendicularly, he {lopes away in his

arallel towards the north or fouth fide of their zenith, accord-
ing to the feafon of the year; which muft be a confiderable
relief to them, as the heat muft thereby be abated. At the
poles, their horizon coincides with the equator ; {o that the
northern celeftial hemifphere muft be always in view of the
northern pole, being above their horizon, while no part of the
fouthern hemifphere is vifible to them, being always beneath it.
The circles of the diurnal motion being parallel to the zquator,
and confequently to their horizon, the fun and ftars appear to
them to move in parallels to their horizon ; the fixed ftars ne-

ver rife nor fet, and the fun rifes at the vernal equinox and fets
Hh2 at
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at the autumnal ; fo that they have day for one half year and
night for the other. They are faid to be under a paralle/
[phere. In intermediate places, the circles of the diurnal mo-
tion are oblique to their horizon ; one pole is always elevated
above it by an arc equal to the latitude of the place, and the
other pole is depsefled under it by an equalarc.  All the ftars
whofe diftance from the elevated pole exceeds not the latitude
of the place are conftantly above their horizon ; and thofe
within the fame diftance of the other pole are deprefled under
it, and are never vifible to them., The equator and horizon
being great circles divide each other equally, whence the days
and nights are equal every where when the fun defcribes the ce-
leftial equator. But when the fun is on the fame fide with the
elevated pole, a greater portion of his parallel is above the
horizon than under it, and therefore the days are longer than
the nights: and when the fun is on the other fide of the
equator, a greater portion of his diurnal parallel is below the
horizon than above it ; and confequently the nights are longer
than the days. Thefe are faid to be under an obligue [phere.
In all thofe different places, the time in which they have day
(that is, when the centre of the fun is above the horizon) is
equal to the timein which they have night, or when the centre
of the fun is beneath their horizon, taking the whole year to-
gether ; abftracting from the effe&s of refraGion and the el-
liptic figure of the earth’s orbit, which are not confidered in
the doctrine of the {phere. But thefe equal times are diftributed
with a good deal of variety. At the equator they have 12
hours day and 12 hours night, perpetually fucceeding each
other. At the poles they have their day all at once and their
night at once, each of half a year. In intermediate places,
the length of their days at one feafon is compenfated by the
length of the nights at another. Within the polar circles, they
have the fun continually for fome days, or weeks, circulating

above
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above their horizon ; but, in the oppofite feafon of the year,
he continues as long beneath their horizon ; and thus the
equality of the times of day and night is preferved, when we
abftrat from the fun’s having a fenfible diameter, from the
effe@s of refra&tion and twilight, and the elliptic figure of the
earth’s orbit ; but, in confequence of thefe, the time in which
they have day confiderably exceeds what is commonly called
night, particularly in the northern hemifphere. The amp/i-
tude of the fun, or his range upon the horizon, has likewife
great varieties, which are cafily deduced from the fame prin-
ciples. It isleaft at the equator, amounting there to 23° 29’ on
each fide, towards the north and fouth of the eaft and weft
points. In the latitude of 56° it amounts to above 4.5° on each
fide of the fame points ; and the arc between the moft northern
and fouthern points where he rifes, and fets, is above a qua-
drant. At the polar circles, his range on the horizon is the
whole femicircle from north to {fouth. A circle perpendicular
to the meridian and horizon is called the prime vertical, and,
being a great circle, it cuts the equator equally, and all places
that are under it bear due eaft or weft from us ; whence many
of the geographical paradoxes are explained. The art of
dialling is deduced from the fame principles. The moft fimple
kind of dial is an equino&ial one, where the thadow is received
upon a plane parallel to the circles of the fun’s diurnal motion,
and is projected by a_fly/us, or right line, perpendicular to thofe
planes. Becaufe the fun moves over equal arcs on its parallel
in equal times, the motion of the fhadow in this dial muft
likewife be uniform, {o that the intervals between the hours
muft be equal ; which is therefore made by dividing a circle
into 24 equal parts. The conftru&tion of other dials is eafily
deduced from this : but our defign obliges us to mention thefe
things very briefly. We have a remarkable inftance of the
beauty of truth when we obferve what a variety of phanomex}a

arife
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arife from fo few fimple principles as the fpherical figure of the

earth, its diurnal motion, and the obliquity of its axis, as we
take a furvey of the earth from the torrid to the frigid zone,
or from the equator to the poles, and attend to the phznomena
of heat and cold, as well as of thofe of day and night, and of
the apparent motions of the ftars. A diverfity of phznomena
{o very great, arifing from two principles of fo fimple a nature,
affords a curious {peculation to the underftanding, as well as a
pleafing entertainment to the imagination, and ferves to {fuggeft
the admirable fertility of which nature is capable in its pro-
du&ions ; infomuch that upon one globe we have fome image
or reprefentation, in the climates from the equator to the poles,
of that great variety that we may f{uppofe to take place in the
folar fyftem, from Mercury, the neareft and hotteft, to Sazurn
the remoteft and coldeft of all the planets.

13. Tho’ the doctrine of the {phere may be explained from
the Ptolemaic, as well as from the Pythagorean or Copernican
{yftem, by fuppofing the primum mobile to penetrate the whole
univerfe (the earth and its appendicles only excepted) and to
carry every thing round the earth’s axis every day ; yet this hy-
pothefis, to every thinking perfon who has not devoted his
judgment entirely to the prejudices of fenfe or dictates of fu-
perflition, appears fo very abfurd, that it is now almoft uni-
verfally exploded. The motions of the cosers, performed with
{o much freedom in the celeftial fpaces, thew us that the folid
orbs are imaginary, and that there can be no fuch univerfal
mover that carries all the univerfe along with it : nor is there
any axis upon which this immenfe machine can be fuppofed to
turn. 'The prodigious velocity, which, according to this doc-
trine, muft be afcribed to the remote fixed flars, cannot but
thock thofe that have any juft notion of the vaft extent of the
univerfe, ‘The aferibing fo extraordinary a pre-eminence to

the
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the earth, to which it appears to have no title, argues a par-
tiality unworthy of philofophers ; efpecially fince we fee that
moft of the other bodies of the {yftem, even the fun himfelf,
turn round upon their axes, which would induce us, if we
were upon the furface of any of them, to afcribe the fame pre-
eminence to that one, and to place it in the centre of the
whole. But befides thefe and other confiderations, the retar-
dation of pendulums carried to the equator, with the increafe
of the degrees of the meridian from thence to the poles, are
obfervations that demonftrate a centrifugal force, greateft
at the equator, and gradually diminifthing towards either pole,
where it vanifhes. Now this centrifugal force is an evident
proof of the diurnal rotation of the earth upon its axis ; there-
fore, in treating of the celeftial motions, we fhall entirely ab-
ftra&t from the apparent diurnal motions of the planets, as per-
taining to the earth only : and thus our analyfis of the caufes
that produce the celeftial motions is founded on the real ftate
of things, and not on fallacious appearances.

14. The doérine of the fphere is eafily deduced from thefe
true motions. One half of the earth is illuminated by the fun
at all times, and the other half always deprived of his light.
The boundary of light and darknefs is a great circle of the
earth. It is day at any place while it revolves in the illumi-
nated part, but night while it moves in the part that is hid
from the fun’s rays. The diurnal motion is from weft to eaft,
and the fun rifes to any place when it arrives at the boundary
of light and darknefs on the weft fide, and fets when it arrives
at the fame boundary on the eaft, The point where a right
line joining the centres of the fun and earth cuts the furface of
the earth, is that which has the fun in the vertex or zenith,
and is the pole or middle point of the illuminated difk. The
circle defcribed by the earth’s annual motion, or the fun’s ap-

parent
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parent motion, is the ec/ipric ; and, becaufe the axis of the
earth is oblique to the plane of this circle, it cuts the equator
(in an angle of 23° 29’), and the two points of interfection are
called the equinodial points 5 in which the fun appears when
the axis of the earth is perpendicular to the right line drawn
from its centre to the centie of the fun. Thofe are called the
folftitial points which are at go° diftance from the former, and
where the fun appears when he declines moft towards the poles.
The equator being a great circle, {fo as to be equally divided
by the boundary of light and darknefs, the day therefore at the
equator is always equal to the night. It is obvious that when
the fun appears on the north fide of the equator, the northern
pole muft be in the illumined hemifphere ; {o that it muft be
day there from the vernal to the autumnal equinox, but that
they muft be deprived of the fun’s light from the autumnal to
the vernal equinox ; and that it is the contrary at the fouth
pole. In any place that is on the fame fide of the equator with
that which has the fun in the zenith, a greater part of the pa-
rallel to the equator defcribed by that place muft be in the il-
Jumitated hemifphere than in the other ; fo that the day muft
be longer than the night : but it is the contrary when the place
is on the oppofite fide of the equator, and then the night muft
be longer than the day. In the fame manner, all the other
phznomena of the doérine of the {phere may be deduced from
the true motions in the {yftem.

15. We have given a fummary account of what was known
concerning the gravity of terreftrial bodies, before Sir Ijaac
WNewton. As the figure of the earth is owing to this prin-
ciple ; fo, as Copernicus very juftly obferved *, it is highly
reafonable to fuppofe that by a like principle, diffufed from the

* See Book I. Chap. 3. § 2.
{un
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fun and planets, their figures are preferved in their various mo-
tions. Various attempts and {chemes have been propofed, for
explaining the nature of this power and its caufe ; but all have
proved unfuccefsful. Des Carres deduced it from the centri-
fugal force of his fubtile matter revolving on the axis of the
earth ; but this account has been already refuted *. Others
conﬁdered it as a fort of magnetifm ; but the powers of gra-
vity and magnetifm differ widely in moft eflential circum-
ftances. Others derived it from the preﬁure of the atmofphere

altho’ the air is fo far from producing’ gravity, thatit conftantly
fubdué&s from the weight of bodies. But all we want to con-
clude here, is, that this power extends univerfally toall forts of
{enfible bodies, at or near the earth’s furface ; and that it has
thefe two remarkable properties ; firft, that it is proportional
to the quantity of matter in bodies ; fecondly, that it a&s in-
ceflantly or continually, and with the fame force upon a
body that is already in motion as upon a body that is at
reft. This laft property appears from hence, that it produces
equal accelerations in falling bodies in equal times. Both
thefe properties diftinguith it from fuch caufes as are wholly
mechanical ; which either a& in proportion to the furface or
to the bulk of bodies, and produce a lefs acceleration in a body
that is already in mwotion, in the direction in which the caufe
adts, than upon a body at reft, in the fame time. We here
obferve thefe things concerning gravity, not with a view to de-
termine any thing concerning its caufe, but only to pave the
way for what follows concerning the univerfality of this prin-

ciple.

* See Book I. Chap. 4. § 4.

Ii CHAP
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CHAP IL

The moon is a heavy body, and gravitates towards the earth in
‘ the fame manner as terreftrial bodies.

I. IR Ifaac Vewtor confidering that the power of gra-

vity ads equally on all matter on the furface of the
earth or near it, that it is not fenfibly lefs on the tops of the
higheft mountains, that it affeéts the air and reaches upward
to the utmoft limits of the atmofphere, and that it cannot be
owing to the influence of any {enfible terreftrial matter ; he_
could not believe that it broke off abruptly, but was induced,
on thefe grounds, to think it might be a more general prin-
ciple, and extend to the heavens ; fo as to affet the moon at
leaft, which is by much the neareft to us of all the bodies in
the fyftem. The abfurdity of thofe who had taught that the
heavenly bodies were made of fome inexplicable fubftance, ef-
fentially different from that of our earth, had fufhciently ap-
peared from modern difcoveries : the philofophers no longer
made that diftin&tion, which had been founded on fuperftition
and vulgar prejudices only. -The earth was allowed to be of
the number of the planets, and the planets were copfidered as
like our earth. To complete this refemblance, our author has
thewn that they confift of the {fame heavy gravitating {ubftance
of which the earth is formed.

2. The effefts of the power of gravity upon terreftrial
bodies may be reduced to three claffes : Firf, in confequence
of it, a body at reft, fupported by the ground, or fufpended
by a ftring or line of any kind, or that is any way kept from
falling, endeavours, however, always to move ; and in fuch

cafes,
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cafes, its gravity is meafured by the preffure of the quiefcent
body upon the obftacle that hinders its motion.  Secondly,
when a body defcends in the vertical or plumb-line, its mo-
tion is continually accelerated, in confequence of the power of
gravity’s acing inceffantly upon it ; or if it be proje&ted up-
wards in the fame right line, its motion is continually retarded,
in confequence of the fame power’s acting inceflantly upon it
with a contrary dire@ion : and, in fuch cafes, the force of
gravity is meafured by the acceleration or retardation of the
the motion produced in a given time, by the power continued
uniformly for that time : but if the body defcend or afcend
along an inclined plane, or move in a refifting medium, then, in
meafuring this power, due regard muft be had to the principles
of mechanics defcribed in the preceding book. Zhirdly, when
a bedy is projected in any direction different from the vertical
line, the direcion of its motion is continually varied, and a
curve line is defcribed, in confequence of the inceffant action
of the power of gravity, which in fuch cafes is meafured by
the flexure or curvature of the line defcribed by it ; for the
power is always the greater, caterss paribus, the more it bends
the way or courfe of the body from the tangent or direction in
which it was proje®ted. Effe@s of the power of gravity, of
each kind, fall under our conftant obfervation, near the {urface
of the earth ; for the fame power which renders bodies heavy
while they are at reft, accelerates them when they defcend per-
pendicularly, and bends their motion into a curve line whqn
they are projected in any other direction than that of their
gravity. But we have accefs to judge of the powers that a&
on the celeftial bodies by the effeés of the laft kind only : we
{fee bodies near the earth falling towards it ; but this is a

roof of the moon’s gravity that cannot be had, till the prefent

flate of things comes to its diffolution. When a body is pro-
I1i2 jected
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jected in the air, we do not fee it fall in the perpendicular to-
wards the earth, but we fee it falling every moment from the
tangent to the curve, that is, from the direftion in which it
would have moved if its gravity had not aced for that mo-
ment. And this proof we have of the moon’s gravity : for
tho” we do not {ee her falling direétly towards the earthin a
right line, yet we obferve her defcending every moment towards
the earth from the right line which was the dire@ion of her
motion at- the beginning of that moment; and this is no lefs
evidently a proof of her being aéed upon by gravity, or fome
power like to it, than her re&ilineal defcent would be was
the allowed to fall freely towards the earth.

3. If we had engines of a fufficient force, bodies might
be projected from them {o as not only to be carried a vaft way
without falling to the earth, but {o as to move over a quarter
of a great circle of it, or (abftradting from the effeésof the air’s
refiftance) fo as to move round the whole earth without touch-
ing it, and, after returning to their firft place, commence a
new revolution with the fame force they firft received from the
engine, and after that a third, and thus revolve as a moon or
fatellite round the earth for ever. If this could be effeded
near the earth’s furface it might be done higher in the air or
even as high as the moon, could the engine, or an equivalent
power, be carried up and made to a@ there. By increafing
the force of the power, a body proportionally larger might be
thus proje&ted ; and, by a power {ufficiently great, a heavy body
not inferior to the moon might be put in motion at firft;
which, being perpetually reftrained by it gravity from going off
in a right line, might revolve for ever about the earth. Thus
Sir Ifaac Newton faw that the curvilineal motion of the moon
in her orbit, and of any projedtile at the furface of the earth,

were
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were phznomena of the fame kind, and might be explained
from the fame principle extended from the earth o as to reach
the moon ; and that the moon was only a greater projeile
that received its motion, in the beginning of things, from the
Almighty Author of the univerfe.

4. But, to make this perfeétly evident, it was neceffary to
fhew that the powers which a¢t on the moon, and on projedtiles
near the earth, and bend their motions into a curve line, were
directed to the fame centre, and agreed in the quantity of their
force as well as in their dire@ion. All we know of force re-
lates to its direction or quantity, and a conftant coincidence and
agreement in thefe two refpecs is fuflicient ground to conclude
them to be the fame, or fimilar, phenomena derived from the
fame, or from like caufes. It was thewn in the laft chapter,
that the gravity of heavy bodies is directed towards the centre
of the earth ; and it appears from the obfervations of aftrono-~
mers, that the power which aé&s on the moon, inceflantly
bending her motion into a curve, is directed towards the fame
centre : for they find that the moon does not defcribe an exa&
circle about the earth ; but an e//ipfe or oval ; and that the
approaches to the earth, and then recedes from it, in every re-
volution, but {o as to have her motion accelerated while the
approaches to the centre of the earth, and retarded as fhe re-
cedes from it ; which is an indication that the is acted on by a
power direed, accurately or nearly, towards the centre.

5. That this may appear more fully, let us {fuppofe that a
body is projected in any right line, and, if no new force a&
upon it, then muft it proceed in that line, defcribing equal
{paces in equal times, by the firft law of motion ; and if you
imagine a ray drawn always from the body to fome fixed point,
that is not in the line of its motion, while the body moves

2 over
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over equal {paces in equal times, that ray will deferibe equal
triangular {paces * in equal times ; becaufe thefe triangles, de-
{cribed by the ray in equal times, will have equal bafes on the
line of projeétion, and one common vertex in that fixed point.
Suppofe next that a force, direted to the fame fixed point,
a&s upon the body, and it will now be carried out of the firft
line of its motion into a new direGion, but the area or {pace
defcribed by the ray, drawn always from the body to that ﬁxed
point, will be equal to the fpace that would have been defcribed
by the ray in the fame time if no fuch force had acted upon the
body ; for thefe fpaces are triangles ftanding on the fame bafe
(viz. the firft diftance of the body from that fixed point) and
between the fame parallel lines. The power, therefore, di-
rected towards the given point has no effe¢t on the magnitude
of the area or fpace defcribed by the ray that is fuppofed to be
drawn always from the body to that point ; it may accelerate
or retard the motion of the body, but affe@ts not the area.
Therefore the ray muft flill continue to defcribe the {fame {paces

* All the reafoning here fuppofes only one propofition very generally known, that
“ triangles on the fame bafe, or on equal bafes, that have the fame height, are equal
to each other ;> from which it eafily follows, 1. That while a body by an uniform
motion defcribes the line A ¥, (Fig. 52.) and moves over the equal parts A8, B ¢, in
equal times, the triangles defcribed by a ray drawn always from the body to the given
point s, viz. AsB, Bsc, muft be equal, becaufe their bafes A, Bc are equal,
and they have their common vertex in's. 2. Suppofe a force to a¢t on the body in
B, diretted towurd s, that would carry it to , if it acted alone upon the body, in
the fame time in which the body by its uniform motion would defcribe & ¢, and the
body will now defcribe Bp the diagonal of the parallelogram B b ¢ in the fame
time, and the ray drawn from the body to s will defcribe the triangle Bsp equal to
Bsc becaufe they are on the fame bafe B s and between the parallels 2s, ¢ p ; that
is, the fpace defcribed now by the ray isequal to the {pace that would have been de-
{cribed by it if no new force had acted on the body B : from which it appears, that
the fpace defcribed by the ray is not increafed or diminithed by any action of the
body directed towards s, and therefore the ray drawn from the body to s will ftill

continue to defcribe equal fpaces in equal times, if no new force act upon it but what
is directed towards s.

in
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in equal times about the given poirit, as it would have done if
no new force had aded on the body, but it had been per-
mitted to proceed uniformly in the line of projection.

6. Asone impulfe towards the given point has no effe¢t on
the area, or fpace, defcribed by the ray tending always from the
body to that point, {o any number of fucceflive impulfes di-
reéted to the fame point can have no effect on that area, fo as
to accelerate or retard its defcription ; and, if you fuppofe the
power directed to that point to a& continually, it will bend
the way of the body’s motion into a curve ; and may accele-
rate or retard its velocity, but can never affe& the area de-
{cribed in a given time by the ray fuppofed to be drawn al-
ways from the body to the given point; which therefore will be
always of an invariable quantity, equal to that which would
have been defcribed in the fame time, if the body had pro-
ceeded uniformly in a right line, from the beginning of the
motion,

7. The converfe of this theorem fhews, that the equable in-
creafe of the areas defcribed by a ray, drawn always from a bedy
to a given point, is an indication that the dire¢tion of the

ower that acts upon the body, and bends its way into a curve,
is directed to that point. It is eafy to fee, thatif that power
was direGed to either fide of the point *, it would increafe or
diminifh the area defcribed by the ray drawn from the body to
the point ; fo that if equal areas continue to be defcribed about
it in equal times, we may be affured that the power is directed to
that point. If a body defcribe a circle with an equable mo-

* If a new force aéted upon the body at B, that was directed to either fide of s, the
body, inftead of being found in the line ¢p, would, in the fame time, either pafs
that line or fall fhort of it, and the area defcribed by the ray drawn from the body s
would cither be greater or lefs than Bsc. .

tion,
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tion, {o as to move over equal arcs in equal times, the areas
defcribed in equal times by a ray drawn from the body to the
centre of the circle will be equal, and it is plain that the force
which bends the body into the curve muft tend to that centre;
for if it was dire¢ted to any other point, the body would be
accelerated in its motion as it approached to that point, and re-
tarded as it removed to a greater diftance from it. We have
explained this propofition at fome length, becaufe it is of the
greatelt confequence in this philofophy. From it we learn,
that the force which retains the moon in her orbit is dire¢ted to
the centre of the earth, becaufe the defcribes, by a ray drawn
to the centre of the earth, equal fpaces in equal times, being
accelerated in her motion as fhe approaches to the earth, and
retarded as fhe recedes from it. We fhall; afterwards, fee that
a {mall inequality in thefe {paces only ferves to confirm our au-

thor’s philofophy.

8. There is, therefore, a power which a&s on the moon,
like to gravity, dire@ed to the centre of the earth; and as
this power makes her fall from the dire@ion of her motion
every moment towards the earth ; fo, if her proje&ile motion
was deftroyed, the fame power would make her fall to the
earth, in a dire&t line : and becaufe this power acs inceffantly,
bending, every moment, her way into a curve, it therefore
would make her defcend to the earth with an accelerated mo-
tion, like that of heavy bodies in their fall. It remains only
to thew, that the power which aés on the moon agrees with
gravity in the quantity of its force, as well as in all other re-
ipe&s. But, before we compare them in this particular, we
are to obferve, that the power which ads upon the moon is not
the fame at all diftances from the earth, but is always greater
when fhe is nearer to the earth. To be fatisfied of this, it is
only neceffary to fee that to bend the motion of a body into a

curve,
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curve, when it moves with a greater velocity, requires the a&tion
of a greater power than when it defcribes the fame curve with a
lefs velocity. This is obvious enough, but may appzar more fully
thus : imagine a tangent (Fig. 53.) drawn at the beginning of
a {mall arc defcribed by the body, and as this is the line which
the body would have followed if no new power had a&ed upon
it, the effe& of that power is eftimated by the deprefiion of the
other extremity of the arc under that tangent : now it is plain,
that in arcs of the fame curvature or flexure, the greater the
arc is, the farther muft one extremity of it fall below the tan-
gent drawn at the other extremity ; and confequently when a
body defcribes a greater arc, it muft be acted on by a greater
power than when it defcribes alefler arc in the fame time. Now
as the moon approaches to the earth, her motion is accelerated,
is {wifteft at her leaft diftance, and flowelt at her greateft dif-
tance, and the arcs which fhe defcribes at her greateft and
leaft diftance have the fame curvature, therefore the force
which a&s upon her at her leaft diftance, when her motion is
{wifter, muft be the greater force.

9. It will not be difficult to fee according to what law this
power varies, at her greateft and leaft diftances from the earth.
That it may appear more eafily, let us affume a fimple cafe,
and fuppofe that her leaft diftance is the half of her greateft
diftance. If this was true, the moon would move with a double
velocity in her leaft diftance, that the area defcribed there by a
ray from her to the earth might be equal to the area defcribed
by fucha ray, in the fame time, at her greateft diftance ; fo that
the would defcribe at her leaft diftance an arc, in one minute,
equal to the arc the would defcribe in two minutes at her
greateft diftance ; and would fall as much below the tangent at
the beginning of the arc, in one minute in the lower part of her
orbit, or the perigacurm, as in two minutes in the higher part of

Kk it
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it, or her apogaeum. If therefore her proje@ile motion was de-
ftroyed at her leaft diftance, fhe would fall towards the earth as
much in one minute, as intwo minutes if her projectile motion
was deftroyed at her greateft diftance. But the fpaces defcribed
by a heavy body in its defcent are as the fquares of the times,
by Book II. Chap. 1. § 11 5 and {fuch a body defcends thro’ a
quadruple {pace in a double time; fo that the moon defcending
frecly at her greateft diftance, would neceffarily fall four times
as far in two minutes as in one minute. Therefore the would
fall thro’ four times as much {pace, in one minute, at her leaft
diftance, asat her greateft diftance in the fame time. Butthe
forces with which heavy bodies defcend, are'in the fame propor-
tion as the {paces defcribed, in confequence of thofe forces, in
equal fmall parts of time ; confequently the power that aés at
the leaft diftance is quadruple of that which a&s at the greater
diftance, when thelatter is fuppofed to be double of the former ;
or the forces are as 4 to 1, when the diftances are as 1 to 2.
We find, therefore, that the force which a&s upon the moon,
and bends her courfe into a curvilinear orbit, increafes as the
diftance from the centre of the earth decreafes, {o as tobe qua-
druple at half the diftance. In the fame manner it is thewn,
that if her leaft diftance was the third part only of her greateft
diftance, her velocity would be triple at the leaft diftance, to
preferve the equability of the areas defcribed by a ray drawn
from her to the centre of the earth ; and that the would be
acted upon by a power which would have the fame effect there
in one minute, as in three minutes at her greateft diftance ; fo
that if the was allowed to defcend freely from each diftance,
the would fall nine times as far from the leaft diftance as from
the greateft, in the fame time ; confequently, the power itfelf
which caufes her defcent would be nine times greater at the
third part of the diftance ; or the diftances being as 1 to 3,
the force of gravity at thofe diftances would be as 9 to 1, that

1s,
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is, inverfely as the {quares of the diftances. In the fame man-
ner, it appears that when the greateft and leaft diftances are
{fuppofed to be in any proportion of a greater to a lefler num-
ber, the velocities of the revolving planet are in the inverfe
ratio of the fame numbers ; and that the powers, which bend
its motion into a curve, are in the inverfe ratio of the fquaresof
thofe numbers.

10. In general, let T (Fig. 53.) reprefent the centre of the
earth, a L » the moon’s elliptical orbit, a the apogaeum, ¢ the
perigaeum, au and p x the tangents at thofe points, am and
p N any {mall arcs defcribed by the moon in equal times, at thofe
diftances ; m 1, N x, the fubtenfes of the angles of contad,
terminated by the tangents in 1 and x : then mu and ~x will
be equal to the fpaces which would be defcribed by the moon,
if allowed to fall freely from the refpeétive places 4 and ¢, in
equal times ; and will be in the fame proportion to each other,
as the powers which a& upon the moon, and infle& her courfe,
at thofe places. Let ax be taken equal to p N, and » A, pa-
rallel to a p, meet the tangent at a in 4 ; then, becaufe the
curvature of the ellipfe is the fame at a asat », # A is equal
to x N; and, if the moon was to fall freely, from the places
pand a, towards the earth, her gravity would have a greater
effect at p than at 4, in equal times, in proportion as 7 A is

reater than M H. But # 4 is the fpace which the moon would
defcribe freely by her gravity at a, in the time in which a4
would be defcribed by her projectile motion at a ; and M H is
the fpace thro’ which fhe would defcend freely by her gravity
at a, in the time in which ax would be defcribed by her pro-
je&ile motion ; and thefe {paces being as the {quares of the
times, it follows that 2 4 is to M 1, as the {quare of a4 to the
fquare of aH, or (becaufe of the equality of the areas Tam,
TP &) as the {quare of Trto the fquare of T a. Therefore
Kka2 the
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the gravity at » is to the gravity at a, as the {quareof T a to
the {quare of Tr; thatis, the gravity of the moon towards
the earth increafes in the fame proportion as the fquare of the
diftance from the centre of the carth decreafes. Sir Ifaac
Wewton thews the univerfality of this law, in all her diftances,
from the dire®ion of the power that aés upon her, and from
the nature of the e/iip/is, the line which fhe defcribes in her revo-
lution ; and it follows from the properties of this curve, that, if
you take fmall arcs defcribed by the moon in equal times, the
{pace by which the extremity of any arc defcends towards the
earth below its tangent at the other extremity, is always greater
in proportion as the {quare of the diftance from the focus is
lefs : from which it follows that the power which is propor-
tional to this {pace obferves the fame proportion.

11. The moon’s orbit, according to the obfervations of
aftronomers, differs not much from a circle of a radius equal
to {ixty times the femi-diameter of the earth ; and the circum-
ference of her orbit, is, therefore, about fixty times the cir-
cumference of a great circle of the earth ; which, by the
French mathematicians, was found to be 123249600 Parifian
fcet. 'The circumference of the moon’s orbit is eafily com-
puted from this; and, fince the finithes her revolution in 27
days, 7 hours and 43 minutes, it is eafy to calculate what arc
fhe defcribes in one minute. Now, to compute by what {pace
one end of this arc falls below a tangent drawn at the other
end, we learn from geometry that this fpace is nearly a third
proportional to the diameter of her orbit and the arc the de-
{cribes in a minute ; and by an eafy calculation this {pace is
found to be 1555 Parifian feet. This {pace is deferibed in con-
fequence of her gravity towards the earth, which, therefore,
is a power, that, at the diftance of fixty femi-diameters of

the
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the earth, is able to make her defcend in one minute through
155 Parifion feet.  This power increafes as fhe approaches to
the earth : in order to fee what its force would be at the fur-
face of the earth, let us fuppofe her to defcend fo low in her
orbit as, at her leaft diftance, to pafs by the furface of the
earth. She would then come fixty times nearer to the centre
of the earth, and move with a velocity fixty times greater,
that the areas, defcribed by a line drawn from her to that
centre in equal times, might ftill continue equal. The moon
therefore pafling by the furface of the earth, at her loweft dif-
tance, would defcribe an arc in one fecond of time (which is
the {ixtieth part of a minute) equal to that which the de-
{cribes in-a minute at her prefent mean diftance, and would
fall as much below the tangent at the beginning of that arc
ina fecond, asfhe falls from the tangent at her mean diftance in
a minute ; that is, the would fall near the {urface of the earth
15+ Parifian feet in one fecond of time. Now this is exactly
the fame {pace through which all heavy bodies are found by
experience to defcend by their gravity, near the furface of the
earth, as we obferved above. The moon, therefore, would
defcend at the {urface of the earth with the fame velocity, and
every way in the {fame manner, as heavy bodies fall towards
the earth ; and the power which aés upon the moon, agreeing
in dire¢tion and force with the gravity of heavy bodies, and
acting inceffantly every moment, as their gravity does, they
muft be of the fame kind, and proceed from the {fame caufe.

12. The computation may be made alfo after this manner :
the mean diftance of the moon from the earth being fixty times
the diftance of heavy bodies at the furface from its centre, and
her gravity increafing in proportion as the fquare of her diftance
from the centre of the earth decreafes, her gravity would be

6ox 60 times greater near the {urface of the earth than at her
Prefent



254 Sr ISAAC NEWT ON’s Booxk IIL

refent mean diftance, and therefore would carry her through
60x60x 155 Parifian feet in a minute near the furface: but
the fame power would carry her through 60x60 times lefs
{pace in a fecond than in a minute, by what has been often
obferved of the defcent of heavy bodies ; and, therefore, the
moon in a fecond of time would fall by her gravity near the {ur-
face of the earth 135 Parifian feet; which thereforeis the fame
with the gravity of terreftrial bodies.

13. Thus Sir Jfaac Newtor fhewed that the power of gra-
vity is extended to the moon ; that {he is heavy, as all bodies
belonging to the earth are found by perpetual experience to be;
and that the moon is retained in her orbit from the fame caufe
in confequence of which a ftone, bullet, or any other projectile,
defcribes a curve in the air. If the moon, or any part of her,
was brought down to the earth, and projected in the fame line
and with the fame velocity as a terreftrial body, it would move
in the fame curve ; and if any body was carried from our earth
to the diftance of the moon, and was projected in the fame di-
re¢tion and with the fame velocity with which the moon is
moved, it would proceed in the fame orbit which the moon
delcribes, with the fame velocity. Thus the moon is a projecile,
and the motion of every projeile gives an image of the motion
of a fatellite or moon. 'Thefe phznomena are fo coincident,
that it is manifeft they muft flow from the fame caufe.

CHATP
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Of the folar J[yflem : and the parallaxes of the planets and fixed

ars.

1. AVING fhewed that gravity is extended from the
H furface of the earth to the moon, and to all diftances
upwards, decreafing in a regular courfe as the {quares of thofe
diftances increafe, our author did not ftop here : as any con-
fiderable difcovery in nature generally opens a new Icene, {o
valuable a one as this could not be barren in Sir Jfaac Newton's
hands. The gravity of the moon fuggefted to him the uni-
verfal gravitation of matter ; and {fo {fuccefsful an account of
her motion led him to explain all the curvilinear motions in
the folar {fyftem, from the fame principle. The earth cannot
be confidered as the centre of the motions of any body in the
{yftem but of the moon only, with which fhe forms one of
thofe leffer fyftems of which the vaft {olar fyftem confifts. The
inferior planets, Mercury and Fenus, do not fo much as in-
clude the earth within their orbits, but manifeftly revolve round
the fun ; for fometimes they are farther diftant from us than
the fun, and at other times pafs between him and us, but
never are feen oppoﬁte to the fun, or appear removed from him
beyond a certain arc, which is called their greazef? elongation.
The higher planets, Mars, Jupiter and Satwurn, move in
orbits which include the earth indeed ; but it appears from
their motions, which viewed from the earth are {ubject to many
irregularities, that the earth is not to be confidered as the
centre of their orbits. Sometimes they appear to proceed in
thefe orbits from welt to eaft, fometimes they feem fationary
or without motion, and at othcr times they appear retrograde,
“hooa ¢ or
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or to go backwards from eaft to weft : and thefe irregularities,
tho’ different in the different planets, are exadly fuch, in all
of them as thould appear to us in confequence of the motion
of the earth in her orbit,

2. The motions of all the planets about the {un are conftant
and regular. They all move round him from weft to eaft,
almoft in the fame plane, in elliptic orbits that have the fun
in one of the focs, but of which fome approach very near to
circles.  Mercury poflefles the loweft place ; where moving
with the greateft velocity of them all, and in the leaft orbit,
he finithes his revolution in two months and 28 days. The
planet Zenus, which is called by us fometimes the evening ftar,
{fometimes the morning ftar, according as it appears to us eaft-
ward or weftward from the fun, and confequently fets later or
rifes earlier, is next to Mercury in the {yftem, and revolves in
about feven months and 15 days. Above thefe next in order
revolves the earth, with her fatellite the so0m, in the {pace of
ayear. Mars is above the earth, and is the firft which in-
cludes the earth, as well as the fun, in his orbit ; which he
defcribes in one year, ten months and 22 days. Higher in
the fyitem and at a great diftance Fupiter revolves, with his
four fatellites, in eleven years, ten months and 135 days. Laft
of all, Sarurn, with five fatellites, and aring peculiar to him,
moves in a vaft orb with the {loweft motion, and finithes his
period in twenty nine years, five months and 27 days.

3. Suppofe the earth’s mean diftance from the fun to be di-
vided into 100 equal parts, then the mean diftances of Mesr
cury, Venus, Mars, Fupiter and Saturn, from the fun, thall
confift of nearly 38, 72, 152, 520 and 954 fuch parts, re-
fpectively.  Or if they be required with greater exadtnefs, let

the



Crar. 3. PHILOSOPHICAL DISCOVERIES. 237

the earth’s mean diftance be reprefented by 100000, and the
diftances of thofe {everal planets fhall be reprefented by the
numbers 38710, 72333, 152369, 520096, 954006, re-
{pectively.

The diftances of Mercury and Zenus are determined by their
greateft elongations from the fun. Let s (Fig. 54.) reprefent the
fun, T theearth, and fuppofing a v 8 the orbit of Zenus to be
perfedtly c1rcu1ar, draw T v a tangent; then fhall v reprefent
the place of 7enus where her elongation from the fun is greateft,
and the triangle s v 1 being right angled at v, it follows that
sT, the diftance of the earth from the fun, is to sv, the dif-
tance of Venus from the {un, as the radius to the {ine of the
angle s T v the greateft elongation of Zenus from the fun. In
this manner, the diftances of the inferior planets are compared
with the diftance of the earth from the fun. The diftances of
the fuperior planets are determined from their retrogradations,
and, in fuch as have fatellites, by the eclipfes of thofe fatellites.
For example, let 1 (Fig. 55.) reprefent the planet Fupiter, and
if the right line s 1, joining the centres of the fun and Fupiser,
be produced to m, then fhall rn be the axis of his ihadow,
the pofition of which is determined by the echpfes of the fatel-
lites, and thews the heliocentric place of Fupiter, i.e. his place
V1€W€d from the fun. Produce the line T 1, which joins the
centres of the Earth and fupiter, to ~, and ~ fhall reprefent
the geocentric place of Fupiter, i. e. his place when viewed
from the earth. The difference of thofe places gives the angle
NiM or Tis; the angle 1Ts, the elongauon of Fupiter
from the fun as feen from the earth at T, is eafily found by
obfervation ; confequently all the angles of the trlangle TIS
are known, W1th the proportion of its fides, which is the fame
as of the fines of thofe angles ; and thus the proportion of s,
the diftance of Fupiter from t}ile {fun, to s 1, the diftance %f

L the
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the earth from the fun is difcovered. The angle T 15 is that
under which st the femi-diameter of the earth’s orbit would
appear if viewed from 1, or the elongation of the earth from
the fun as it would appear to a {pectator at Fupiter.

4. In the firft chapter of this book, we explained at length
how the diftances of the celeftial bodies are difcovered by what
is called the diurnal parallax, that is, the angle under which the
femi-diameter of the earth would appear at thofe diftances.
By this method the diftance of the moon from the earth is
compared with its femi-diameter. When Zenus and Mars are
at their leaft diftances from the earth, it is of ufe likewife for
eftimating thofe diftances. But in moft other cafes, the dif-
tances of the celeftial bodies are fo great, and the femi-diame-
ter of the earth bears fo fmall a proportion to them, that the
angle under which it would appear, viewed at {o great diftances,
cannot be difcovered by our inftruments, with any tolerable ac-
curacy. Therefore aftronomers have been obliged to have re-
courfe to other inventions. The method propofed by Ariffar-
chus for determining the diftance of the fun, by obferving the
time when the moon’s difk appears to be half illuminated by
the fun, may be confidered as an attempt to fubflitute the fe-
mi-diameter of the moon’s orbit in place of the {femi-diameter
of the earth. Let s and T (Fig. 56.) reprefent the fun and earth,
t the moon’s place when T v is perpendicular to s 1, at which
time her difk ought to appear to us to be bifected by the boun-
dary of light and darknefs upon her furface ; and it is manifeft
that T s, the diftance of the earth from the fun, is then to T,
the diftance of the moon from the earth, as the radius to the
fine of the angle LsT, the complement of the angle s T L the
elongation of the moon from the fun at that time. But this
method, tho’ very ingenious, has proved unfuccefsful ; aftro-
nomers finding it impralicable to determine the time of this

bife&ion
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bife&ion of the lunar ditk with fufficient exaénefs for this pur-
pofe. We learn from it, however, that the diftance of the fun
is vaftly greater than that of the moon ; for it is obvious that
the nearer the angle s T L approaches to a rightone, the greater
muft the diftance st be in proportion to T L; and that if this
diftance s was infinite, then sTr would be a right angle.
Now aitronomers find it very difficult to difcover any difference
between the angle s T . and a right angle, or between the time
when the lunar difk appears to be bifected and the quadrature
from which it follows that s T is vaftly greater than 1.

5. Aftronomers finding the diurnal parallax of no ufe for de-
termining or comparing the greater diftances in the celeftial
{paces, the femi-diameter of the earth being too fmall a bafe for
this purpofe, have had recourfe to what they call the annual
parallax. In place, therefore, of the {emi-diameter of the
earth, they fubftituted the femi-diameter of the orbit de-
fcribed by the earth annually about the fun; or, in place
of two ftations or {pedators, one of which was fuppofed
to be at the furface and the other at the centre of the
earth, they fubftituted one at the earth and another at the fun.
In this manner they obtained a bafe that bears a confiderable
proportionr to any diftances within the folar fyftem, and with
which they were able to compare them by accurate obferva=
tions. As, in the former cafe, they compared the diftances
in the heavens with the femi-diameter of the earth, by finding
under what angle it would appear at thofe diftances ; fo, in
this cafe, they compare the vaft diftances of the planets from
the- fun with the femi-diameter of the earth’s orbit, by finding
under what angle this femi-diameter appears at thofe diftances.
This angle is greater at the diftance of Mars than at that of
Fupiter, and is greater there than at the diftance of Sazurn;

L1z decreafing
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decreafing always with the diftance, till at length it become too
fmall to be difcernible by the exa&eft inftruments we have.
Let 1 (Fig. 55.) reprefent any remote obje in the {yftem, 4
the point where the earth paffes betwixt the fun s and that ob-
jet 1, 17 atangent from the point 1 to the earth’s orbit, {fup-
pofed to be circular : and when the earth is at a, the object 1
will appear in the fame place to the earth and fun ; but when
the earth comes to T, if we fuppofe 1 to have no motion, it
will appear to the earth in the right line T 1, and will appear to
have gone backward by the arc that meafures the angle T1s,
the fame which the {femi-diameter of the earth’s orbit s T fub-
tends at 1; and this angle being determined by obfervation,
its fine will be to the radius, as sT to s1; thatis, asthe dif-
tance of the earth from the fun to the diftance of the object
from the fun ; which proportion, therefore, is ‘eafily com-
puted by trigonometry. When the objec 1 has a proper mo-
tion, an allowance muft be made for this motion, after it is
determined by obfervation.

The appearances, in this cafe, may be explained in the fol-
lowing manner. Let s 1 produced meet the {phere in which the
fixed ftars are apparently difpofed in M, let the two tangents
Trand 71 meet the fame in N and #, and fuppofing the obje&t
1 to vibrate continually between ~ and # like a pendulum, ima-
gine this arc ~ z itfelf to be carried along the arc b M & with the
proper motion and direction of the obje@ 1. If 1 reprefent a
planet, the arc N2 which meafures the angle N12 or T17, will
fhew how much the planet is retrograde, the half of which
angle is s1r; which being known, the proportion of si tosT
Is computed as above.

6. We afcribe the annual motion to the earth and not to the
fun, according to the Pysbagorean fyftem revived by Copernicus,
for
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for many reafons ; fome of which were briefly mentioned in § 1.
and 2. By comparing the periodic times of the primary pla-
nets and their diftances from the fun, and by comparing the
periodic times of the fatellites that revolve about Jupiter and
Saturn with their refpeétive diftances from their primary planets,
it appears to be a general law in the folar fyftem, that when
{everal bodies revolve about one centre, the fquares of the pe-
riodic times increafe in the fame proportion: as the cubes of the
diftances from that centre ; that is, the periodic times increafe
in a higher proportion than the diftances, and not in fo high
a proportion as the {quares of thofe diftances, but accurately
as the power of the diftance whofe exponent is 12, or as the
number which is a mean proportional between thofe numbers
that reprefent the diftance and its fquare. The earth is the
centre of the motion of the moon, in all the fyftems. If the
fun likewife revolved round the earth, we fhould expe& that
the fame general law would take place in their periodic times
and diftances compared together ; or that the {quare of 27
days, 7" 43 would be to the {quare of 3635 days, 6% ¢, as
the cube of the moon’s diftance from the earth to the cube of
the fun’s diftance from the fame: from which it is eafy to com-
pute that the fun’s diftance ought to be little more than 53
times greater than the moon’s diftance ; whereas it is evident,
from the minutenefs of the {fun’s diurnal parallax, that the fun’s
diftance is fome hundred times greater than the moon’s dif-
tance from the earth. But if, with Copernicus, we fuppofethe
earth to revolve about the {un, in an orbit placed betwixt thofe
of Venus and Mars, this law will be found to obtain be-
tween the periodic times and diftances of the earth and
any of the planets from the fun compared together ; and the
harmony of the {yftem will appear complete. The retrogra-
dations and ftations of the planets, and the many apparent ir-
regularities in their motions and diftances from the earth, fur-

nith
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nith us with fo many arguments againft the Prolermaic {yftem,
according to which thofe appearances are explained by a num-~
ber of perplexed folid orbs and epicycles, in a manner un-
worthy of the noble fimplicity and beauty of nature. Itis
likewife to be remarked, that thofe inequalities are different in
the different planets, but in each of them are fuch as ought
to arife from the annual motion of the earth. The argu-
ments derived from the magnitude of the fun, and its great
ufefulnefs to all the bodies in the fyftem, which {eem to en-
title it to the moft centric place, are too obvious to require our
infifting on them. The earth and planets revolve about the
fun, in order to enjoy the benefits of his light and heat ; but
no reafon appears why the fun and planets thould revolve a-
round the earth.

=. There is but one argument againft the annual motion of
the earth that deferves any notice, viz. The want of an annual
parallax in the fixed ftars. Let T a # (Fig. 57.) reprefent the
earth’s orbit about the fun s, T x the axis of the earth, and zx,
parallel to T x, fhall reprefent the pofition of the fame axis at
the oppofite point z.  Suppofe T x to be direted towards the
ftar » ; and it is manifeft that the axis of the earth will not be
direted to the fame ftar when it comes to the fituation 7 x,
but will contain an angle x#p with the line #» joining the
earth and ftar, equal to the angle 77T, under which the dia-
meter T # of the earth’s orbit appears to a {pe@ator, viewed
from the ftar ». It might be expected, therefore, that by ob-
ferving the fixed flar » from the different parts of the earth’s
orbit T, #, (which may be confidered as two ftations in this
probl.em, the moft fublime of all that can be brought into
practical geometry,) we ought to be able to judge, from its
different appearances at thofe ftations, of the angle T » #, and
confequently of the proportion of T », the diftance of the ftar,
4 to
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to T ¢, the diameter of the earth’s orbit, or double diftance of
the fun. Yet it is certain that aftronomers, hitherto, have not
been -able to difcover any difference in the apparent fituations of
the fixed ftars, with refpect to the axis of the earth or to one
another, that can arife from the motion of the earth ; tho’,
fince the reftoration of the Pyrhagorean docrine, they have
taken great pains to examine this matter. - In anfwer to this
objection, it is obferved, that the diftance of the fixed ftars is
fo very great, that the diameter of the earth’s orbit bears no
fenfible proportion to it ; fo that the angle T » 7 is not to be
difcovered by our exaceft inftruments. Nor is this immenfe
diftance of the fixed ftars advanced by the Copernicans as an
hypothefis, merely for the fake of folving this objection ; for,
as they had reafon to fuppofe the fixed flars like to our fun,
they had ground to conclude their diftance to be vaftly great,
fince they appear to us with fo faint a light, and of no fenfible
diameter, even in the largeft telefcopes.  If we fhould fuppofe
the diftance between us and a fixed ftar to be divided into 300
equal parts, and a {pedtator, after pafling over 299 of thofe

arts, {thould view it from the laft divifion, or at ™ part of
the whole diftance, the ftar, indeed, would appear brighter to
him, but not fenfibly magnified in diameter ; becaufe it would
appear of the fame magnitude to him at that diftance, as it
was in a telelcope that magnified 300 times. The immenfe
diftance of the fixed ftars likewife appears from hence, that when
the moon or any other planet covers them from us, this is done
in an inflant ; they difappear at once, and not gradually as the
more remote planets when covered by the nearer ones. If we
join thefe obfervations together, they will rather appear to con-
firm one another and the motion of the earth, than to make
againft it. The immenfe diftance of the fixed ftars, that arifes
from them jointly, rather ftrengthens the evidence of the Co-

pernican fyftem ; becaufe the more remote the ftars are, the
more:
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more abfurd it muft appear to fuppofe {o immenfe a {pace to
revolve about our earth, an inconfiderable a point ! that to our
neighbouring planets it is {feen but as a {mall fpark of light ;
to others of them is hardly known ; and to fome of the fixed
ftars, neither it nor the whole folar fyftem to which it belongs
is vifible. How can it be imagined that thofe immenfe bodies,
funk fo deep in the abyfs of fpace, deferibe daily fuch vaft.
rounds about fo mean a centre ; efpecially if it be confidered
+that it is highly probable fome of the fixed {tars are immenfely
farther diftant than others, and thatall the fyftem of the fixed
ftars, vifible to the naked eye in a clear night, form but a
fmall corner of the univerfal {yftem.

8. But this is not all we learn from the diligence and ac-
curacy of late aftronomers, in confirmation of the motion of
the earth about the fun, and that ferves to refolve this the only
material objection againftit. An inftrument was contrived by
the famous Mr. Grabasm (for a defcription of which we refer
the reader to Dr. Smizh’s excellent treatife of oprics) and exe-
cuted with furprifing exaénefs, which being placed in the ver-
tical line, a ftar in the conftellation Draco that paffed near the
zenith was obferved by :this inftrument for a number of years,
with a view to difcover its parallax, by Mrs. Molyneux, Bradley
and Graham. They foon difcovered that the ftar did not ap-
pear always in the fame place in the inftrument, but that its
diftance from the zenith varied, and that the difference of its
apparent places amounted to 21 or 22 feconds. This ftar
is near the pole of the ecliptic. They made fimilar obfervations
on other fars, and found a like apparent motion in them,
proportional to the latitude of the ftar. This motion was by
no means {uch as was to have been expeted as the effe& of a
parallax ; and it was fome time before they difcovered any way

of
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of accounting for this new phznomenon : but at length Mr.
Bradley refolved all its variety in a fatisfattory manner, by the
motion of light and the motion of the earth compounded to-

gether.

Let ap (Fig. 58.) reprefent a fmall portion of the earth’s
orbit, ¢cp a ray of light moving from the ftar with the di-
rection ¢ p ; and if the earth was at reft, the telefcope would
be directed to the ftar, by placing it in the right line a & pa-
rallel to pc. Let ap beto b, as the velocity of the earth
in its orbit to the velocity of light, and it is manifeft that the
telefcope muft now be placed in the fituation ac, that the
ray of light may run along its axis, and, after entering the
middle of the obje&t glafs at ¢, may iffue at the middle of the
eye glafsat a; becaufe, while the ray defcribes the right line
cp, the point ais carried forwards to , and the telefcope by
moving parallel to itfelf is carried into the fituation pe.  But
the apparent place of the ftar is determined by the pofition of
the telefcope, and confequently the ftar will appear in the right
line A c, and not in 1its true fituation ax. Thus a ftar in the
pole of the ecliptic will appear to have its latitude diminithed
by the angle eac or acp ; which will be found to exceed 20
feconds, if the velocity of light be to the velocity of the earth
as 8000 to 1 : and this ftar will in appearance defcribe a {fmall
circle round the pole of the ecliptic at a diftance from it of
about 20”. In other cafes, the ftar will appear to defcribe a
{mall ellipfis having its centre in the true place of the ftar,
(i. e. the place where it would appear if the earth was at reft)
its tran{verfe axis parallel to the ecliptic, and its fecond axis
perpendicular to it ; the former of which gives its greateft
aberration in longitude, and the latter it greateft aberration
in latitude. If the ftar be in the plane of the ecliptic, the
aberration then is only in longitude. Tn this cafe, if the

M m Tays
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rays from the ftar touch the earth’s orbit in ¢ and 1, and be
perpendicular to it in A and 5, the motion of the earth, at &
and H, being in the dire&ion of the ray, the {tar will appear
inits true place, and there will be no aberration at thofe points ;
but the aberration in longitude will be greateft at a and .
He has explained all the appearances of the ftars obferved by
Mr. Molyneux and himfelf, in this manner ; and tho’ he has
not difcovered any parallax by thefe obfervations, he has pro-
duced from them a new argument for the motion of the earth,
by a feries of obfervations made on different {tars in different
laces. He finds ground to conclude from thefe, that the pa-
rallax of the fixed ftars can hardly exceed one fecond ; from
which their diftance ought to be 400,000 greater than the dif-
tance of the fun. The true motions in the {yftem being
eftablithed, we may now proceed fafely with our analyfs.

9. Each of the primary planets bend their way about the
centre of the {un, and are accelerated in their motion as they
approach to him, and retarded as they recede from him ; fo
that a ray drawn from any one of them to the fun always de-
fcribes equal {paces, or areas, in equal times: from which it
follows, as in Chap. 2. § 5, 6, 7. that the power which bends
their way into a curve line muft be dire&ed to the fun. This
power always varies in the fame manner as the gravity of the
moon towards the earth. The fame reafoning by which the
gravity of the moon towards the earth at her greateft and
leaft diftances were compared together, in Chap. 2. §8, o,
ro. may be applied in comparing the powers which a& on any
primary planet, at its greateft and leaft diftances from the fun’;
and it will appear, that thefe powers increafe as the {quare of
the diftance from the fun decreafes. Our author fhews this

generally, from the nature of the elliptic curve in which each
planet moves.

2 10. But
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10. But the univerfality of this law, and the uniformity of
nature, {till farther appears by comparing the motions of the
different planets. The power which aés on a planet that is
nearer the {un is manifeftly greater than that which a&s on a
planet more remote ; both becaufe it moves with more velo-
city, and becaufe it moves in a lefler orbit, which has more
curvature, and feparates farther from its tangent, in arcs of the
fame length, than a greater orbit. By comparing the motions
of the planets, it is found that the velocity of a nearer planet
is greatei than the velocity of one more remote, in proportion
as the fquare root of the number which exprefles the greater
diftance to the fquare root of that which exprefles the leffer
diftance ; fo that if one planet was four times farther from the
fun than another planet, the velocity of the firft would be half
the velocity of . the latter, and the nearer planet would deferibe
an arc in one minute, equal to the arc defcribed by the higher
planet in two minutes : and tho’ the curvature of the orbits
was the fame, the nearer planet would fall by its gravity as
much in one minute as the other would fall in two, and there-
fore the nearer planet would defcribe by it gravity four timesas
much {pace as the other would defcribe in the fame time, by
the law of motion of falling bodies fo often mentioned ; the
gravity of the nearer planet would therefore appear to be qua-
druple, from the confideration of its greater velocity only.
But befides, as the radius of the lefler orbit is {fuppofed to be
four times lefs than the radius of the other, the leffer orbit muft
be four times more curve, and the extremity of a fmall arc of the
fame length will be four times farther below the tangent drawn
at the other extremity in the lefler orbit than in the greater ;
fo that, tho’ the velocities were equal, the gravity of the nearer

planet would, on this account only, be found to be quadruple.»
Mm: On



268 Sir ISAAC NEWT O N’s Boox IIL

On both thefe accounts together, the greater velocity of the
nearer planet, and the gréater curvature of its orbit, its gra-
vity towards the fun muft be fuppofed fixteen times greater,
tho’ its diftance from the fun is only four times lefs than that
of the other ; that is, when the diftances are as 1 to 4, the
gravities are reciprocally as the fquares of thefe numbers or as
16 to 1. In the fame manner, by comparing the motions of
all the planets, it is found that their gravities decreafe as the
{quares of their diftances from the fun increafe.

11. Thus, by comparing the motions of any one planet in
the different parts of its elliptic orbit, and the motions of the
different planets in their different orbits, it appears that there
is a power like the gravity of heavy bodies fo well known to
us on the earth, extending from the fun to all diftances, and
conftantly decreafing as the fquares of thefe diftances increafe.
If any one planet defcended to the diftance of another, it
would be acted on in the fame manner, and by the fame
power, as that other : and as gravity preferves the {fubftance of
the earth together, and hinders its loofer parts from being dif-
fipated by its various motions ; fo a like power, aling at the
furface of the fun, and within its body, keeps its parts to-
gether and preferves its figure, notwithftanding its ratation on
its axis.

12. In the fame manner as this principle governs the mo-
tions of the planets in the great folar fyftem, it governs alfo
the motions of the fatellites in the lefler {yftems of which the
greater 1s compofed. There is the fame harmony in their mo-
tions compared with their diftances, as in the great fyftem :
we fee Ffupirer’s fatellites bending their way round him, and
falling every moment from the lines that are the dire@ions of
their motions, or the tangents of their orbits, towards him ;

2 cach
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each defcribing equal areas in equal times by a ray drawn to
his centre, to which their gravity is therefore directed. The
nearer fatellites move with greater celerity, in the fame pro-
portion as the nearer primary planets move more {wiftly round
the fun, and their gravity, therefore, varies according to the
fame law. The fame is to be faid of Sarurs’s fatellites.
There is, therefore, a power that preferves the fubftance of thefe
planets in their various motions, aéts at their furfaces, and is
extended around them, decreafing in the fame manner as that
which is extended from the earth and {un to all diftances.

13. Thefe fecondary planets muft alfo gravitate towards
the fun. It is 1mpofﬁble they {hould move fo regularly round
their refpetive primaries, if they were not aéted on by the
fame powers.  If we fuppofe them to be acted on by the fame
accelerating power in parallel lines, there will no diforder or
perplexity arife from thence; for they will then accompany
their primary planets in their motions round the fun, and move
about them at the fame time, with the fame regularity as if
their primary planets were at reft. It will be asin a fhip, or
in any fpace carried uniformly forward : in which the mutual
ations of bodies are the fame as if the {pace was at rcft, being
no way affeed by that motion which is common to all the
bodies. As every projectile, while it moves in the air, gra-
vitates towards the fun, and is carried along with the earth
about the fun, while its own motion in its curve is as regular
as if the earth was at reft; fo the moon, which we have fhewed
to be only a greater projectile, muft gravitate toward the {un,
and, while it is carried along with the earth about the fun, is
not hindered by that motion from performing its monthly re-
volutions round the earth., ~ Fupirer’s fatellites gravitate toward
the fun as every part of Fupizer’s body, and Sazurn’s fatellites

gravitate toward the fun as if they were parts of Saturn.
Thus
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Thus the motions in the great folar {yftem, and in the leffer
particular {fyftems of each planet, are confiftent with each
other, and are carried on with a regular harmony without any
confufion, or mutually interfering with one another, but what
neceflarily arifes from {mall inequalities in the gravities of pri-
mary and {econdary planets, and the want of exa& parallelifm
in the direétions of thofe gravities ; of which we are to treat
afterwards.

14. Nor is there any body that comes, tho’ rarely and as a
flranger, into the lower parts of our {yftem, exempted from
this univerfal gravitation toward the fun. When a comer ap-
pears, we fee the effe& of the fame power acting on it ; fince
it defcends with an accelerated motion as it approaches the {un,
and afcends with a retarded motion, bending its way about
the fun, and defcribing equal areas in equal times by a ray
drawn from it to ‘his centre. This power that acs on the
comets varies according to the fame law as the gravity of the
planets, as appears from their defcribing either parabolas™, or
very eccentric el/ipfes having one of their foc in the centre of
the {un : our author having demonftrated, that the power
which makes a body defcribe a parabola about its focus, muft
likewife vary according to the law {o often mentioned. If a
body was projected from our earth in a line perpendicular to
the horizon, with a certain force, (viz, that which would
carry it over about 420 miles with an uniform motion in a mi-
nute), it would rife in that line for ever and return to the earth
no more. Its gravity would, indeed, retard its motion con-
tinually, but never be able to exhauftit, the force of gravity
upon it decreafing as it rifes to a greater height. If the body
was projected with the fame force in any other dire&ion, it
would go off in a parabela having its focus in the centre of the
earth, and never return to the earth again. A force a little

lefs
* Princip. Lib, III. Prop. 4o0.



Cuar, 2. PHILOSOPHICAL DISCOVERIES. 271

lefs would make it move in a very eccentric e//7/is, in which
it would return after a long period to its firft place ; if it was
not diverted in its courfe by approaching too near to fome ce-
leftial body. In the fame manner, a planet projected with a
certain force would go off for ever in a parabolic curve having
the fun in its focus ; and if it was proje¢ted with a force a little
lefs would revolve in a very eccentric ellipfis having its focus in
the fun.  Allthefe motions, therefore, proceed from the fame
principle, acing in a various but moft regular manner in dif-
ferent circumitances, and are all analogous to the motions of
heavy bodies projected from our earth. Effects fo fimilar are
to be refolved into the fame caufe, and there is hardly more
evidence for fuppofing that it is the fame power of gravity that
acts upon terreftrial bodies in Ewrope and in America, at the
equator and at the poles, than that it is the fame principle
which aéts over the whole {yftem, from the centre of the fun
to the remote orb of Saturn, or to the utmofit altitude of the
moft eccentric comet.

1 5. From {everal phenomena we have reafon to conclude,
that there is an atmofphere environing the fun and extended
from it to a confiderable diftance. The ring of light obferved
around the moon, in a total eclipfe of the fun, in 1603,
mentioned by Kepler, and of late in 1706 and 1724, when
it was obferved to extend to g or 10 degrees diftance from the
moon, feems rather to have proceeded from the reflexion of
that atmofphere, while the folar dire¢t rays were intercepted
by the moon, than from the refrattion of any atmofphere about
the moon. The matter of this atmoiphere appears to gravitate
towards the fun, from the effe&t it has upon the vapour which
arifes in the tails of comets from their Vuclews and atmofphere,
with a direction oppofite to that of their gravity towards the
fun, For this vapour, being highly rarified, feems to arife

Wil



272 St ISAAC NEWT ON’s Boox IIL

with this diretion in confequence of the greater gravity of the
folar atmofphere towards the fun ; in the fame manner as a
column of vapour rifes in the air, in confequence of the air’s
greater gravity towards the earth ; the rather that this vapour
rifes with more rapidity, as well as in greater plenty, in pro-
portion as the comet is nearer the fun. Thus there is no fort
of matter in the folar fyftem but what we have ground to
conclude gravitates towards the fun.

16. As to the fixed ftars, they are removed to fuch an im-
menfe diftance, that their gravity toward the fun can have no
{fenfible effe¢t upon them in many ages, and cannot appear to
us by the phenomena. The power of gravity decreafes in pro-
portion as the {quare of the diftance increafes ; the neareft
fixed ftar {eems to be feveral hundred thoufand times farther
diftant from us than the earth is from the fun; and therefore
their gravity muft be fome 100000x100000 times lefs than
the gravity of the earth toward the fun. It it not therefore
from phznomena, but from analogy only, that we can extend
the power of gravity to the fixed ftars. There is no influence
but their light only which is able to traverfe that vaft abyfs of
fpace that is between us and them, fo as to have any fenfible
effet. However, as their light is every way the fame as that
of our fun, our author thinks the argument from analogy may
have its weight in this cafe. If they alfo gravitate toward the
fun, and toward each other, then we may fuppofe that the
unfathomable void that intervenes between the fyftems of which
they are probably the centres, as the fun is of our fyftem,
may {erve to hinder them from difturbing each others motions,
and from coming together into one vaft unformed mafs of
matter. It will not {feem ftrange that where the fun itfelf is
fcarcely vifible, the gravity toward it fhould be infenfible ;

and
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and that we thould here find no effe@s of any gravitation to-
ward the fixed ftars.

17. As altion and realtion are always equal and in oppofite
directions, fo that the earth, for example, gravitates toward
every mountain as well as every mountain toward the carth,
and gravitates toward every projectile while it is moving in the
air, as well as the projectile gravitates towards it; and without
this law nothing would be fteady or conftant in nature: hence
it follows, that the fun gravitates toward all the bodies in the
fyftem, and that the primary planets gravitate toward their fa-
tellites. The primary planets alfo gravitate toward one ano-
ther ; {fome minute irregularities in their motions, efpecially in
thofe of Fupiter and Saturn, the two greateft planets, when
they are in conjunction and come neareft to each other, are
evidences of this. The motions of the fatellites of Fupiter
and Saturn are alfo faid to be fubject to irregularities that pro-
ceed from their mutual actions. From fo many indications we
may at length conclude, that all the bodies in the folar fyftem
gravitate toward each other ; and tho’ we cannot confider gra-
vitation as effential to matter, we muft allow that we have as
much evidence, from the phznomena, for its univerfality, as
for that of any other affection of bodies whatfoever,
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C H AP IV.

Of the general gravitation of " matter.

1. Itherto we have confidered only the accelerating force

| of gravity at different diftances, to which the velocity
generated by it, in a given time, is always proportional. It
remains to {hew that the motion produced by this power, at
equal diftances from a given centre, is always proportional to
the quantity of matter in the heavy body ; that the gravity
of bodies arifes from the mutual gravitation of their parts; and
to afcertain the law of the gravitation of the particles of bodies.
It is allowed as to terreftrial bodies, and was confirmed from
many accurate experiments by Sir Jfaac Newton, that bodies
of the fame bulk and figure, tho’ of very different kinds,
fufpended by lines of the fame length, performed their vibrations,
when moving as pendulums, exaétly in the fame time ; from
which it follows, that the force of their gravity is exa&ly pro-
portional to their quantity of matter : nor would there be any
difference in the times of their vibrations tho’ their figure and
bulk were different, the diftances between their centres of fuf-
penfion and of ofcillation being equal, if it was not for the re-
fiftance of the air. It has been already thewed, that the moon
would fall toward the earth with the fame velocity as any other
heavy body, if fhe was at the fame diftance from its centre
and it is plain that the forces of bodies moved with equal ve-
Jocities are as their quantities of matter : fo that the weight of
the moon would be to the weight of any heavy body at the fame
diftance from the centre of the earth, in the fame proportion as
the matter of the moon is to the matter of that heavy body..

L8 The
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The primary planets are acted on varioufly in their different
diftances, but according to the law which fhews that if they
were at equal diftances they would defcend with equal veloci-
ties toward the fun, {o that their motion would be proportional
to their quantity of matter. In the fame manner it appears,
that if the fatellites of Fupizer and Saturn were at equal dif-
tances from the centres of their refpe@ive primary planets, they
would defcend towards them with equal velocities. The earth
and moon, at equal diftances from the fun, are acted upon by
equal accelerating forces, and would defcend with equal velo-
cities toward it.  Fupiter and his fatellites would defcend with
the fame velocity toward the fun, if their proje&ile motions
were deftroyed.  The fame is to be faid of Sazurn and his fa-
tellites. A very fmall inequality in the accelerating forces that
a& upon the primary planet and its fatellites would produce
very great irregularities in their motion., In all thefe cafes,
equal velocities being generated in equal times, the motions of
the bodies, and confequently the gravities that produce thefe
motions, muft be proportional to the quantities of matter in
the bodies ; from which it follows, that all equal portions of
matter, at equal diftances from the centre of gravitation, are
equally heavy ; without regard to figure, bulk, or the texture of
their parts: and that the gravitation of bodies arifes from the
gravitation of the particles of which they are compofed.

2. Becaufe aftion is always equal to reaétion, if you flill
fuppofe the planets at equal diftances from the fun, and there-
fore gravitating toward the fun with forces proportional to their
quantities of matter, the fun will gravitate towards each of the
planets with forces in the fame proportion. In general, the fame
body gravitates towards any other bodies, at equal diftances from
them, with forces proportional to their quantities of matter ;
becaufe it gravitates toward them with the fame forces with

Nn 2 which
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which they gravitate towards it, which are as their quantities
of matter. The power, therefore, that is extended from the
centre of the fun and of each of the planets, to all diftances
around them, is, atequal diftances from their centres, propor-
tional to their quantities of matter : and, in general, it appears
that the weight or gravity of a body is the greater, in proportion
as its quantity of matter is greater, as the quantity of matter
in the body to which it gravitates is greater, and as the fquare.
of the diftance from it is lefs. By compounding thefe three
proportions together, the weight, and motion, of bodies, arifing,
from their gravitation, may always be determined.

3. Gravity being found, by fo many experiments and obfer-
vations, to affe& all the matter of bodies equally, we have
hence more reafon flill to conclude its univerfality ; fince it ap-
pears to be a power that a&s not only at the furfaces of bodies,
and on fuch bodies as are removed at a diftance from them,
but to penetrate into their fubftance, and into that of all other
bodies, even to their centres ; to affe¢t their internal parts with.
the fame force as the external, to be obftru&ed in its a&ion:
by no intervening body or ebftacle ; and to admit of no kind
of variation in the fame matter, but from its different diftances:
only from that to which it gravitates.

4. The a&ion of gravity on bodies arifes from its action on
their parts, and is the aggregate of thefe aions ; fo that the
gravitation of bodies muft arife from the gravity of all their
particles towards each other. The weight of a body toward:
the earth arifes from the gravity of the parts of the bedy : the
gravity of a mountain toward the carth arifes from the gravi-
tation of all the parts of the mountain towards it. ‘The gravi-
tation of the northern hemifphere toward the fouthern arifes:
from the gravitation of all its parts towards it ; and if we fuppofe

the
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the earth divided into two unequal fegments, the gravitation of
the greater toward the leffer arifes from the gravitation of all the
parts of the greater toward the leffer. In the fame manner, the
gravity of the whole earth, one particle being excepted, toward
that particle, muft arife from the quantity of gravitation of all
the other particles of the earth toward that particle. Every par-
ticle, therefore, of the earth gravitates toward every other par-
ticle of it ; and, for the fame reafon, every particle of matter in
the folar fyftem gravitates toward every other particle in it..

5. We now proceed to an important part of this doétrine,
to determine the law according to which the particles of bodies
gravitate towards each other ; after having difcovered the law
which is obferved by bodies compofed of thofe particles. To
a fuperficial enquirer, at firft fight, the former might poffibly
appear to be neceflarily the fame with the latter : but it is eafily
thewn, that the law which is obferved in the attracions of the
minute particles of matter is often very different from that
which is obferved by fpheres compofed of fuch particles. 1If,
for example, the gravitation of the particles decreafe in the
fame proportion as the cubes of their diftances increafe, or in
any higher proportion, the fpheres compofed of fuch par-
ticles will not gravitate towards each other with forces that de-
creafe in the fame proportion as the cubes of the diftances of
their centres increafe, or in that higher proportion ; for {pheres
in conta& fhall attra& each other, in thofe cafes, with a force
infinitely greater than when they are removed to the leaft dif-
tance from conta@, tho’ there be very little difference betwixt
the diftances of their centres in thofe two cafes. This made it
neceflary {or Sir I/aac Newron to treat of this fubje fully ; and
as it is a very ufeful part of the theory of gravity, but not to be
underftood, as he has delivered it, without a profound fkill in

geometry
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geometry and prolix computations, we fhall endeavour to de-
{cribe it in a more eafy manner, by chufing {as on other oc-
cafions) the moft fimple cafes.  Suppofe, firft, that the gravi-
tation towards any particle decreafes in the fame proportion that
the fquare of the diftance from it increafes, letr AE @, PBFS
(Fig. 59.) be fimilar cones confifting of fuch particles, termi-
nated by fpherical bafes 4 £, B F 4 that have their centre in p;
and the gravitation at » towards the folid para, will be to the
gravitation at » towards PBF 4, as P4 to? s, or in the fame
ratio as any homologous fides of thefe fimilar folids. For let
MmNz be any furface fimilar to 424, having its centre likewife
in p ; and the gravitation towards the furface ara will be to that
towards M N7, in the ratio compounded of the dire& ratio of the
{furface aza to Mmxm (or pa” to PM*) and of the inverfe ratio
of pa® to pm”, that is, in the ratio of equality ; confequently,
the gravitation towards the furface A£7 A being reprefented by a,
the gravitation towards the folid pars will be reprefented by
axpa, and that towards the fimilar folid psré by axrs, which
are in the ratio of pa to pe. Inthe fame manner, the gra-
vitation towards the fruftum that is bounded by the furfaces
AEa, M N, isreprefented by ax am. It is evident, likewife,
that tho’ the furfaces Atz and M~ be of any other form,
yet the ultimate ratio of the gravitations at » towards the conical
or pyramidical {olids P A& a, PMN#m, is that of pa to pum;
and that if aq and Mg be perpendicular to » # in q_and 7
thefe forces reduced to the dire@tion » 1 will be ultimately in the
ratio of pqtorg. Whence it appears, that, if » 3 be equal
to B a, the attraGion of the particle » by the cone ¢ 3 4, with
which the particle is in contaét, will be equal to the attra@ion
of the fruftum of the cone terminated by the furfaces 4 & a,
B F b, when the attraCtion of the particles is fuppofed to in-
creafe as the {quare of the diftance decreafes ; and that, in this

cafe, the attraction of a portion of matter is not much greater
when
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when it is in conta& with the particle attracted, than when it is
removed to a fmall diftance from it.

6. But it is otherwife when we fuppofe the attraction of the
particles to decreafe as the cubes of their diftances increafe.
For, in this cafe, the particle » will tend to the furface MmN 7
with a force that is as the furface, or the {quare of ¢ M diretly,
and the cube of pM inverfely; that is, with a force which is
as p M inverfely, or dire@ly as m v the ordinate of the ®qui-
lateral hyperbola x vi, defcribed between the affymptotes » a
and pu. Therefore the attraction of the frultum MmNxmaE 2
will be meafured by the hyperbolic area m v 1 4 bounded by
the ordinates at a and m ; and the attra&ion of the cone pMm
N 72, by the infinite hyperbolic area that is conceived to be
formed betwixt the ordinate m v and the aflymptote p u. It
follows then, that, if fuch a law could take place, the particle
p would tend towards the leaft portion of matter in contad
with it, with a greater force than towards the greateft body at
any diftance, how {mall foever, fromit. The fameiseafily thewn:
when the attraction of the particles decreafes as any powers of
the diftances, higher than their cubes, increafe. It appears,
therefore, that the attra&tion of a particle in contact with a
body is not fenfibly increafed by the addition or diminution of
new matter, at any diftance, how {mall {oever, from the contaét ;.
whether this addition or diminution be made to the body or

article ; and, in fuch cafes, the lefs the particleis, the mo-.
tions produced in it at infinitely {mall diftances, by fuch at--
tractions, muft be the more violent 5 becaufe the fame force
acting on a particle generates a velocity in it that 1s always
greater in proportion as the particle-itfelf is lefs.

. The fame things may be demonftrated without having

recourfe to the property of the hyperbolic area, Letr s (Fig..60.)
A be
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be tops, aspatorD ; let A eand 8 p be conceived to be di-
vided into an infinite number of fimilar equal parts a £, £/,
&c. and 8w, m n, &c ; then a% will be to s as as to D,
and the matter between the furfaces whofe radii are » 4 and » 4,
{hall be to the matter between the {urfaces whofe radii are » B
and p, aspA*xakto Pe*xBm; thatis, as Pa’to P’ The
attractive powers of equal particles placed betwixt the fur-
faces of the radii Pa and P&, and the furfaces of the radii
Ps and P, are in the inverfe proportion, or as PB®to Pa’,
by the fuppofition ; and thefe two proportions compounded
together give a ratio of equality. Therefore, becaufe the
attrattive powers of the matter bounded by two fuch {fur-
faces are in the- compound ratio of the attractions of equal
particles, and of the number of particles, it follows that the
attra&tion of the matter contained by the furfaces of the radii
P o and P2 muft be equal to the attraction of the matter con-
tained by the furfaces of the radii P and P In the
fame manner the attraion of the matter contained by
the furfaces whofe radii are P £ and P/, is equal to the at-
traction of the matter between the f{urfaces whofe radii are
P and P~; and the attraion of the fruftum Aeazsrb
is equal to the attra&ion of the fruftum 3 répcd. In the
fame manner, if Ps beto P D, as PD to PH, the attra&ion of
the fruftum b e dur A appears to be equal to the attra&tion of
the fruftum srasrd; and if this feries of decreafing geome-
trical proportionals be continued, the attra&tion of the fruftum
contained by furfaces whofe radii are any two fubfequent terms
of the progreflion, muft be equal to the attracion of the
firft fruftum az4srb.  Butin this decreafing progreflion con-
tinued from P the number of terms is infinite ; and in the
folid P5¥4 there is an infinite number of fruftums, the attracion
of each of which is equal to the attrattion of the firft fruftum
terminated by the furfaces axa, Bré ; therefore the attraction

of



Cuar. 4. PHILOSOPHICAL DISCOVERIES. 281

of the folid 84, whichisin conta& with the particlep, js
infinitely greater than the attracion of the fruftum boundedt
by the furfaces 4 £ 4, 3 F 4, which is the greater folid, but -is
removed from the conta@ of the particle p.  We have taken
this opportunity to illuftrate and demonftrate this theorem here,
becaufe it will be of ufe to us afterwards, and ferves to fhew
the advantages of the law of gravity which takes place in the
{olar fyftem above other laws ; tho’ thefe, on other occafions,
may be preferable.

8. The gravitation of the particles being {uppofed to de-
creafe as the {quares of their diftances increafe, the forces with
which particles, fimilarly fituated with refpe& to fimi-
lar homogeneous folids, gravitate towards thefe {olids, are as
their diftances from any points fimilarly fituated in the {olids,
or as any of their homologous fides. For fuch folids may be
conceived to be refolved into fimilar cones, or fruftums of
cones, that have always their vertex in the particles, and the
gravitation towards thefe cones, or fruftums, will be always in
the fame ratio by § 5. But if the gravitation of the particles
decreafe as the cubes of the diftance increafe, the forces, with
which particles, fimilarly fituated with refpe& to fimilar homo-
geneous {olids, tend toward thofe folids, thall be equal.  For
fuch folids being refolved into fimilar fruftumsof cones that
have always their vertex in the particles, and are fimilarly fity-
ated with refpec to them, the gravitation towards thefe fruftums
will be always equal, by what was thewn in the laft article ; in
the {ame manner as the forces with which the particle p tends
toward fimilar fruftums aeesrb, pcdurb were demon-
ftrated to be equal.

g. The gravitation of the particles being ﬁlpijofed to de-
creafe as the fquares of their diftances from each other i.nlc;r_eaﬁfi;j
Oo 1
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if a particle be placed within the hollow folid generated by the
annular {pace terminated by two concentric circles, or fimilar
concentric ellipfes, apBE and adbe, (Fig. 61.) revolving
about the axis a B, it fhall have no gravity towards this {olid.
For let p be any fuch particle, p 7 any right line from p that
meets the internal circle or ellipfe in any points fand ¢, and the
external figure in x and 7; then if x » be bifeGted in=, fg
will be likewife bifected in =, becaufe the figures are fimilar
and fimilarly fituated ; confequently fx is equal to g »; and
the gravitations of p towards oppofite fruftums of the folid
that have their vertex in p, and are terminated by the fame
right lines produced from p, with oppofite directions, will be
always equal, by § 5. and mutually deftroy each others effe&.
It follows from this, that the gravity of any point o in the fe-
mi-diameter ¢ P, towards the {phere or {pheroid, is to the gra-
vity at P, ascq_to cP, fuppofing the point @ _to be within the
folid ; becaufe the gravitation towards the folid generated by the
annular fpace, which is included between APz and 2q4, has
no effed upon a particle at @ ; fo that the gravity at o_towards
the whole {olid apsE is the fame as the gravity at o_towards
the folid @ 4 4 ¢, which is to the gravity at p towards the folid
ADBE as cqto cP, by the laft article. It appears, therefore,
that when a {phere or {pheroid, of anuniform denfity, confifts
of particles that attract with a force decreafing as the {quare of
their diftance increafes, the gravitation towards the folid de-
creafes from the furface to the centre, in any given {emidia-
meter, in the fame proportion: that the diftance from the centre
decreafes.

10. Suppofe now the particle p (Fig. 62.) to be placed with-
out the fphere apsE, at the diftance pc from the centre c;
and this particle fhall be attracted towards the fphere with a
force that decreafes as the {quare of the diftance P ¢ increafes.

4 For
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For let Pnum be any right line from P meeting the generating
{emicircle ap 5 in ~ and M, and the arc cH, defcribed from
the centre P with the radius Pc, in 1 ; let Pz be another fuch
right line from p, conflituting an infinitely {mall angle with
P M, meeting the femicircle in 7, #, and the arc cuin/;
draw » r, / , perpendicular to Pc in r and 7, and cv perpen-
dicular to Pmin v. Suppofe another circle a @ s ¢ to interfect
the femicircle a b 3 £ in the axis a 3, and to conftitute with it
an infinitely {mall angle ; and let L # and /x, perpendicular
to the plane aps, meet ad s in # and x. Then the gravi-
tation of the particle p, towards the matter in the phyfical
furface Lz x /, thall be meafured by L2XLx or WXL« o confe-

Lz Poe
quently the gravitation of P towards the pyramidical fruftum,
terminated by the circular planes aps and ads, and by planes

perpendicular to aps in NM and 7, {hall be meafured by
LXLe xNwm, by § 5. of this chapter. But, the angle con-
tained by the planes aps, ads, being given, Lz is toLr, as
pd, the arc intercepted by thefe circular planes at the diftance
cp, tocp (or ca;) and, L/ being to r#, as P, or Pc, to LR,
{o that L/xLRr is equal to Pcxrr; it follows that the gra-

vitation of p towards that fruftum fhall be meafured by
LIXLRX:VMXDL op ReX2VMXDE — This gravitation is reduced
PTTX D POXCA T .
to the dire¢tion p ¢ by diminifhing it in the ratio of v, or pg,
: DdxXRrXPR
toPc; and is then meafured by =Z="%—x2vm; or (the
fimultaneous increment of v being reprefented by vo, and
pr* or Pv’ being equal to vm 4 nNPwm, by Ewcl 2. 6. or
to vMm®+4Pe, fo that aPs being conftant, the increments of

pr* and vm*® muft be equal, and rR7xPr equal to vox v 1\;1)'

by 24 fl‘;(‘“fﬁfv"; which is the fimultaneous increment of

Df/f; VP___.IZI *, in the fame manner as the increment of vm?, while
(G 3 2

V M acquires the infinitely fmall augment vo, is 3 vM>xvo.
Oo 2 Therefore
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Therefore the attraction of the part of the lice of the {phere
terminated by the circular planes A D3, ad'3, which is cut off
by a plane perpendicular to a p » in"the right line N, is as

22 xz‘;f}“f; and the attraGion of the portion of the {phere

which is generated by the revolution of the fegnrent mp« about
the axis a s bearing the fame proportion to the attraction of that
flice, as the circumference of the whole circle to the arc o

it is meafured by —:—xzx, IZ“ , where < exprefles the ratio of the
circamference of a circle to the radius; and confequently is
dire@ly as the cube of the chord mw, and inverfely as the
fquare of pc, the diftance of the particle P from the centre of
the fphere. Hence the gravity at p towards the whole {phere
is as the cube of its diameter, or its quantity of matter (the
denfity being given) directly, and the {quare of the diftance
pc inverfely, the chord m N coinciding with the diameter as,
when the attra&tion of the whole {phere is confidered ; fo that

this attraction is meafured by -;—xf—LPf_—g

11. It appears from what has been thewn, that any particle
p, without the {phere, is attracted by it with the fame force
as if the whole matter of the {phere was colle&ed in the centre,
and attracted asone particle from that centre. For the circum-

ference of the circle ApBE is exprefled by < x ca, its area by

Lx "2, the furface of the fphere by ~x 2ca® and its folid

[

content by = 3—0—-353; fo that the attraction of this folid content

a&ingAfrom the centre ¢, at the diftance Pc, is meafured by
e 2CA3 e .
cx2oA ) the very fame which meafures the attra&ion of the

3 PC

{phere at that diftance, by the laft article. The fame is to be
faid of the gravity towards the aggregate of any number of
fuch fpheres that have a common centre ; from which it fol-
lows, that however variable the denfity of a fphere may be at

different
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different diftances from the centre, provided the denfity be al-
ways the fame at the fame diftance fromit, the grawity of a
particle (that is not within the {phere) towards it will be as the
quantity of matter in the {phere direétly, and the {quare of
the diftance of the particle from its centre inverfely. If the
attra¢tion of the particles increafed or decreafed in the fame
proportion as their diftances increafe or decreafe, the fphere
would a&, in this cafe likewife, in the fame manner as if all
its matter was lodged in the centre as one particle ; but the
cafe is different when the attration of the particle obferves
other laws. Suppofe that the attraction of the particles is in-
verfely as the power of the diftance of any exponent # lefs
than 3, and the attraGtion of a {phere confifting of fuch par-
ticles, at its furface, will be to the force with which the whole
matter of the {phere collefted in its centre would attradt at

the fame diftance, as 3x2°7"to 3—zx §5~n If, for ex-
ample, the attration of the particles be the fame at all dif-
tances {in which cafe we fuppofe # = o) this ratiois that of 4 to
5 ; and if the attration of the particles be inverfely as their
diftance, it is that of 3 to 4 ; as we have fhewn elfewhere *.

12. Having thewn that when the particles gravitate to-
wards each other with forces that are inverfely as the {quares of
their diftances, the action of a {phere upon a particle placed
without it obferves the fame law as that of the particles them-
felves, and decreafes in the fame proportion as the {quare of
the diftance of the particle from the centre of the {phere in-
creafes ; it follows, becaufe aéfion and reacfion are equal, that
the particle will attra&t the {phere by a force varying in the
fame proportion ; and if, in place of the particle, a fecond

{phere be fubftituted confifting of fuch particles, fince the

“Treatifc of Fluxions; § 902,
total
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total a&ion of this fecond {phere will be the fame as if all its
matter was lodged in its centre, therefore the two {pheres muft
obferve the fame law, in acting upon each other, as two par-
ticles placed in their centres ; that is, their attraction muﬁ def—
creafe in proportion as the fquare of the diftance betwixt their
centres increafes.

13. The gravitation of bodies having been refolved by Sir
Ifaac Newron into the gravitation of their particles, and the
law which is obferved by the gravity of bodies having been
difcovered from the phznomena defcribed at length above ; it
appears from the preceding conclufions, that the gravity of the
particles of which the bodies are compounded obferves the very
fame law. He was likewife enabled, by the fame fteps, to de-
termine the progrefs of gravity from the centre of any {phere to
the greateft diftance from it. At the centre a particle can
have no gravity at all, being equally attracted every way by the
matter of the {phere about it.  If it is placed within the {phere
at fome diftance from the centre, its gravity will be the greater,
the greater this diftanceis, by § 9 ; for thefe parts of the fphere
only having an effe@ upon it that are at a lefs diftance from the
centre than itfelf, and its gravity being as the attracting matter
direé&tly and the {quare of the diftance from the centre reci-
procally, fince the matter is as the cube of the fame diftance,
the gravity muft be as the diftance itfelf., From the centre to
the furface, its gravity increafes in proportion as its diftance
from the centre increafes ; at the furface, its gravity 1s greateft ;
and from the furface upwards, its gravity decreafes in propor-
tion as the fquare of its diftance from the centze increafes; re-
gularly obferving this law to the utmoft limits of fpace. Here
we {peak of the accelerating power of gravity, which is propor-
tional to the velocity that it is able to generate in any given
{mall moment of time ; and fince it gencrates the fame velo-

City
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city in the fame time in all bodies what{oever at the fame dif-
tance, it follows that their weight or motion arifing from it,
muft be proportional to their quantities of matter. In ge-
neral, to eftimate the weight or motion of any {phere that is
attracted by another whofe parts are equally denfe at equal dif-
tances from its centre, we are to meafure it by compounding
three proportions, that of the matter in the heavy bodies that
gravitate, that of the matter in the attracting {pheres to which
they gravitate, and the reciprocal proportion of the fquares of
the refpedtive diftances betwixt the centres of the {pheres that
tend towards each other ; and this is the law which we found
from the pheznomena to take place in the {yftem. See arz. 2.

of this chapter.

14. Thus Sir Jfaac Newton difcovered and felly defcribed,
from undifputed obfervations and unexceptionable calculations,
this fimple principle of the gravitation of the particles of matter
towards cach other ; which being extended over the fyftem to
all diftances, and diffufed from the centre of every globe, is
the chain that keeps the parts of each together, and preferves
them in their regular motions about their proper centres. The
fame gravity, which is {o well known to uson the earth, affets
them all ; the whole mafs of the fyftem is, in this refpe, of a
piece ; and this one principle, fo regularly diffufed over the
whole, fhews one general influence and condu&, flowing from
one caufe equally active and potent every where. Several ob-
fervations have been made of late that greatly confirm his doc-
trine, and particularly ferve to {hew that the gravitation to-
wards bodies arifes from the gravitation towards their particles.
Of this kind are the meafures of a degree on the meridian
made lately, with greataccuracy, by the French mathematicians ;

and the declination of the plumb-line from the true vertical,
in
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in confequence of the attration of a great mountain in the
neighbourhood.

CHAP V.
OFf the quantity of matter; and denfity, of the fun and planets.

1. LI US far our author afcends by way of anmalyfis,

E tracing the caufes from their effedts, and from the
coincidence, or perfec fimilarity, of many effeéts, thewing the
caufe to be more general. But in order to defcend by the
[ynthefis, and to determine the effe@s from the caufe now
known, it was not fufficient to eftablifh the general gravitation
of the particles of matter ; it was requifite to determine, as far
as poflible, the quantities of the powers which ac& in the {yftem.
We have feen that there is a gravity extending from each body
in the fyftem on all fides, at equal diftances from their centres
proportional to their quantities of matter. We know, from
experience, the force of this power at the furface of our own
earth, and have feen how to eftimate its efficacy at any other
diftance. In order to be able to eftimate all the powers in the
{yftem direted to their different bodies, it is neceflary to de-
termine the proportion of their quantities of matter to that of
our earth, If this is once obtained, all the powers that ope-
rate in the {yftem being known, it will require no more but-a
{killful application of geometry and mechanics to determine

the motions and phanomena of the celeftial bodies, which all
flow from them.

2. To meafure the matter in the fun and planets was an ar-
duous problem, and, at firft fight, feemed above the reach of
human art. But the prineiples of this philofophy afforded a

natural
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natural and eafy folution of it in the moft important cafes, and
Sir I/aac Newton has determined the proportions of the matter
that is in the Sun, Fupiter, Saturn, and the Moon, to that in
our Earth; that is, he has {hewed how many earths might form
a Sun, a Jupiter, or a Saturn. To underftand how he was
able to difcover this, we are to recolleé that the matter in each
of thefe is in the fame proportion as the force of gravity to-
ward them, at equal diftances from their centres. We know
the force of gravity towards our earth from the defcent of heavy
bodies, and alfo by calculating how much the moon falls be-
low the tangent of her orbit in any given time. We have no
experience of any recilineal defcent of heavy bodies toward the
Sun, Fupiter, or Saturn; but as the primary planets revolve
about the f{un, and their fatellites revolve about Fupiter and
Saturn, by computing from their motions how much a pri-
mary planet falls below its tangent in a given time, and how
much any of Fupiter’s and Saturn’s fatellites fall below their
tangents in the fame time, ' we are able to determine the pro-
portion which the gravity of a primary planet to the fun, and
of a fatellite towards its primary, bears to the gravity of the
moon towards the earth, in their refpeive diftances : then
from the general law of the variation of gravity, the forces
that would a& upon them at equal diftances from the Suz,
Fupiter, Saturn, and the Earth are computed ; which give
the proportion of the matter contained in thefe different

bodies.

3. That the quantity of matter in jfupiter is greater than
the quantity of matter contained in the earth, we may eafily
learn from the motion of his fatellites ; all of which revolve
about his centre in lefs time than the moon revolves about the
carth, and are all, excepting the firft, at a greater diftance

from his centre than the moon is from the earth. The fecond
Pp fatellite
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fatellite is farther diftant from Fupiter than the moon is from
the earth in the proportion of 3 to 2 nearly ; and moves in an
orbit greater in the fame proportion.  But this fatellite finithes
its revolution in 3 days, 13 hours, which is lefs than a fe-
venth part of the moon’s periodic time about the earth ; con-
fequently its motion muft be much more {wift than that of the
moon. A fatellite nearer Fupiter would move ftill more
fwiftly than this fatellite : fo that if a fatellite revolved about
Fupiter at a diftance from his centre equal to the diftance of
the moon from the earth, it would move much more {wiftly
than the moon moves about the earth, and therefore would
be a&ed on by a much greater centripetal force ; for it re-
quires always a greater force to bend into the fame orbit a body
that moves with a greater velocity. But the quantities of
matter in the central bodies are proportional to their attractive
powers at equal diftances, and therefore the matter in Fupiter
muft very much exceed the matter in the earth. In like
manner, we may eafily obferve that Mercury revolves about
the fun in very little more than thrice the time in which the
moon revolves about the earth, and yet moves in an orbit
about 140 times greater, being fo many times farther diftant
from the cenfre of his motion ; from which it is eafy to fee
that if a fatellite revolved about the earth as far diftant from it
as Mercury is from the {fun, this fatellite would move vaftly
flower than Mercury : whence it follows that the attractive
power of the {fun muft be vaftly fuperior to that of the earth,
and therefore that the fun muft contain vaftly more matter
than the earth. The matter in Sazurz is alfo found to be
greater than that in the earth. From our author’s calculations,
founded on thefe principles, it follows that the quantities of

matter in the Sun, Fupiter, Saturn and the Earth are to each
other as the numbers 1, 2

I I
To67Y 3977) 65283

4. The
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4. The quantities of matter in thefe bodies being thus de-
termined, and their bulk being known from aftronomical ob-
fervations, it is eafy to compute what matter each of them con-
tains in the fame bulk ; which gives the proportion of their
denfities. Thus our author finds the denfities of the Swz,
Fupiter, Saturn and the Earth, to be as the numbers 100,

94%, 67 and 4o00.

From which it appears that the earth is more denfe than
Fupiter, and Fupiter more denfe than Sazurn ; that is, thofe
lanets which are nearer the fun are found to be more denfe,
by which they are enabled-to bear the greater heat of the fun.
This is the refult of our moft fubtile enquiries into nature, that
all things are in the beft fituations, and difpofed by perfe& wif~
dom. If our earth was carried down into the orb of Mercury,
our ocean would boil and foon be diffipated into vapour, and
the dry land would become uninhabitable. It the earth was
carricd to the orb of Saturn, the ocean would freeze at fo
oreat a diftance from the fun, and the cold would foon put
a period to the life of plants and animals. A much lefs va-
riation of the earth’s diftance from the fun than this would
depopulate the torrid zone if the earth came nearer the fun,
and the temperate zones, if it was carried from the fun. A
lefs heat at Fupiter’s diftance is adapted to the greater rarity
of his fubftance : the confequences might be as fatal in
Fupiter, if he was carried into the orb of the earth, as it would
be to us to be carried into the orb of Mercury. The fill
oreater rarity of Sazurn is fitted to his more remote orb; fo
that tho” he is the laft of the planets, and receives go times
lefs light and heat from the fun than we do, he may never-
thelefs be in the beft {ituation that could poflibly be afligned
him in the fyftem ; and there the fituation of Fupirer, and of
Ppoa all
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all the lower planets, may appear as terrible as that of Mercury
does to us.  Sazurn terminates the planetary revolutions ; and,
as if the heat of the fun was too weak in the higher orbs, we
find no bodies revolving higher, but fuch as defcend in fome
part of their orbit nearer to this great centre of light and heat.
Upon the whole we have reafon to conclude, that they are all
difpofed in fuch order, and in fuch fituations, from which any
confiderable variation would produce fatal effe¢ts. The hy-
pothefis of Des Cartes led him to place the more denfe pla-
nets at a greater diftance from the fun; but a philofophy
founded on the obfervation of nature correfponds better with
the final caufes of things, and proves, on every occafion, the
wifdom of the author.

5. As aftronomers have found no fatellites revolving about
Mercury, Venus, or Mars, we are deprived of the like op-
portunities of comparing their attractive powers and proportional
quantities of matter. But it is highly probable from what we
have faid of the Earth, Fupiter and Saturn, that the denfities
of the other planets correfpond to their diftances from the fun,
and are greater in the nearer planets. Our author has alfo com-
puted the proportion of the attractive powers of the Swz,
Jupiter, Saturn, and the Earth, at their refpe@ive furfaces,
and finds them to be in proportion as thefe numbers, 10000,
943, 529, 435, refpectively. From which it appears, that the
force of gravity towards thefe very unequal bodies approaches
furprifingly to an equality at their furfaces: fo that tho’
Jupiter be feveral hundred times greater than the earth, the -
force of gravity at his furface is very little more than double
what it is at the furface of the earth ; and the force of gravity
at the furface of Sazur# is but about » greater than that of ter-
reftrial bodies.

2

6. The
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6. The moft confiderable powers that a& in the fyftem
being thus determined ; before we proceed to confider their
effes, it is neceffary, firft, to enquire whether they act ina
void, or if there is any medium that refifts the motions pro-
duced by them. We find that the air makes a confiderable re-
{iftance to the motion of projediles near the earth ; which, if
it extended unto the planetary regions, would alfo very con-
fiderably affe@ their motions. But experiments thew that the
denfity of the air is proportional to the force that comprefles
it, and that the weight of the f{uperincumbent atmofphere is
the force which comprefles the air in every altitude ; {o that
the higher any portion of air is, havinga lefs weight of air
above it to comprefs it, it muft have lefs denfity in the fame
proportion : and from this it follows, thatif we abftract from
the diminution of gravity, and the altitudes from the furface of
the earth be taken in arithmetical progreflion, the denfities
of the air at thefe altitudes will decreafe in geometrical pro-
greflion *. Since, therefore, it appears from feveral experi-
ments, made in France and England, that the denfity of the
air decreafes in fuch a manner, that at the -height of feven

I

erpendicular miles it is about I of the denﬁty it has at the

I

level of the fea, at 14 miles it muft be 4 of it, at 21 miles

r, at 28 miles 1o, at 35 miles 37, at 42 miles 7, at the

height of 49 miles ;%;; part of it, and at the height of a fe-
midiameter of the earth altogether infenfible. It appears from
the laws of motion, and from many accurate experiments, that
the refiftance of fluids, arifing from the 7uertiz of their
matter, is proportional to their denfity ; and therefore the re-

fiftance of the air, tho’ fenfible at the furface of the earth,

* Sece Dr, Halley in Phil. Tranf. N§ 1.8‘1. and Schol. Erop. 22. Lib, II. Princip.
would
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would be 16384 times lefs at the height of 49 miles, and
could not be fenfible in the greateft number of ages at the
height of a femidiameter of the earth : it muft be ftill lefs
at the diftance of the moon, which therefore, meeting with no
refiftance, continues to revolve for ever in her orbit, without any
impediment or diminution of motion. As for a more f{ubtile
medium than the air, no experiments nor obfervations fhew
that there is any here, or in the celeftial {paces, from which any
fenfible refiftance can arife.

BOOK
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B OOK IV.

The effels of the general power of gravity deduced
Synthetically.

CHAP L

Of the centre of the folar [yftem.

ciple of the gravitation of the particles of matter,

and having determined the chief powers that a& in the

{yftem, wiz. thofe which tend to the Suzm, Fupiter, Saturn,
and the Earzh ; and having found that the celeftial motions
are performed in free {paces, where the refiftance is infenfible ;
he has now prepared the way for proceeding fynthetically in
his account of the fyftem of the world, and enquiring into the
various cffe@ts that arife from a power fo evidently eftablithed.
Any general principle afcertained in nature is a great acqui-
fition to philofophy, efpecially when the variations of this
ower, with its direGtion and force, are clearly determined ;
and the fertility of this principle will appear from the various
phznomena refolved by it fymrbetically, of which we are now
to treat. Sir Ifzac Newton begins with enquiring into the
centre of the {yftem. The Pytbagoreans afcribed this place to
the centre of the fun, the followers of 4rifforle and Prolemy to
the earth.  But Sir I/aac, having found that thefe gravitate to-
wards each other and towards all the other bodies in the {yftem,
neither

X. S IR Ifaac Newton having eftablithed the general prin-
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neither of them, nor indeed any body in the {yftem, can be
fuppofed to be void of all motion.

2. It is the centre of gravity of the whole fyftem that is
the only point which can be fuppofed quiefcent in it ; the fame
point about which all the matter of the {fyftem would foon be
accumulated, if the progreflive motions of the bodies in it
were deftroyed, and their gravity was permitted to bring them
together. The mutual aéions of bodies on each other never
affec the ftate of this centre ; their attracing or repelling each
other produces no effe upon it ; and it muft either be qui-
efcent, or proceed uniformly in a right line. All feem agreed
that the centre of the {yftem is at reft, and no reafon or ob-
fervation argues for our afcribing any motion to it, Thecentre
of gravity of the fyftem is, therefore, the only immoveable
point, while all the bodies in the {yftem move round it with
various motions.

3. As we have our knowledge of gravity, and the laws of
nature, from what paffes on the furface of the earth, we cannot
illuftrate the motions of the bodies of the folar fyftem, arifing
from their mutual gravity, better than by fome images we find
of them on the earth, after having thewn fo fully the fimilarity
of the powers that a on the parts of the earth and on the ce-
leftial bodies. We know that when, by any power or ma-
chine, a body is projeted in the air, the power rea&s on the
earth with an equal force, and that if the power was fufficient
to projet a mountain or a much larger part of the earth, it
would a&t on the remainder of the earth with an equal force,
in ‘an oppofite direion; fo that while the projected part
begyn to move in its curve, the remainder of the earth would
beginat the fame time to move in an oppofite dire@ion, with an

equal
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equal quantity of motion, but with a velocity fo much lefs as
the matter in it is greater than in the proje¢ted part; and both
would revolve in certain orbits about the common centre of
gravity, which would continue in the fame ftate as before the
projection. If, by the refiftance of the medium, the rastions
of thefe partsof the earth came to be deftroyed, they would
come together again and be accumulated in one mafs about the
fame centre. If there were more fuch parts of the carth pro-
jeéted, the centre of gravity of all would be no way affeCted
by fuch projecions, but they would move round it, fo that
the fum of the motions on one fide of it thould be equal to
the fum of the motions on the other {ide : and this obtains
even in thofe {mall motions that are every day produced by
‘powers and agents on the earth.

4. The motions of the great bodies in the folar {yftem are
analogous to thefe : the different parts of the folar fyflem gra-
vitate to each other, as the parts of the earth gravitate towards
one another; and the different parts of the fyﬁem move in the
fame manner about their common centre of gravity, as the
parts into which we fuppofed the earth to be divided, if pro-
jected in any dlreéhon, would all move about their common
centre of gravity ; or as the earth, and all the bodics that are
actually proje@ted every day on its furface, revolve about the
common centre of gravity of the earth and thefe projecles,
Only there is this difference, that the bodies of the great {; fyfltem
were projected at great diftances from each other, and in fuch
a manner that the planets revolve in orbits almoft circular, fo
as not to come too near to the fun, or to be carried too far frm
him, in their revolutions. The creator of the world had in vain
made them of denfities adapted to certain diftances, if he had
not proje¢ted them with the forces that were requifite to pre-
{crve them revolving at thofe diftances, or near to them; and

Q(l as
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as the greatnefs of the force impreflfed on thofe vaft bodies,
icme of which are many times greater than our earth, fhews
the power, its jult quantity, varied regularly in the different
diftances of the planets, and its proper direction, fhew the fkill
of the finff mover.

5. We may fuppofe that all the matter of which the fyftem
confifts was formed firft in one mafs, where now the centre of
gravity of the whole fyftem is found ; that of this mafs various
bodies were formed, and feparated from each other to proper
diftances, where they received their projedile motions ; and
that the powers which feparated and moved them obferved the
law of nature that requires an equality between action and re-
adion, and is obferved in all the a&ions of powers at pre-
fent: and thus thefe motions would begin, and continue for
ever, without producing any motion in the centre of gravity of

the {yftern.

6. When the bodies were thus moved in their juft orbits, we
may conceive {fome of them to have been -fubdivided again, by
actions obferving the fame laws, inte feveral other bodies, which
in like manner were formed into leffer fyftems ; as that of the
earth and moon,, thofe of Fupiter and Saturn and their fatel-
lites. There is not any of thefe quiefcent in its particular
{yftem ; the earth and moon move about their common centre
of gravity, while it is carried with a regular motion round the
centre, of gravity of the whole fyftem. The fame is to be faid
of Fupiter and Saturn and their fatellites; and it is certain
from the laws of nature, that the motions in any lefler fyftem
about its centre of gravity, and the motion of that centre about
the centre of gravity of the whole {yftem, interfere not with
each other. A lefler {yftem being thus formed, one of the
bodies that compofe it might be fubdivided into lefler bodies.

that
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that might form a fyf’cem of an inferior order. But we do nct
find that nature carries this {ubordination fo far, unlefs we
would confider the motion of projectiles, near the furfaces oi
the fecondary planets, as an example of this kind.

7. It is next to be confidered, where this point of reft of the
common centre of gravity of the fyftem is to be found ; and
it is plain from what we have already feen, that it can never
be far removed from the fun, becaufe the matter in the fun
vaitly exceeds the matter in all the planets taken together :
and, from what we faid of the centre of gravity above, it ap-
pears that it is always nearer the greater body in proportion as
it is greater. Fupiter is the largeft of the planets, and yet is
but 57 of the fun, fo that their centre of gravity muit be
1067 times nearer-the fun than Fupiter; and as the diftance of
Fupiter is little more than 1067 femidiameters of the fun, it
follows that the centre of gravity of the fun and Fupiter can-
not be much above the furface of the fun. Sezurn is lefs than
Fupiter both in bulk and denfity, and the centre of gravity of
the Sun and Saturn falls within the body of the fun : and
thus it eafily appears, that tho’ all the planets were on one fide
of the fun in one line, the centre of gravity of the fun and
them all could {carcely be above a femi-diameter of the fun
from his furface : and this is the fartheft that the fun is ever
removed from that centre. It appears, therefore, that tho’
the fun is in perpetual agitation about this centre, yet, being
always fo near it, he may very well be confs dezed bv afhona—
mers as the centre of the folar {yftem. Thus, tho’ the ter-
raqueous globe receives an 1mpreﬁion from every power that
moves projeétiles in the air, and is, to {peak accurately, agi-
tated a little by thefe powers with a very complex motion, yet
we confider it as at reft, negle@ing fuch exceeding minute
a&ions and their effe@s.

Q.q 2 CHATP
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C H A P IL

Shewing how gravity produces fome fmall irregularities in the
motions of the planets.

t. Y F the planets were aced on by a power directed to the

centre of the {fun only, varying according to the general
aw of gravity, and that centre was quielcent, their motion
tbout it would be perfectly regular., But we found that each of
he planets was acted on by a power directed to every body in
he fyftem. = In order to judge of the effe@s of thefe actions,
sur author firft fuppofes two bodies equally gravitating towards
:ach other, and revolving about their common centre of gra-
gty : and, fince the dire&tion of their mutual gravitation
saffes always from the one to the other through their centre
of gravity, and their diftances from it vary always.in the fame
sroportion as their diftances from each other : it follows, that
they muft defcribe equal areas in equal times about that centre,
ind about each other, and defcribe fimilar figures about that
soint and about each other *. So that in the motions of two
syodies no irregularities arife in their motions about each other
wom their mutual attractions ; whatever the law of their gra-
7ity be fuppofed to be : only they will finifh their revolutions
ibout the centre of gravity in lefs time than if the one was to
evolve about the other quiefcent, at the fame diftance, and.
vith the fame centripetal force ; becaufe the orbit deferibed
ibout the centre of gravity being lefs than that which is. de-
cribed by any one of them about the other quiefcent (their
liftance from each other being equal in both cafes) and being
dfo fimilar to it, it muft be deferibed in lefs time. ‘

® Princip. Lib, I, Prop. 58.

2. If



Cuar, 2. PHILOSOPHICAL DISCOVERIES, 301

2. If three or more bodies mutually attra& each other, the
gravitation of any one, arifing from the actions of the reft, may
be determined by the rule for the corpofition of motion ; and
if the law of gravity be fuch as we find to obtain in the folar
{yftem, its gravitation will not be always dire¢ted to the centre
of gravity of the other bodies, or indeed to any fixed point,
but fometimes to one fide of that centre and fometimes to
the other ; and therefore, equal areas will not be defcribed in
equal times about any point in the {yftem, and feveral irregula-
rities will neceffarily arife in the motions of the bodies.  But if
you fuppofe one of thefe bodies to be vaftly greater than
reft, {o that the a&ions of the other bodies may be negle&ted
if compared with its aion, and the centre of gravity of the
fyftem be always found near it, then the irregularities in the
motions in fuch a fyftem will be very fmall. The areas de-
{cribed in equal times, about the centre of that great body,
will be nearly equal, and the orbits defcribed will be nearly
elliptic, having that centre in their focus. That this is the
cafe of the fun and planets, appears from what we have thewn
concerning their quantities of matter : and thus we fee that
not only the regular motions of the planets are to be derived
from the principle of gravity, but alfo how their minute errors
and irregularities are accounted for from it. The fame is the
cale of Fupiter and Saturn and their fazellites. As for the
Earth and the Moon, tho’ there be a lefs difproportion in their
magnitudes, and their common centre of gravity be fenfibly
removed from the earth, yet as there are only two in their
fyftem, no irregularities arife from their mutual acions in their
motions about their common centre of gravity, or they are
eafily determined when the pofition of their centre of gravity is

known. Thefe leffer fyftems of the Earth, Fupiter, and

Saturn,
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Saturn, are carried about the centre of gravity of the general
folar fyftem, without receiving any difturbance from any
action of the fun or planets, which is equal on all their parts
and in the fame dire@ion. When a fleet of fhips is carried
away by a current that affects them equally, 1t ha§ no eﬁe&.on
their particular motions amongft themfelves, nor 1s.the motion
proceeding from the current difcovered by them, if they have
no body in fight that is not affected by it. In the fame man-
ner, if the gravity towards the fun acted equally, an'd in the
{fame direcion, on the parts of thefe leffer fyftems, it would
have no effed on their motions amongft one another, and could
only be difcovered by comparing their motions with the fixed
flars, or with fome body foreign to that leffer {yftem, which
is atted on in a different manner by the fun. But as there is
{fome variation in the acions of the fun upon the parts of thefe
fyftems, and in the directions of thefe actions, from hence fome
irregularities neceffarily arife.

3. Tho’ the a&ions of the fun and of the inferior planets,
compounded together, do not always produce in a {uperior
planet a gravitation exadly dire¢ted towards their centre of
gravity ; vet, as upon the whole it is more nearly directed to
that point than to any other, "the motions of a fuperior planet
will be found more regular by fuppofing that point to be the
centre of its attration, rather than any other, and its ellipfe
will be juft by placing its lower focus there. A planet that is
higher than this will, by its attraction, have fome effe&t on the
motion in this ellipfe, but as it alfo ads on the inferior planets
at the fame time, there will no irregularity arife from that part
of its a¢tion wiiich is equal and in the fame dire¢tion on them
all, but from the differences of its attions only; which being
exceedingly minute, and having contrary effeéts in the oppofite

{ituations
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fituations of that higher planet, can produce effeds fcarcely
{enfible in many revolutions.

4. The a&tion of Fupiter on Saturn when greateft (that is
an their conjunétion when their diftance is leaft) is found to be

X

= of the adion of the Swz upon Saturas, by comparing the
matter of Fupiter with the matter in the Suz, and the fquare
of the diftance of the Suz from Saturn, with the {quare of the
diftance of Jupiter from Saturn. The effe& of this a&ion on
Saturn is not altogether infenfible. But the elliptic orb of
Saturn will be found to be more juft, if you fuppofe its focus
not to be in the centre of the Suz, but in the centre of gravity
of the Sun and fupiter, or rather in the centre of gravity of
the Swz and of all the planets below Sazurn.  In the fame
manner, the elliptic orb of any other planet will be found more
accurate, by fuppofing its focus to be in the centre of gravity

of the Suz and all the planets that are below it.

g. The whole a&ion of [fupiter difturbs the motion of
Saturn in their conjunion, becaufe Fupiter aéts upon Saturn
and upon the Swz with oppofite diretions, at that time.
But, becaufe Sazurn a&s then in the fame direction on Fupizer
and on the Swn, if it a&ted alfo with the fame force on both,
it would have no effe& on the motion of Fupiter about the
Sun, and it is by the excefs of its aion on Fupiter above its
action on the Suz that it difturbs the motion of Fuprzer. This
excefs is found to be ;Z; of the a&ion of the Suzon Fupiter,
and therefore is much lefs than the force with which Fupirer
difturbs the n}otion of Saturn. The a&ions of the other

lanets on each other are incomparably lefs than thefe,
and the irregularities proceeding from thofe actions are always
lefs in any planet as it is nearer {:he fun. Only the or.bit of the
earth may appear a little more irregular than that of its nelgh~
bouring
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bouring planets, becaufe it revolves about the centre of gravity
of the earth and moon, while that centre annually revolves
about the fun.

6. If the planets were attra¢ted by the fun and by one ano-
ther, but the fun was not reciprocally attracted by them, the
centre of gravity of the fyftem, becaufe of the deficiency of
this reacion, would neceffarily be in motion ; and this would
be a new fource of errors and irregularities. If the primary
planets were not attraCted by their {atellites, as well as the
fatellites by their primary planets, other irregularities would
neceffarily arife. If the great planets, Fupiter and Saturn,
had moved in the lower fpheres, their influences would have
had much more effe¢ to difturb the planetary motions. But
while they revolve at {o great diftances from the reft, they a&
almoft equally on the fun and on the inferior planets, and have
the lefs effe on their motions-about the fun, and the motions
of their fatellites are at the fame time lefs difturbed by the
action of the fun. The earth and moon move in a lower
{phere, but their motions are the lefs irregular becaufe there are
only two in their {fyftem. We fhall afterwards fee that the
comets continue for a very fmall time among the planetary
{pheres, and that in the far greater part of their revolutions
they are carried to fuch vaft diftances that their a&ions can
have very little effect on the motions of the planets. Such is
the law of gravity, and the manner of its operation, and fuch
is the difpofition of the bodies in the fyftem, as foems well
adapted for preferving their motions with great regularity ; but
this will appear ftill more fully from the following chapter.

CHAP
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CH AP IIL

Of the approach and recefs of the plancts to and from the fun,

in every revolution.

I. HUS far we have confidered the powers that a&t in

the {yftem of the fun, and have found that thofe
which produce the regular motions of the planets vaftly ex=
ceed thofe that difturb them. We are next to confider how
the motions in their orbits proceed from the aéion of thofe
powers ; and how the planet is made to afcend and defcend by
turns, at the fame time that it revolves about the centre of its
gravitation. This requires an illuftration, the rather becaufe
we have nothing fimilar to it in the motion of heavy bodies
at the earth’s furface ; for thefe are always made to fall to the
earth by their gravity ¢+ in whatever dire®ion they are pro-
jected, upwards, perpendicularly, or obliquely, their gravity
{foon brings them down to the earth again. Hence many find
it hard to conceive how a planet after approaching to the fun
can recede from it again, efpecially fince its gravity is increafed
as its diftance decreafes. They imagine that it ought to con-
tinue to approach to the fun, and at length fall upon his body,
as heavy bodies fall to the earth,

2. But we are to remember, that the force with which heavy
bodies are projected, from our moft powerful engines, is in-
confiderable, compared with the motions which their gravity
could generate in them in a few minutes; and they move
over fuch fmall fpaces, when compared with their diftance
from the centre of the earth, that their gravity is confidered
as acting in parallel lines, Wi{hout any fenfible error, fo th}zlxt

r the
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the centrifugal force arifing from the rotation about that centre
is altogether neglected. But when we .ex'am'ine th.e motion of
a projedile in larger fpaces, and trace it in its orbit, we muft
confider the adion of gravity as direéed to a centre, and take
in the centrifugal force arifing from its motion of rotation about
that centre; and it will appear, that there are indeed fome
laws of gravity which would make the body approach to the
centre continually, till it fall into it, but that there are other
laws which make bodies approach to the centre, and fuffer
them to recede from it, by turns. How to diftinguith thefe
we fhall now confider.

In the firft place, it will be eafily underftood that if s (Fig. 6 3)
be the centre of attraction, and a body is projected with a cer-
tain force in the line a &, perpendicular to as, it will defcribe
the circle a1 2 with an equable motion, and after a complete
revolution return to its firft place a, with its firft motion. The
fame gravity that acted at a upon it, and carried it below the
tangent A £, alls upon it at any other point 1, atan equal dif-
tance from the centre s, and brings it from the tangent at
thro’ the famelength in the fame time. The centrifugal force,
arifing from its rotation, being equal to its gravity, neither of
them prevails, and the body therefore neither approaches to
the centre nor recedes from it. If you fuppofe the motion of
projection at 4 to be increafed, the gravity neceffary to keep it
in the fame circle muft be increafed alfo ; {o that if the velocity
of the projection be double, the gravity requifite to retain the
body in the fame circle muft be quadruple ; becaufe ax being
double of aL, the point x falls four times farther below the
tangent than the point 1, as we thewed above : in general, the
gravity neceflary to retain a body in the fame circle is in the
duplicate proportion of the motion of proje&ion ; and the ve-
locity, therefore, in the fubduplicate proportion of the gravity ;

24

& {o
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{fo that when the gravities are as 1 to 4, the velocities are as
I to 2.

3. If the body is projected at a lefs diftance from the centre
of attra&tion, as at p, with the fame velocity, the gravity muft
be greater to retain it in a circle ; becaufe the curvature being
greater, the extremity P of the arc pr, equal to ar, falls
farther below the tangent at o, than v falls below the tangent
at a, in proportion as the arc pr is more curve, that is, in
proportion as the diftance s » is lefs than s a4, If the velocity
of projection is increafed at p, fo that the body defcribe a
greater arc DqQ_in the fame time, then the force of gravity,
neceflary to retain the body in a circle there, muft be increafed
in a duplicate proportion ; becaufe qr is to p r in the dupli-
cate proportion of pQ to pe. If the velocity at o, for ex-
ample, is greater than that at a in proporticn as s 4 is greater
than s b, then o 1 will be to ¢ & as the {quare of s a is to the
{quare of sp, and qr will be to L M as the cube of s is to
the cube of sp ; that is, the force requifite to retain bodies in
circles muft be reciprocally as the cubes of the femidiameters,
when the velocities in thefe circles are reciprocally as the {e-
midiameters themfelves ; and conver/ely, if the gravities in-
creafe as the cubes of the diftances from the centre decreafe,
the velocities neceflary to carry bodies in circles, at different
diftances from the centre of attra&ion, muft increafe in pro-
portion as the diftances decreafe.

4. In general, as the gravities of bodies that defcribe circles
about the fame centre increafe in proportion as the {quares of
the velocities increafe, and as the diftances decreafe ; it follows
converfely, that, in order to compare the velocities of pro-
se&tion that are neceflary to carry bodies in circles at thefe

different diftances, we muft compound the proportion of the
Rroa2 gravities
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cravities and the proportion of thefe diftances together, for this
compounded proportion will give that of the. fquares.of the
requifite velocities.  So In the folar fyﬂem, 1.f the diftances
of two planets were as I to 4, the gravities being as 16 to 1,
thefe proportions compounded give that of 16 to 4, or of 4to
1, which is that of the {quares of the velocities, and therefore
the velocities themfelves are as 2 to 1. In like manner we
can determine the law according to which the velocities, ne-
ceffary to carry bodies in circles about s, vary at any diftances,
in any given law of gravity.

5. If a body is projected at a (Fig. 64.) with a velocity lefs
than that which is neceffary to carry it in a circle there, it muft
fall within the circle, the centrifugal force, arifing from the
motion of rotation about s, is lefs than that which it would
have in the circle a L, in proportion as the {quare of its ve-
locity is lefs, and is therefore lefs than its gravity in the fame
proportion : the body, therefore, by the excefs of its gravity
above its centrifugal force, is made to approach to the centre.
The motion of the body, as it defcends in the orbit 4 M 3,
muft be accelerated {o as to defcribe equal areas in equal times
about s, and the velocity of its motion at M muft be greater
than its velocity at a, in proportion as sa is greater than s e,
the perpendicular from s on the tangent to its orbit at m ; be-
caufe if the arcs ax, M, be defcribed in the fame time, the
triangular fpaces ask, msN, being equal, the bafes ax, MN
muft be reciprocally as their altitudes s a, s, and the velocities
are as the arcs ax, mn, defcribed in the fame time, and there-
fore reciprocally as sa, sr. The velocity, therefore, in the
orbit from a to M, increafes in a higher proportion than that
in which the diftances s 4, sm decreafe, becaufe sa is to sp in
a higher proportion than sais to sm: only if the diredtion of
the body ever become perpendicular again to the ray drawn

from
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from s, at any point, as 8, there smand s? will coincide, and
the proportion of the velocities will be the fame as the reci-
procal of the diftances s 4, ss.

6. If a body is projected at B in a direétion perpendicular
to s, with a velocity greater than that which is neceffary to
carry it in the circle BGu about the centre of attraction, at
the diftance s, it muft be carried without that circle, and re-
cede from the centre s. The centrifugal force, in this cafe,
arifing from its motion of. rotation, is greater than that which
would arife from its motion in the circle 8 ¢ 5, and therefore
greater than its gravity 5 and by the excefs of its centrifugal
force above its gravity, it recedes from s the centre of attraction.
The motion of the body decreafes as it rifes, being retarded by
the action of its gravity, fo that the velocity is always lefs than
the velocity at B, in proportion as.s B is lefs than s p, the per-
pendicular from s on the diredtion of its motion.

7. A planet defcends from a, which is called its higher
apfis, to 8, which is called its lower apfis, and reafcends again
from B to a. It defcends from a, approaching to the centre of
attrattion, ‘becaufe its velocity at a is lefs than that which
would be able to carry it in a circle about s, at the diftance
s A. As it defcends to lefler diftances, its velocity in its
orbit increafes in a higher proportion than the velocitics,
which would be fufficient to -carry bodies in circles at thefe
diftances, increafe. For thevelocity in the orbit at 2 is greater
than that at a, in proportion as s A isgreater than-s 3 ; whereas
the volocity in a circle at B is greater than the velocity in a
circle at A, as v sa is greater than vs».  If sa were to s as
4 to 1, the firft proportion -would be that-of 4 to 1, but the
fecond that of 2 to 1 only. Hence it appears how the velocity

2 in
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in the orbit at B, exceeds that in a circle at the fame diﬁanc.:e;
tho’ the velocity in the orbit at a was exceeded by the velocity
that was able to carry it in a circle at the diftance s a. In the
higher part of the orbit, the velocity of the body 1s lefs than
that which would carry it in a circle there about s ; but the
velocity in the orbit increafes more, by the approach of the
body to the centre of attraction, than the velocities requifite
for carrying bodies in circles do, and fo gets the better of them
in the lower part of the orbit. Of thefe two each prevails
over the other by turns, in thetwo apfides; the velocity in the
circle in the higher apfis, and the velocity in the orbit in the
lower apfis.  After the body is carried off at B by its fuperior
velocity, the velocity in a circle afterwards gets the better, be-
caufe it does not decreafe fo quickly as the velocity in the
orbit, and the body is made to move, inits alcent, ina femi-
ellipfe equal and fimilarly fituated to that which it defcribed

1n its defcent.

8. The gravity indeed at B is greater than the gravity at a,
in proportion as the {quare of the diftance is lefs. But the
centrifugal force arifing from the circular motion about s in-
creafes in a higher proportion, wiz. as the cubes of the dif-
tances decreafe ; for thefe centrifugal forces are in the dire&
proportion of the fquares of the velocities and their inverfe
proportion of the diftances, compounded together : the firft of
thefe is the inverfe proportion of the fquares of the diftances,
and the two together compound the inverfe proportion of the
cubes of the diftances. The centrifugal forces, therefore, in-
creafe more quickly than the gravities; and tho’ the gravities
prevail in the higher partof the orbit, the centrifugal forces get
the better in the lower part of it. The gravity prevailing in
the higher apfis makes the body approach to s, the centrifugal

force
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force prevailing in the lower apfis makes the body recede from
it ; and, by their a&tions, the body for ever revolves from the one

to the other.

9. Itis eafy to fee from what we have faid, that the body
can defcend from the higher apfis to the lower, and afcend
again from the lower apfis to the higher, when the velocities
neceflary to carry bodies in circles about the centre of attracion
increafe, in approaching to that centre, in a lefs proportion
than the velocity of a body moving in an orbit ams increafes.
For tho’ the velocity in a circle in the greater diftances exceed
the velocity in the orbit, this latter, by increafing more quickly
as the diftance decreafes, gets the better of the other in the
lower part of the orbit, and carries the body off again. But
if the velocities by which circles can be defcribed about the
centre of attraion increafe, in approaching to that centre, in
a higher proportion, or in the fame proportion, as the velocity
in the orbit increafes, then this latter having been fuppofed at
a lefs than the former, it muft always continue lefs than it,
and never get the better of it, fo as to be able to carry off the
body ; and therefore, in all fuch cafes, the body can never
recede from the centre after it has once begun to approachto it,
but muft defcend to diftances lefs and lefs, till it fall into the
centre. It approaches at a, becaufe its velocity is lefs than that
which is requifite to carry it in a circle there : its velocity in-
deed increafes as it defcends to leffer diftances, but the velo-
cities which would carry bodies in circles at thefe diftances
about s, increafing alfo in as great a proportion, the velocity
in the orbit muft ftill continue to be lefs than in thefe circles,

and the body muft ftill continue to approach to the centre.

10. To
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to. To fix the limit of thefe two cafes, we are to confider,
that the velocities in an orbit, at a and 5, are in the inverted
proportion of the diftances there from the centre of gravitation ;
and that, if the gravity inereafe as the eubes of the diftances
decreafe, the velocities neceflary to defcribe circles at 4 and B
are in the fame inverted proportion of the diftances at A and B
from s. In this cafe, therefore, the velocities in circles,
and in the orbit at a and s, vary in the fame proportion, and
the fame which exceeds at the one diftance muft exceed at the
other ; {o that, for the fame reafon for which the body ap-
proached to s at a, it would approach toit at s, and if it re-
ceded from it at B, it muft recede from it at a ; thatis, ifi€
once begin to approach, it muft always approach to s, and if
it once begin to recede, it muft always recede fromit. This
alfo appears from what we faid of the centrifugal force, which,
in the fame orbit, increafes as the cube of the diftance de=
creafes ; and confequently in the fame proportion in which the
gravity is fuppofed to increafe in this cafe ; {o that, of thefe
two, which ever is fuppofed to prevail in any one apfid, the
{fame muft prevail in any other apfid, if fuch could be afligned j

and the body muft either defeend continually to the centre, or
rife from it for ever:

1. If the gravity increale in a higher proportion than as
the cubes of the diftances from the centre of attracion de-
creafe, then the velocities neceflary to carry bodies in circles
about that centre, in approaching to it, will incteafe in a
higher proportion than the diftances decreafe; that is, in a
higher proportion than the velocity in an orbit increafes from
ato e ; fo that as the velocity in a circle at a exceeded the
velocity in the orbit there, it will much more exceed it at s 5
and therefore the body, a&ed on by a gravity varying in fuch a

manner,



Cuar. 3. PHILOSOPHICAL DISCOVERIES. 313

manner, muft approach to the centre till it fall into it, ifit
once begin to approach to itat a ; and if it once begin to re-
cede from it, it muft continue to recede from it for ever. The
higher the power of the diftance is to which the gravity is re-
ciprocally proportional, the body will defcend in a lefs number
of revolutions to the centre, in like circumftances. If the
gravity is reciprocally proportional to the cubes of the diftances,
the body will defcend after an infinite number of revolutions.
If the gravity increafe as the 4th power of the diftance de-
creafes, and the body is projected at a with a velocity lefs than
that which would carry it in a circle about s in proportion as
v 2 is lefs than v 3, the body will deferibe a certain epicycloid
about s, and fall into it after half a revolution. If the gra-
vity increafe as the sth power of the diftance decreafes, and
the velocity of the projeion be to that which would carry it
in a circle about the centre s as 1 is to v 2, it will defcend in
a femicircle defcribed on the diameter s a, and fall into the
centre in a quarter of a revolution. If the gravity increafe as
the 7th power of the diftance decreafes, and thefe velocities
be as 1 to v 3, it will fall into the centre in ; of a revolution.
In general, if gravity increafe as the »+ 3 power of the dif-
tance decreafes, and the velocity of projection at a be to the
velocity which would carry the body in a circle there, abouts,

as 1 to v 1+2, it will fall into the centre in the = part of a
revolution. If the gravity increafe as the 3;i; power of the

diftance decreafes, and the velocities be as 1 to v 1+, the
body muft fall into the centre after 5o revolutions. We can-
not pretend to demonftrate thefe things here, and have men-
tioned them only to illuftrate this theory *.

* See reatife of Fluxions, Ari. 437.
S 2. If
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12. If the gravity increafe in a lefs proportion than that in
which the cubes of the diftances decreafe, the velocities, ne-
ceffary to carry bodies in circles about the centre s, will in-
creafe, in approaching to it, in a lefs proportion than the
{fimple proportion in which the diftances de.creafe, ar'ld there-
fore in a lefs proportion than the velocity in the orbit from. A
top; fo that, tho the former exceed in the greater dif~
rances, the latter may exceed in the leffer diftances, arid
the body may confequently defcend from the higher apfis
to the lower, and afcend from the lower apfis to the higher by
turns. ‘The gravity may prevail over the centrifugal force in
the higher parts of the orbit, but, increafing more flowly in
defcending to the lefler diftances than the centrifugal force, it
is overcome by it in thelower parts of the orbit, and the body is
made to recede again to its firft diftance. If the gravity in-
creafe as the cubes of the diftances decreafe, the body never
can arrive at the lower apfis 8. If the gravity increafe as the
fquares of the diftances decreafe, the body will defcend in a
femi-ellipfe from the higher to the lower apfisin half a revo-
lution.

13. If the gravity increafe in the reciprocal proportion of
fome power of the diftance betwixt the {quare and cube, the
body will take more than half a revolution to defcend from the.
higher to the lower apfis, the more the increafe of gravity ap-
proaches to the reciprocal proportion of the cubes of the dif-
tances ; for the velocity in the orbit will find the more difficulty
to get the better of the motion that would carry the body in a
circle, or the centrifugal force will with more difficulty get the
better of the gravity. Butif the gravity increafe in proportion
as {fome power of the diftance lefs than the fquare decreafes,
the velocities in circles increafing lefs in approaching to the

X centre,
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centre, the velocity in the orbit will the more eafily prevail,
and the centrifugal force will fooner exceed the gravity ; and
therefore the body will defcend to the lower apfis in lefs than
half a revolution, and return to the higher apfis in lefs than a
complete revolution. From which it appears, that as the
apfides are fixed in the regular courfe of gravity, that is, while
it increafes as the {quares of the diftances decreafe, they muft
be carried forwards, in the direGtion of motion of the body,
when gravity varies in a higher proportion than that, and muft
be carried backwards with a contrary motion when gravity
varies lefs than in that proportion. As a change from the
proportion of the {fquares to that of cubes gives an infinite mo-
tion to the apfides, {o that the body never arrives at either of
them again ; a very fmall change in the courfe of gravity will

roduce a fenfible motion in the apfides, and the leaft change
from the regular courfe of gravity muft become very fenfible,
in a great many revolutions, by the motion of the apfides.
From which we learn, that fince the apfides of the planets
have fo fmall a motion that fome aftronomers negle& it alto-
gether, and doubt if there is indeed any fuch motion at all,
we may conclude that their gravity muft obferve very accurately,
in its variations, the law of the {quares of the diftances.

14. Our author, to reduce to a computation the motion of
the apfides arifing from a variation from the regular courfe Qf
oravity, fuppofes, with aftronomers, that .the body moves in
an ellipfe that is carried at the fame time with a regular motion
about s, which, in an entire revolution, gives the motion of
the apfides. In a quiefcent ellipfis, (Fig. 65.) the curvature at
» and B being the fame, the centripetal forces there were found,
above, to follow the inverfe proportion of the fquares of the
diftances s a, s8. Suppofing that the body moves in the el-
lipfe 2/4, while this ellipfe itfelf is carried about s with an an-

S1 2 gular
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gular motion, fo that, s /in the moveable orbit being equal to
s L in the fixed orbit, the angle o s / may be to aswL in a con-
ftant invariable proportion, fuppofe that of ¢ to F; then the
increments of thefe angles, while s 1 and s / decreafe equally,
will oblerve the fame conftant proportion ; and the angular
motions about s of two bodies /and 1, revolving in the fame
time in thefe orbits, will be in the fame proportion, as alfo
the areas defcribed by rays drawn from thefe bodies to s : .fo
that if the bodies be projected together at a with velocities in
the fame proportion, and are adted on by the neceffary centri-
petal forces, they will move in thefe orbits, and apprc?ach
equally towards s, and arrive at / and L in the fame time.
The motion of approach to the centre being the fame at equal
diftances from it, and this motion being caufed by the excefs of
their gravities above the centrifugal forces arifing from their
circular motions about s ; the gravity will exceed the centri-
fugal force in the one orbit by the fame excefs as in the other,
and therefore the difference of the centrifugal forces muft be
the fame as the difference of their gravities ; fo that, to find
the gravity in the moveable orbit, we are to add to the gravity
in the fixed orbit, at the fame diftance, the excefs of the centri-
fugal force in the moveable orbit there, above the centrifugal
force in the fixed orbit at the fame diftance. Thefe centri-
tugal forces are in a given proportion to each other, viz. in
that of the {quares of the angular motions, or in the proportion:
of &¢* to r* and their difference muft be in a given propor-
tion to either ; the fame centrifugal forces, at different dif-
tances, are reciprocally as the cubes of the diftances, as we
{thewed above, and their differences muft vary in the fame pro-
portion : fo that the difference of the gravities in the moveable

and immoveable, muft vary in the reciprocal proportion of the
cubes of the diftances. X

15, If
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15. If the ellipfe is carried about s with a progreflive mo-
tion, that is in the dire@ion of the motion of the body, the
angular motion of the body in the moveable orbit is greater
than in the fixed orbit, and the centrifugal force, and confe-
quently the gravity, is greater. But if the ellipfe is carried.
about s with a retrograde motion, the angular motion in the
fixed orbit, and confequently the gravity, is leffer. In the firft
cafe, the difference of the centrifugal forces is to be added to
the gravity in the fixed orbit, to find the gravity in the re-
volving orbit at the fame diftance froms. In the latter cafe,
the difference of the centrifugal forces is to be fubtracted from
the gravity in the fixed orbit, to find the gravity in the revolv-
ing orbit at the fame diftance from s.

16. The force in the fixed ellipfe increafes as the {quare of
the diftance decreafes ; add to this a force that increafes as the
cube of the diftance decreafes, and the fum muft increafe in a
higher proportion than that of the {quares of the diftances, but
never in {o high a proportion as their cubes. A body therefore
that moves in an ellipfe that has itfelf a progreflive motion about
s, muft be a&ed on by a force that varies according to fome
power of the diftance higher than the fquare, but lefs than the
cube. The greater this motion of the ellipfe is, the greater
is the excefs of the centrifugal force in the moveable ellipfe
about that in the fixed ellipfe, at the fame diftance from s;
and the greater is the quantity that varies as the cube of the
diftance in the aggregate, in proportion to that which varies
in it as the {quare of the diftance only ; and the more does the
proportion of the aggregate vary from that of the fquares to-
wards that of the cubes of the diftances. In fuch a move-
able ellipfe, the gravity, which is as the aggregate, cannot be

{faid
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faid to vary in the proportion of any one power of the dif-
tance accurately ; but if the ellipfe is very near to a circle, the
proportion of the aggregate will be found to vary very nearly
as a certain power of the diftance, and the motion of the
cllipfe may be adjufted {o as that the aggregate may vary,
very nearly, as any power of the diftance that can be afligned
betwixt the {quares and the cubes.

17. If from a force that increafes as the {quare of the dif-
tance decreafes, you fubdu@ a force that increafes in a higher
proportion, viz. as the cube of the diftance decreafes, the re-
mainder muft increafe in a lefs proportion than that in which the
{quare of the diftance decreafes. A body, therefore, that
moves in an ellipfe which revolves itfelf at the fame time with
a retrograde motion about s, muft be acted on by a gravity that
varies in a lefs proportion than the {quare of the diftance; and
the greater the motion of the ellipfe is, the gravity will vary in
a lefs proportion, fo that if the motion of the ellipfe be fuf-
ficiently great, the gravity may decreafe inftead of increafing
as the diftance decreafes. By {fuppofing the orbit near to a
circle, the motion of the ellipfe may be adjufted, that the re-

mainder may vary according to any proportion lefs than that.
of the fquares of the diftances. ~

18. Our author has made an improvement of this, to judge
of the motion of the apfides in any law of gravity : for, by
fuppofing the gravity in the moveable ellipfe, when near to a
circle, computed from the forefaid principles, to vary according
to any given law, he determines what muft be the motion of
the ellipfe, or of the apfides, in confequence of this fuppofi-
tion ; or, the motion of the ellipfe being given, he determines
what is the power of the diftance according to which the gra-

Vity
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vity varies, nearly, when the ellipfe revolves with that given
motion *,

19. We have faid as much as our defign will allow us, of
the motions arifing from gravity, that are performed in re-
gular revolutions from the one apfis to the other ; where the
diftance from the centre of gravitation varies indeed, but {o as
to keep within certain limits, betwixt which the body con-
ftantly revolves ; and we have thewn that the motion of the
body may be of this kind, if the gravity decreafe in a lefs pro-
portion than that in which the cubes of the diftances from the
centre increafe. But the motion of the body is not always of
this kind, in thefe cafes ; for if the velocity of projeion at »
is fufficiently great, the body will, in {fome of thefe cafes,
recede for ever from the centre of gravitation, and never arrive
at the higher apfis . 'We have already fhewed that if the gra-
vity decreafe as the cubes, or any higher powers, of the dif-
tance increafe, and the velocity at B exceed, in the leaft, that
which would carry the body in a circle there, about the centre
of gravitation, it will recede from s for ever. If the gravity
decreafe in a lefs proportion than that of the cubes of the in-
creafing diftances, it may be projected at B with a motion
which will ftill carry it for ever from the centre, provided the
gravity decreafe in a proportion greater than that in which the
diftances increafe : for the limit here is the inverfe fimple pro-
portion of the diftances. If gravity vary more, the body may
be carried off for ever from the centre by a finite motion of
projection ; but if the gravity varies in that proportion, or in
any lefs proportion, then no finite force will be able to make
the body move in fuch a manner, as to recede from the centre
s for ever : but the body in thofe cafes muft always revolve

betwixt the two apﬁdes.

See Primeip, Lib. I. Sect. g.
zo. In
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20. In order to fee this, we may firft fuppofe a body to be
projected perpendicularly to the horizon, that is a&ted on by
a gravity decreafing in a higher proportion than that of the
increafing diftances ; and if the force of projection be fufhici-
ently great, it will rife for ever with a motion continually re-
tarded by the acion of its gravity, but that fhall never be al-
together deftroyed by thefe actions ; becaufe they decreafe in
fuch a manner that the fum of an infinite number of them
amounts to a finite quantity,

21. The fame law of gravity is the limit betwixt the cafes
of infinite afcents, in curvilineal motions and in reéilineal :
for our author has thewn, that if one body move in a curve,
and another afcend or defcend in a right line, aced on by the
fame gravity, and their velocities be equal in any equal alti-
tudes, they will be equal in all other equal altitudes * : and
fince the gravity of the body projected upwards in a vertical
line, with a certain aflignable force, is not able to bring it

* Suppofe the velocities of bodies 1. and » (Fig. 66.) to be equal at L and p, at
equal diftances s, sP; and let them defcribe the very fmall lines L/, p p, fo that
sp beingequal to s /; and pn/ a circular arc defcribed from the centre s meetingsL
in ¥, L~ muft be equal to pp. The gravity of L toward s may be refolved into
two forces, one of which may be reprefented by Lr, and aéls in the direétion of the
tangent L R, the other in a direction r s perpendicular to the tangent or the direction
of the body’s motion. 'The latter has no effect in accelerating its motion, being
perpendicular to it, and the former is to the gravity, asLr isto s L, orasL N is to
/.. The motion of the body p is accelerated by its whole gravity, {o that the forces
which accelerate the bodies L and p are to eachother, as L~ (or p p) tor/; but the
velocities at 1. and p having been equal, the times in which L/ and p p are defcribed
are in the proportion of the fpaces L /and pp ; fothat tho’ the body L is accelerated
by a lefs force in defcending to /, the time of its acceleration is greater in the fame
proportion : from which it appears that their accelerations are equal in defcribing
thefe {paces, and their velocities confequently equal at /and p. The velocities there-
fore of thefe bodies muft be equal in all equal altitudes. See Princip. Math. Lib. I

Prop. 40.
back
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back again ; it will not be able to make it return, if it was
projected with the fame force obliquely upwards, fo as to move
in a curve.  For the centrifugal force, arifing from the motion
of rotation about s, leflens the effeét of the gravity, and
makes it lefs capable to deftroy the motion of afcent in this
cale, than in the cafe of a perpendicular afcent.  Therefore if
gravity varies in the reciprocal proportion of fome power of the
diftance higher than unit, a body may run out to infinity in
its orbit, if it be projeted with a certain force.

22. If this force is the fame which it would acquire by fall-
ing from an infinite height, it will go off in a curve of the
parabolic kind.  But if it is proje&ed with a greater force than
that which would be acquired even by an infinite defcent, the
curve will be of the Ayperbolic kind. If it is projected with the
fame velocity which it would acquire by falling from an in-
finite height (affuming different laws of gravity, but other
circumftances fimilar) it will go off to infinity after a greater or
lefs part of a revolution, or after a greater or fmaller number
of revolutions, according as the power of the diftance, which is
reciprocally proportional to the gravity, is greater or lefs. The
limit here is a quarter of a revolution from the apfis, or the
place where the dire@ion of the body’s motion is perpendicular
to the line drawn to the centre ; for it muft always take more
than that to get off from the apfis to an infinite diftance. If
gravity obferve the reciprocal {efquiplicate proportion of the dif~
tance, then the body will go off in ; of a revolution. If it ob-
ferve the reciprocal duplicate, it will go off for ever in a pa-
rabola, in half a revolution. If it obferves the reciprocal

ower of the diftance, it will go off in a complete revolution..

But if gravity obferve the reciprocal triplicate proportion of the
' Tt diftance,,
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diftance, and the body be projected oblique to the radius, it

will go off in an infinite number of revolutions ¥,

23. If gravity decreafe in a lefs proportion than the recipro-
«cal fimple proportion of the diftances, and a body is projected
from the apfis with any finite force whatfoever, it cannot rife
for ever ; but will have the fame velocity at any diftance, as it
would have had at the fame diftance, {fuppofing it had been pro-
jected at a directly upwards with the fame force of projeétion:
and {ince any finite force would have been deftroyed in the per-
pendicular, if the body move in a curve it muft return again,
and after paffing the higher apfis, defcend again to the lower apfis,
tho’ that apfis be not in the {fame place as before. If gravity
increafe as the diftance increafes, @ fortiori the body will never
be able to afcend to an infinite diftance. Thefe obfervations
fhew the limits of the various forts of motions, that can pro-
ceed from various laws of gravity.

* In general, if gravity vary as thes powerof the diftance reciprocally, and the body
isprojected obliquely upwards with a force that is to that which could carryit ina circle

as 1 to v/7=, it will rifefor ever from thecentre, and go offin the ;—, part of a

—_—2m

2
revolution, or in the ; 7 part of the revolution. Suppofing 7 to be the excefs of 3
above the number m. If the gravity follow the reciprocal proportion of the 2,22

160

g??’r of the diftance, the body will go off in 50 revolutions.  See Fluxions, § 416,
eq.

CHAP
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CHAP IV

Of the motion of the moon.

1. E have explained the motions of the bodies in

the folar {yftem, from gravity, and have taken no-
tice of fome inequalities or errors in their motions, that arife
from the fame principle. But the manifold irregularities that
are produced by it in the motion of the moon deferve parti-
cularly to be confidered, as fhe is the neareft to us in the
{fyftem, and as great advantages might be deduced from her
motions, if they could be fubje@ted to exa& computation.
Formerly, they who built fyftems had great difficulties to re-
concile their principles with the phznomena : our author anti-
cipates obfervations, and the more perfe& our knowledge of the
motions in the {yftem fhall become, the more will this philo-
{fophy be efteemed. Pofterity will feeits excellence yet more
fully than we do, when the celeftial motions fhall be deter-
mined more accurately, by a feries of long-continued exa&

obfervations.

2. To give the principles of ourauthor’s computations cn this
perplexed fubje&, in as plain a manner as pofiible, we muift
recolle&t what has been already obferved ; that if the {fun adled
equally on the earth and moon, and always in parallel lines,
this action would ferve only to reftrain them in their annual
motions round the {un, and no way affe@ their actions on each
other, or their motions about their common centre of gravity.
In that cafe, if they were both allewed to fall direétly towards
the fun, they would fall equally, and their refpeétive fituations
would be no way affeGted by their defcending equally towards

Tt 2 it,
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it. We might then conceive them as in a plane, every part
of which being equally aced on by the fun, the whole plane
would defcend towards the {fun, but the refpective motions of
the earth and moon would be the {fame in this plane as if it was
quiefcent. Suppofing then this plane, and all in it, to have the
annual motion imprinted on it, it would move regularly round
the fun, while the earth and moon would move in it, with re-
fpect to each other, as if the plane was at reft, without any
irregularities. But becaufe the moon is nearer the {fun in one
half of her orbit than the earth is, and in the other half of her
orbit is at a greater diftance than the earth from the {un, and
the power of gravity is always greater at a lefs diftance ; it
follows, that in one half of her orbit the moon is more attracted
than the earth towards the fun, and in the other half lefs at-
tracted than the earth ; and hence irregularities neceffarily arife
in the motions of the moon, the excefs, in the firft cafe, and
the defed, in the fecond, of the attradtion, becoming a force
that difturbs her motion : add to this, that the a@ion of the
fun on the earth and mcon is not directed in parallel lines, but
in lines that meet in the centre of the fun.

3. To{ce the effe@s of thefe powers, let us fuppofe that the
projectile motions of the earth and moon were deftroyed, and
that they were allowed to fall freely towards the fun. If the
moon was in conjuné&ion with the fun, or in that part of her
orbit which is neareft to him, the moon would be more at-
tracted than the earth, and fall with greater velocity towards
the fun ; fo that the diftance of the moon from the earth
would be increafed in the fall. If the moon was in oppofition,
or in the part of her orbit which is fartheft from the {un, the
would be lefs attraced than the earth by the fun, and would
fall with a lefs velocity towards the fun than the earth, and the
moon would be left behind by the earth ; fo that the diftance

of



Cuar. 4. PHILOSOPHICAL DISCOVERIES. 323

of the moon from the earth would be increafed, in this cafe
alfo. If the moon was in one of the quarters, then the earth
and moon being both attracted towards the centre of the fun,
they would both dire@ly defcend towards that centre, and by
approaching to the fame centre, they would neceffarily ap-
proach at the fame time to each other, and their diftance from
one another would be diminifhed, in this cafe. Now, where-
ever the aétion of the fun would increafe their diftance, if they
were allowed to fall towards the fun, there we may be fure the
fun’s acion, by endeavouring to feparate them, diminithes
their gravity to each other; wherever the adtion of the fun
would diminifh their diftance, there the fun’s action, by endea-
vouring to make them approach to one another, increafes their
gravity to each other : that is, in the conjunction and op-
pofition, their gravity towards each other is diminifhed by the
ation of the fun; but in the two quarters it isincreafed by
the acion of the fun. To prevent miftaking this matter, it
muft be remembred, it is not the total a&ion of the {fun on
them that difturbs their motions, it is only that part of its
a@ion by which it tends to feparate them, in the firft cafe, to
a greater diftance from each other ; and that part of its action
by which it tends to bring them nearer to each other, in the
fecond cafe, that has any effect on their motions with refpect to
each other. The other, and the far more confiderable, part
has no other effet but to retain them in their annual courfe,
which they perform together about the fun.

4. In confidering, therefore, the effeds of the fun’s action
on the motions of the earth and moon with refpe& to each
other, we need only attend to the excefs of its action on the
moon above its a&ion on the earth, in their conjun@ion ; and
we muft confider this excefs as drawing the moon from the
earth towards the fun in ‘that place. In the oppofition, we

need
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need only confider the excefs of the action of the fun on the
earth above its a&ion on the moon, and we muft confider this
excefs as drawing the moon from the earth, in this place, in a
dire&ion oppofite to the former, that is; towards the place op-

ofite to where the fun is ; becaufe we confider the earth as qui-
efcent, and refer the motion, and all its irregularities, to the
moon, In the quarters, we confider the action of the fun as
adding fomething to the gravity of the moon towards t\:he

earth,

5. Suppofe the moon fetting out from the quarter that pre-
cedes the conjunéion, with a velocity that would make her
defcribe an exa& circle round the earth, if the fun’s acion had
no effe&t on her ; and becaufe. her gravity is increafed by that
acion, fthe muft defcend towards the earth, and move within
that circle : her orbit, there, will be more curve than other-
wife it would have been ; becaufe this addition to her gravity
will make her fall farther at the end of an arc below the tan-
gent drawn at the other end of it ; her motion will be accele-
rated by it, and will continue to be accelerated till fhe arrives
at the enfuing conjuné&ion; becaufe the dire&ion of the action
of the fun upon her, during that time, makes an acute angle
with the direction of her motion. At the conjunction, her
gravity towards the earth being diminithed by the aéion of the
{un, her orbit will be lefs curve there, for that reafon ; and fhe
will be carried farther from the earth as the moves to the next
quarter ; and, becaufe the action of the fun makes then an
obtufe angle with the dire&ion of her motion, fhe will be re-
tarded by the fame degrees by which the was accelerated
before.

6. Thus fhe will defcend a little towards the earth, as fhe
moves from the fuft quarter towards the conjunion, and
afcend
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afcend from it, as the moves from the conjunction to the next
quarter. The acion which difturbs her motion will have a
like, and almoft equal, effe@ upon her, while the moves in the
other half of her orbit, I mean, that half of it which is fartheft
from the fun : fhe will proceed from the quarter that follows
the conjunétion with an accelerated motion to the oppofition,
approaching a little towards the earth, becaufe of the addition
made to her gravity, at that quarter, from the a&ion of the fun;
and receding from it again, as fhe goes on from the oppofition
to the quarter from which we fuppofed her to fet out. The
areas defcribed in equal times by a ray drawn from the moon
to the earth will not be equal, but will be accelerated by the
confpiring acion of the fun, as fhe moves towards the con-
junétion or oppofition from the quarters that precede them ;
and will be retarded by the fame a&ion, as the moves from
the conjunétion or oppofition to the quarters that f{ucceed
them.

7. Our author has computed the quantities of thefe irregula-
rities from their caufes. He finds, that the force added to the
gravity of the moon in her quarters, is to the gravity with
which the would revolve in a circle about the earth, at her
prefent mean diftance, if the fun had no effect on her, at 1
to 1782 He finds the force fubdu@ed from her gravity, in
the conjunétions and oppofitions, to be double of this quantity,
and the area defcribed in a given time in the quarters, to be
to the area defcribed in the fame time in the conjunétions and
oppofitions, as 10973 to 11073. He finds, that, in fuch an
orbit, her diftance from the earth in her quarters, would be
to her diftance in the conjunétions and oppofitions, as 70

to 69.
8. The
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8. The moon does not move in the fame plane, round the
earth, in which the earth moves round the fun, but ina plane
that is inclined to it in an angle of about 5 degrees: and henee
it is that the centre of the moon appears to us to trace a dif-
ferent circle from the ecliptic, the circle which the centreof
the fun appears to defcribe in the heavens. Thefe circles cut
each other in two oppofite points, that are called by aftrono-
mers the zodes of the moon ; at the greateft diftance from the
nodes, thefe circles are feparated from each other by about five
degrees. The eclipfes of the fun and moon depend on their
diftances from thefe nodes, at the time of the new and full
moon ; for, if the change of the moon happen when fhe is
near one of the nodes, fhe eclipfes the fun ; and, if the moon
is full, near one of the nodes, the muft fall into the thadow of
the earth, and there become eclipfed. Aftronomers have at
all times been very attentive to the fituation of the nodes, in
order to calculate thefe eclipfes, which have been always a
pheznomenon much confidered by them. ‘The nodes are not
fixed in the fame part of the heavens, but are found to move
over all the figns in the ecliptic, with a retrograde motion, in
about eighteen or nineteen years.

9. Sir Ifaac Newton has not only fhewed that this motion
arifes from the ad&ion of the fun, but has calculated, with
great {kill, all the elements and varieties in this motion, from
its caufe. We called thefe points the moon’s nodes, in which her
orbit cuts the plane in which the earth revolves about the fun,,
and the line that joins the points we call the line of the nodes.
We fay the motion of the nodes is dire@& when they proceed in
the fame way as the moon moves in her orbit, viz. from weft
to eaft, according to the order of the figns Aries, Taurus, &c.
in the ecliptic; and we fay their motion is retrograde, when

3 they
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they move with a motion contrary to that of the moon, or
from eaft to weft, contrary to the order of the figns. We con-
ceive the plane of the moon’s motion to pafs always through
the centre of the earth and the centre of the moon, and to be
a plane in which the right line joining their centres, and the
right line that is the dire@ion of the moon’s motioh, or the
tangent of her orbit, are always found. It is certain, that if
the earth and moon were always acted on equally by the fun,
they would defcend equally toward the fun; the plane de-
termined always by thefe two lines, would defcend with them,
keeping always parallel to itfelf, fo that the moon would ap-
pear to us to revolve in the fame plane conftantly, with refpet
to the earth. But the inequalities in the adion of the fun, de-
fcribed above, will bring the moon out of this plane, to that
{ide of the plane on which the fun is, in the half of her orbit
that is neareft the {un, and toward the other fide, in the half
of her orbit that is fartheft from the fun.

10. From which we have this general rule for judging of
the effe@® of the fun on the nodes ; that while the moon is in
the half of her orbit that is neareft the fun, the node towards
which fhe is moving is made to move towards the conjunéion
with the fun ; and while the moon is in the half of her orbit
which is fartheft from thefun, the node towards which fhe is mov-
ing is made to move towards the oppofition : but when the nodes
are in conjunétion with the fun, its adion has no effect upon
them. In the firft cafe, the moon is brought into a direétion
which is on the fame fide, as the fun is, of that diretion
which fhe would follow of herfelf : and the interfeéion of a
plane pafling through this direction, and through the centre of
the earth, will cut the ecliptic, on that {ide towards which the
moon moves, in a point nearer the conjunétion, than if there

Unu was
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was no action of the fun to difturb her motion. In the other
cafe, the a&ion of the fun has a contrary dire&ion, and for
the fame reafon, makes the enfuing node move towards the op-
pofition. When the line of the nodes produced pafes through
the fun, then the fun, being in the plane of the moon’s mo-
tion, has no effe to bring her to either fide ; and therefore, in
that cafe, the nodes have no motion at all.

r1. From this general rule, it appears, that if you fuppofe
the. nodes to be in the quarters a and ¢, (Fjg. 67.) after the
moon fets out from the node a, that is, in the quarter preced=
ing the conjunéion s, the enfuing node ¢ moves towards the
conjunétion B, andis therefore retrograde ; becaufe it moves in a
dire&ion oppofite to that in'which the moon moves ; and, in all
this revolution of the moon, the nodes are manifeftly retro-
grade ; for, after the moon pafles the quarter ¢ that fucceeds
the conjunéion, then the enfuing node A moves towards the
oppofition b, fo that the nodes are, in that half of her orbit
alfo, retrograde.

12. Suppofe the nodes in the fituation N7, fo as one of
them may be between the quarter o and the enfuing con-
junction », while the other nede # falls on the oppofite point
of the moon’s circle, between the fubfequent quarter ¢ and the
oppofition o. In this cafe, while the moon moves from a to
N, the node N moves towards the conjunétion s (by the general
principle in § 10) and therefore its motion is dire¢. While
the moon moves from N to ¢, the enfuing node 7 moves to-
wards the conjunction 8, and therefore is retrograde; and be-
caufe the arc N c exceeds an, the retrograde motion exceeds
the dire® motion. While the moon moves from ¢ to #, the
enfuing node 7 moves towards the oppofition p, and the mo-
tion of the nodes is then dire@. But while the moon moves

3 from
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from # to a, the enfuing node N moves towards the oppofition
D, and then the motion of the nodes being contrary to the
motion of the moon, their motion is retrograde ; and becaufe
the arc #a exceeds 7 ¢, it is apparent that the motion is more
retrograde than direé.

13. When (Fig. 68.) one node  is between the conjunétion
3 and enfuing quarter ¢, while the moon moves from a to x, the
enfuing node N moves towards the conjunéion r, and therefore
is retrograde: while the moon moves from n to ¢, the enfuing
node # moves towards the conjunétion, and is dire&t. But as
the arc AN exceeds Nc, the retrograde motion of the nodes
muft exceed the diret motion. While the moon moves from
c to#, the motion of the enfuing node is towards the oppofi-
tion p, and is therefore retrograde. While the moon moves
from 7 to a, the enfuing node n moves towards the oppofition
p, and therefore is diret. But, as the arc cz exceeds az, it
follows that the retrograde motion exceeds the dire& motion.

It appeats, therefore, that in every revolution of the moon,
the retrograde motion of the nodes exceeds the dire&t motion,
excepting only when the line of the nodes paffes through the
fun, in which cafe there is no motion of the nodes at all.
We {ee then, how, from the principle of gravity, the nodes
of the moon are made to recede every year. Our author has
determined the quantity * of this retrograde motion in every
revolution of the moon, and in every year ; and it is no
{mall pleafure to fee how exactly the theory of thefe motions,
drawn from their caufes, agrees with the obfervations of aftro-
nomers. He finds, from the theory of gravity, that the nodes
ought to move backward about 19° 181" in the fpace of a year,

* Princip. Lib, III. Prop. 32. ;
u 2 HARAS
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and the aftronomical tables make this motion 19° 21’ 21”;
whofe difference is not ;; of the whole motion of the nodes in
ayear. By a more corrett computation of this motion from
its caufe, the theory and obfervation agree within a few
feconds.

14. The inclination of the moon’s orbit to the ecliptic, is.
alfo fubjeét to many variations. When the nodes are in the
quarters a and ¢, while the moon moves from the quarter a to
the conjunétion &, the action of the fun diminifhes the incli-
nation of the plane of her orbit ; the inclination of this plane
is leaft of all when the moon is in the conjunéion 2 : it in-
creafes again as. fhe moves from the conjunion 8 to the next
quarter at ¢, and is there reftored to its firft quantity nearly.
‘When the nodes of the moon are in 8 and b, {o that the line
of the nodes paffes through the fun, the inclination of the
moon’s orbit is nét affected by the action of the fun ; becaufe,
in that cafe, the plane of her orbit produced paffes through
the fun : and therefore the a&ion of the fun can have no effect
to bring the moon out of this plane to either fide. It isin
this laft cafe that the inclination of the moon’s orbit is greateft;
it decreafes as the nodes move towards the quarters ; and’
it is leaft of all when the nodes are in the quarters, and the
moon either in the conjunéion or oppofition. Our author cal-
culates thefe irregularities from their caufes, and finds his con-
clufions agree very well with the obfervations of aftrono-
mers *,

15, The

* To make the foregoing account of the motion of the moon’s nodes ftill clearer,
we have added Fig. 69, (Plate V1.) in which, the plane of the fcheme reprefenting
that of. the ecliptic, sis the fun, T the centre of the earth, L the moon in her orbit.
DN du; Nz is the line of the nodes pafling between the quadrature q_
and the moon’s place L, in her laft quarter. Let now L p, any partof Ls, repre-
fent the excefs of the fun’s attion atL, above hisaction at T, and this being refolved

nto
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15. The ation of the fun diminithes the gravity of the moon
towards the earth, in the conjuncions and oppofitions, more
than it adds to it in the quarters, and, by diminithing the force
which retains the moon in her orbit, it increafes her diftance
from the earth and her periodic time : and becaufe the earth
and moon are nearer the fun in their perihelium than in their
aphelium, and the fun aéts with a greater force there, fo as to
fubdu& more from the moon’s gravity towards the earth; it
follows, that the moon muft revolve at a greater diftance, and
take a longer time to finith her revolution in the perihelium of
the earth, than in the aphelium ; and this alfo is conformable
to obfervation..

16. There is another remarkable irregularity in the moon’s
motion, that alfo arifes from the action of the fun : I mean,
the progreflive motion of the apfides. 'The moon defcribes an
ellipfe about the centre of the earth, having one of the foci in
that centre. Her greateft and leaft diftances from the earth
are in the apfides, or extremities of the longer axis of the
ellipfe.  This is not found to point always to the fame place in
the heavens, but to move with a progreflive motion forwards,
fo as to finifth a revolution round the earth’s centre in about
nine years.

into the force L r,. perpendicular to the plane of the moon’s orbit, and p r parallel
toit, ’tis the former only that has any effect to alter the polition of the orbit, and
in this it is wholly exerted. Its effect is twofold ; (1.) It diminifhes its inclina-
tion, by a motion which we may conceive as performed round the diameter b 4, to
which L T is perpendicular. (2) Being compounded with the moon’s tangential
motion at L, it gives it anintermediate direction LZs thro® which, and the centre of
the earth, a plane being drawn muft meet the ecliptic nearer the conjunction ¢ than
before : and in the fame manner, the other cafes are explained,

4 To



334 Sir ISAAC NEWT O N’s Boox IV.

To underftand the reafon of this motion of the apfides, we
muft recolle@ what was fhewed above, that, if the gravity of
a body decreafed lefs as the diftance increafes, than according to
the regular courfe of gravity, the body would defcend {ooner
from the higher to the lower apfis, than in half a revolution ;
and therefore the apfis would recede in that cafe, for it would
move in a contrary dire&ion to the motion of the body,
meeting it in its motion. But if the gravity of the body fhould
decreafe more as the diftance increafes than according to the
regular courfe of gravity, thatis, in a higher proportion than
as the {quare of the diftance increafes, the body would take
more than half a revolution to move from the higher to the
lower apfis; and therefore, in that cafe, the apfides would
have a progreflive motion in the fame direction as the body.

In the quarters, the fun’s adion adds to the gravity of the
moon, and the force it adds is greater, as the diftance of the
moon from the earth is greater; fo that the a&tion of the fun
hinders her gravity towards the earth, from decreafing as much
while the diftance increafes, as it ought to do according to the
regular courfe of gravity ; and therefore, while the moon is in
the quarters, her apfides muft recede. In the conjunction and
oppofition, the action of the fun fubdu&s from the gravity of
the moon towards the earth, and {fubdu&s the more the
greater her diftance from the earth is, fo as to make her
gravity decreafe more as her diftance increafes, than according
to the regular courfe of gravity ; and therefore, in this cafe,
the apfides are in a progreflive motion. Becaufe the a&ion of
the fun {fubdudts more in the conjunétions and oppofitions from
her gravity, than it adds to it in the quarters, and, in general,
diminithes more than it augments her gravity ; hence it is that

the
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the progreflive motion of the apfides exceeds the retrograde
motion; and therefore, the apfides are carried round according
to the order of the figns.

177. Thus the various irregularities of the moon’s motion are
explained from gravity : and from this theory, with the affif-
tance of a long feries of accurate obfervations, her motion may
be at length reduced fo exadly to computation, and her ap-
pulfes to the fixed ftars, over which fhe pafles in her courfe,
may be predicted withfo much accuracy, as to afford, on many
occafions, an opportunity to navigators, to difcover their lon-
gitude at fea.

CHAP V.

Of the path of a fecondary planet upon an immoveable plane ;
with an illufiration of Sir aac Newton’s account of the
motions of the fatellites, from the theory of gravity *.

N defcribing the motions of the {olar fyftem, it is ufual to
I confider the primary planets, as revolving in immoveable
planes, but to refer the motions of the fatellites to planes that
are carried along with their primaries about the fun.  Sir I/aac
WNewton follows the fame method, in accounting for their mo-
tians from the theory of gravity : by this analyfis, the expli-
cation of the motions themfelves, and of the powers that pro-
duce them, is rendered more fimple and eafy, than if we
thould refer the motion of the fatellite to an immoveable plane,
and contemplate only the path defcribed by it, in confe-
quence of fo compounded a motion, in abfolute {pace.

* The following chapter, as belonging properly to this place, is inferted from a
letter of the author, to his learned friend Dr, Benjamin Hoadly, phyfician to his
Majefty’s houfehold,

The
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The properties, however, of this path are more fimple than
perhaps will be expected on a fuperficial confideration of it}
and the referring of the motion of the fatellite to it, may be of
ufe on fome occafions, particularly for refolving the difhculties
fome have found to underftand Sir Ifaac Vewton’s account of
the motions of the fatellites, from gravity. This path is, in
fome cafes, concave towards the fun throughout ; in other
cafes, the part of it neareft the fun is convex towards the fun,
and the reft is concave. An inftance of the former we have
in the moon, of the latter in- the fatellites of the fuperior planets.

The force that bends the courfe of the fatellite into a curve,
when the motion is referred to an immoveable plane, is, at the
conjunétion, the difference of its gravity towards the fun, and
of its gravity towards the primary. When the former prevails
over the latter, the force that bends the courfe of the fatellite
tends towards the fun ; confequently, the concavity of the path
is towards the fun: and this is the cafe of the Moon, as will
appear afterwards.  When the gravity towards the primary ex-
ceeds the gravity towards the fun, at the conjun&ion, then the
force that bends the courfe of the fatellite tends towards the
primary, and therefore towards the oppofition of the fun;
confequcnﬂy the path is there convex towards the fun : and
this is the cale of the fatellites of FJupiter. When thefe two
forces are equal, the path has, at the conjunétion, what mathe-
maticians call a point of 7efitude ; in which cafe, however
the path is concave towards the fun throughout, ’

Becaufe the gravity of the moon towards the fun is found to
be greater, at the conjunction, than her gravity towards the
carth, {o that the point of equal attraction, where thofe two

powers
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powers would fultain each other, falls then between the moon
and earth, fome * have apprehended that either the parallax of
the fun is very different from that which is affigned by aftrono-
mers, or that the moon ought neceffarily to abandon the earth.
"This apprehenfion may be eafily removed, by attending to what
has been thewn by Sir Ifzac Newror, and isilluftrated by vulgar
experiments, concerning the motions of bodies about one an-
other, that are all ated upon by a third force in the {ame di-
reGtion. Their relative motions, not being in the leaft difturbed
by this third force, if it a& equally upon them in parallel
lines; as the relative motions of the fhips in a fleet, carried
away by a current, are no way affeted by it, if it a& equally
upon them ; or as the rotation of a bullet, or bumb, about
its axis, whileitis proje@ted in the air, or the figure of a drop
of falling rain, are not at all affeGed by the gravity of the par-
ticles of which they are made up, towards the earth. It is to
the inequality of the acions of the fun upon the earth and
moon, and the want of parallelifm in the directions of thefe
actions, only, that we are to afcribe the irregularities in the
motion of the moon.

But it may contribute towards removing this difhiculty, to
obferve, that if the abfolute velocity of the moon, at the con-
junction, was lefs than that which is requifite to carry a body
in a circle there around the fun, fuppofing this body to be
acted on by the fame force which acts there on the moon,
(7. e. by the excefs of her gravity towards the fun, above her
gravity towards the earth,) then the moon would, indeed,
abandon the earth. For, in that cafe, the moon having lefs
velocity than would be neceflary to prevent her from defcend-
ing within that circle, the would approach to the fun, and re-

* See Cofmotheoria puerilis.

X x cede
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cede from the earth.” But tho’ the abfolute velocity of the
moon, at the conjunction, be lefs than the velocity of the earth
in the annual orbit, yet her gravity towards the {fun is fo much
diminithed by her gravity towards the earth, that her abfolute
velocity is ftill much fuperior to that which is requifite to carry
a body in acircle, there, about the fun, that is acted on by the
remaining force only. Therefore, from the moment of the
conjunction, the moon is carried without fuch a circle, reced-
ing continually from the fun to greater and greater diftances,
till {he arrive at the oppofition ; where, being acted on by the
fum of thofe two gravities, and her velocity being now lefs
than what is requifite to carry a body in a circle, there, about
the {fun, that is acted on by a force equal to that fum, the
moon thence begins to approach to the {un again. Thus fhe
recedes from the fun and approaches to it by turns, and in every
month her path has two apfides, a peribelium at the con-
junction, and an aphelium at the oppofition ; between which
the is always carried, in a manner fimilar to that in which the
primary planets revolve between their apfides. The planet re-
cedes from the {un at the perihelium, becaufe its velocity, there,
is greater than that with which a circle could be defcribed
about the fun, at the fame diftance, by the fame centripetal
force ; and approaches towards the fun from the aphelium,
becaufe its velocity there, is lefs than is requifite, to carry it in
a circle, at that diftance, about the fun. =~ See my Treasife of
Fluxions, Art. 447,

Tho’ the path of the moon be concave towards the fun
throughout, its curvature is very unequal : it is leaft at each
lower apfide or conjunction, and greateft at each higher apfide
or oppofition. The path of a fatellite of Fupiter has like-
wile two apfides, in the part which is defcribed every fynodic re-
volution ; but in the lower apfide, the convexity is towards

the
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the fun ; and it has likewife two points of contrary flexure in
every fuch part *,

- By confidering this path, we fhall arrive at the fame con-
clufions which Sir Ifzac Newton derived, more briefly, from
the laws of motion ; that if the {olar action was the fame on
the fatellite and on the primary, and in the fame direion,
the motion of the fatellite around the primary, would be the
{fame as if the fun was away. This will appear from the fol-
lowing propofitions, where we fuppofe the orbits of the primary
about the fun, and of the fatellite about the primary, to be
both circular, and the motions in thefe orbits to be uniform
and in the fame plane,.

PROPOSITION I Fig. 70. PLVL

The path of the fatellite, on an immoveable plane, is the epi-
cycloid zhat is defcribed by a given point in the plane of a circle,
which revolves on a circular bafe, having its centre in the centre
of the fun, and its diameter in the Jame proportion to the dia-
meter of the revolving circley as the periodic time of the pri-
mary about the fun, to the time of the {ynodic revolution of the
Jatellite about the primary : the tangent of the path is perpen-
dicular to the right line that joins the fatellite to the contalt of
the two circles : and the abfolute velocity of the fatellite is always
as its diffance from that contalt.

Let v denote the periodic time of the primary about the
fun, # the periodic time of the fatellite about the primary.  Let
s reprefent the fun, aa the orbit of the ptimary ; upon the
radius 4 s, take AE to asaszisto T. From the centre s de-

* See the note to Corol. 1. Prop. II. below. .
X x 2 fcribe
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{cribe the circle £ ¢ z, and from the centre a the circle £ MF.
Let this circle & M r revolve on the other ¢z, as its bafe :
then a point r, taken on the plane of the circle & M r, at the
diftance a 1, equal to the diftance of the fatellite from the
primary, fhall defcribe the path of the fatellite,

For fuppofe the circle £ M F to move into the fituation ¢ 7 f,
the point A to @, Lto/, and let a L and a4/, produced, meet
g MF and ez f, in M and 2z, Upon the arc e take e =2 M,
then the angle ea» ==t am Let @ » meet the circle ¢ /4,
defcribed from the centre ¢ with the diftance 2/, in ¢ ; and
becaufe eag==Ea L, the angle ¢ a ¢ reprefents the elongation
of the fatellite from the fun at its firft place L. Becaufe ¢
(zer+7rm)=ek+EMand e =M, it follows that » m = ¢ &
confequently the angle »am 1 ese::sE: a8 T —2:17;
or, as the angular velocity of the fatellite from the fun, to the
angular velocity of the primary about the fun, But Eseis
the angle defcribed by the primary about the fun, confequently
»am, or gal, is the fimultaneous increment of the elonga-
tion of the fatellite from the fun ; /is its place when the
primary comes to z ; and the epicycloid defcribed by / is the
path of the fatellite.

Becaufe the circle £mF moves on the point &, the. direction
of the motion of any point 1"is perpendicular to £ L ; or the
tangent of the path at any point v is perpendicular to £ 1. The
velocity of any point L is as its diftance = ; and, the mo-
tion of the primary a being fuppofed uniform and reprefented
by £ a, the velocity of the fatellite thall be reprefented by &1.

PROPO-
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PROPOSITION IIL

- Upon as take ap:as:itt:TT (0r AB:AE::AE: AS);
upon the diameter ® v defcribe the circle Ex B meeting E L i X,
take Lo a third proportional to Lk and L B, on the Jame fide of
L with Lx 5 and o fball be the centre of the curvature at L of
the path, and Lo the ray of curvature.

Becaufe v 1 and ¢/ are perpendicular to the path at the
points L and / let them be produced, and their ultimate in-
terfe@ion o fhall be the centre of curvature at .. Produce ge
till it meet & in v, join sv, and the anglesev= gea=LEA
=sE v; confequently the angle eve=e¢sr, the angle Evs
=e¢sE, and the angle Evs=ces, and s v is ultimately
perpendicular to Eo. Now the angle roe is ultimately
to Eve (=Ese) as Ev to BEo, that is (becaufe ev: & &
::ES:EB::AS: AE) as EXxAS to EoO x AE. But the
angular motion of & L being equal to the angular motion of E 4,
while the circle EmMF turns on the point E, LE/ is therefore
ultimately equal to AE 4, whichis to Es¢ass a to aE ; and
Eoe being to LE/asE L to Lo, it follows that Eoe:Ese::
SAXxEL:AExLO::EXxsA:EoxaE ThereforeEr:10::
Ex:E0, and EL:LK:: LO:EL, ofr LK, LE and L 0 are in
continued proportion. This theorem ferves for determining
the ray of curvature of epicycloids and cycloids of all forts ; only
when the bafe Ee is a right line, 4 B vanifhes, and E3 becomes
equal to E a.

Corol. 1. When a1 or ac is lefs than a B, then (becaufe
Lo is always on the fame fide of the point L with 1 k) the
path is concave towards s throughout. When a ¢ = a B, the
curvature at the conjunction vanithes, or the path has there a

3 point
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point of 7efitude. When a c is greater than a & (or 4 s x £2),
a portion of the path near the conjunction is convex towards s,
becaufe a part of the circle ¢ 1. p falls within the circle B x E ;
and when L comes to either of the interfeions of thefe two
circles, the path has a point of contrary flexure *.

' Corol. 2. In the cafe of the moon, zz:TT::1: 178,
and A3 =; xas; but acisabout ;- xas; confequently s¢
is lefs than a B, and the path of the moon is concave towards

the fun.throughout.
PROPOSITION III

Let av:as::tt:T T, and the force by which the path of
the fatellite can be defcribed on an immoveable plane, is always
direéted to the point v upon the ray as 5 and is always meafured
by v1. the diffance of the [atellite from the point s, the gravity of
the primary towards the fun being reprefented by v a.

We conceive the force by which this path could be de-
fcribed, on an immoveable plane, to be refolved into a force
that a&ts in the dire@ion 1 o, perpendicular to the path, and
bends the path, but has no effe& on the velocity of the fatel-
lite ; and a force perpendicular to L o that accelerates or re-
tards the motion of the fatellite. The former of thefe is mea-
fured by v x, the latter by 3 k, the gravity of the primary to-
wards the fun being meafured by az.  For the former is to the

gravity of the primary towards s, as Z£* to 4% (thefe forces be-

ing directly as the {quares of the velocities, and inverfely as the
rays of the curvature) that is,-as L x to a s, by Prop 1I.

* If ac=az, thefe points meet again, and form a cyfp : and if ac is greater

than a £, the path has a #odus : which laft is the cafe of the innermoft of the fatel-
lites of Fupiter and Saturn. '

4 Therefore
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Therefore the gravity of the primary being reprefented by a g,
the former force will be meafured by L x.

The {econd force that aés on the fatellite in the dire&ion of
the tangent of its path, and accelerates or retards its motion, is
as the fluxion of the velocity Er direétly, and the fluxion of
the time inverfely. Thefluxion of the time is meafured by ¢
(A @ being the arc defcribed by the primary, and E a the velo-
city with which it is deferibed) = 1i-=7%= 2222 — (fuppofing
an and gu to be perpendiculars to e/ in 7 and #, becaufe / g:lu::

ac:an or ac: anN)==2 It Therefore the force which

is meafured by /#, the fluxion of the velocity £/ or rui,
divided by the fluxion of the time or 3%, is meafured by s k.
The force, therefore, in the direction L £ being meafured by
L k, and the force in the perpendicular direétion x B by x s,

the compounded force is meafured by L B, and is dire&ted from

L to B.

It appears, from what has been demontftrated, that the path
may be defcribed by a force directed towards the point s, (which
is given upon the ray as, but revolves along with this ray a-
bouts) or by any forces which, compounded together, generate
a force tending to &, and always proportional to L B, the di-
flance of the fatellite from 8. Let L1 be equal and paral-
lel to as, and a s uw {hall be a parallellogram, and the force
L x may be compounded of 1w and La; thatis, the force
L Kk may be the refult of a force 1 H ading on the fatellite,
equal and parallel to a3, the gravity of the primary towards’
the fun, and of a force L 4 tending to the primary, and equal
to the gravity by which the fatellite would defcribe the circle
cLp about the primary, in the fame periodic time #, if the

fun was away; becaufe fuch a force is to the gravity of the
| primary
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primary towards the fun, (reprefented by a3} as 37 to &7 or

a8 AL tO A5 x — AB.

TT

Thus we arrive at the fame conclufion which Sir Ifzac
Newton, more briefly, derived from an analyfis of the motions
of the fatellite ; that while the fatellite gravitates towards the
primary, if, at the fame time, it be ac&ed on by the fame folar
force as the primary, and with a parallel direcion, it will re-
volve about the primary, in the fame manner as if this laft
was at reft, and there was no folar action. Thefe two forces,
the gravitation towards the primary, and a force equal and pa-
rallel to the gravitation of the primary towards the fun, are
exaély {ufficient to account for the compounded motion of the
{atellite in its path, however complex a curved-line it may ap-
pear to be.  Nor is there any perturbation of the fatellite’s
motion, but what arifes from the inequality of the gravity of
the fatellite, and of the primary towards the fun, or from
their not acting in parallel lines. If we fhould fuppofe them
to move about their common center of gravity, while this is
carried round the fun, or if we fuppofe the orbits to be ellip-
tical, the conclufions will ftill be found confonant to what was
more briefly deduced by this great author.

CHAP VL
Of the figure of the earth, and the preceffion of the equinoxes.

1. IF the earth was fluid, and had no motion on its axis,
the equal gravitation of its parts towards .each other
would give it a figure exacly fpherical, the columns from the
furface to the center mutually fuftaining each other at equal
heights from it. But, becaufe of the diurnal rotation of the
carth on its axis, the gravity of the parts at the equator is di-
minithed
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minithed by the centrifugal force arifing from this rotation ;
the gravity of the parts on either fide of the equator. is dimi-
nifhed lefs, as the velocity of rotation is lefs, and the centri-
fugal force, arifing from it aéts lefs direcly againft the gravity
of the parts; while the gravity at the poles is not at all af-
fected by the rotation. The equilibrium that was {fuppofed to
be amongft the parts will not, therefore, now fubfift in a {phe-
rical figure, but will be deftroyed by the inequality of their
gravitation, till the water rife at the equator and fink at the
poles, fo as, by a greater height at the equator, to compenfate
the greater gravity at the poles; and till, by affuming an in-
termediate height in the intermediate places, the whole earth
become of an oblate fpheroidal form, whofe diameter at the
equator will be the greateft, and the axis the leaft, of all the
lines that can pafs through the center.

2. If the gravity of a body at the equator was deftroyed, the
motion of rotation would there make it go off in a tangent to
the earth ; and by moving in the tangent it would rife, in a
fecond of time, from the fpherical body of the earth, as much
as one extremity of the arc which bodies defcribe there, in a
fecond, falls below the tangent drawn at the other extremity :
and this is found to be a {pace of about 7,54 lines, French
meafure. The effe& of the centrifugal force of bodies at the
equator, ina fecond of time, is proportional to this {pace. The
effet of the centrifugal force at any place at a diftance from
the equator, for example, at Paris, is lefs for the reafons a-
bove mentioned ; and, there, it is found, by calculation,
that it could only produce a motion of 3,267 lines in a fe-
cond. Add this to what, by experiments, bodies are found
to defcribe by their gravity at Paris, viz. 15 feet, 1 inch and
2 lines, and the fum 21%%,267% lines will thew the {pace which
bodies would defcribe by their gravity, in a fecond of time, if

Yy there
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there was no centrifugal force there. By comparing this with
theeffect of the centrifugal force at the equator, in the fame time,
we fhall find that the centrifugal force, there, is the 3. part of the

289

power of gravity, becaufe 7,54 isto 2177,267 as 1 to 289.

3. From this it follows, that a body at the equator lofes o
at leaft, of its gravity ; and the equator muft be, at leaft, ;.
higher than the poles from the centre of the earth. Butas the
parts of the equator lofe ftill of their gravity as they rife from
the centre of the earth, and the regular courfe of gravity is
altered by the change of figure, this is not the true proportion
of the height of the earth at the equator, to its height at the poles,

Our author, who was never at a lofs to find fome expe-
dient by which he might determine, accurately or near the
truth, what he wanted ; in order to take in thefe perplexed
confiderations, affumes, as an Ayporhefis, that the axis of the
earth is to the diameter of the equator, as 100 to 101 ; he
thence determines what muft be the centrifugal force at the
equator, that the earth might take fuch a form, and finds it
muft be % of gravity, and therefore would exceed the pre-
fent centrifugal force there, which is only 3; of gravity. By
the rule of proportion, he fays, that if a centrifugal force
gqual to % of gravity, would make the earth higher at the

ator than at the poles, by X, of -the whole height at the
poles, a centrifugal force that is the % of gravity, will make
it higher by a proportional excefs, which is found by calcu-
lation to be ; of the height at the poles ; and thus our author

difcovers that the diameter at the equator is to the diameter
at the poles, or the axis, as 230 to 229.

4. This computation fuppofes the earth to be of an wnj-
form denfity every where : but if the earth is more denfe near

2 the
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the centre, then bodies at the poles will be more attracted by
this additional matter being nearer to it ; and, for this reafon,
the excefs of - the femidiameter of the equator above the femi-
axis will be different. What we have faid of a fluid earth
muft hold of the earth in its prefent ftate ; for if it had not
this figure in its folid parts, but a {pherical figure, the ocean
would overflow all the equatorial regions, and leave the polar
regions elevated many miles above the level of the fea; whereas
we find the one is no more elevated above the level of the
ocean, than the other.

5. The planet Fupiter revolves on his axis with much more
rapidity than our earth, and finifhes his diurnal rotation in lefs
than ten hours. The denfity of that planet is alfo lefs ; and
therefore his figure is more different from a {phere than the
figure of the earth, and his equatorial diameter exceeds his
axis in a greater proportion. Their difference is {o fenfible,
that they are found, by the obfervations of aftronomers, to be
to one another as 13 is to 12,

6. The decreafe of gravity from the poles towards the e-
quator, is very manifeft from the motion of pendulums. A
pendulum that vibrates, in a fecond, in the northern regions,
when carried to the equator, is always found to move too {low,
and requires to be made fhorter to vibrate truly in a {econd.
This thews the gravity is lefs there : and this obfervation con-
firms the diurnal motion of the earth, and its oblate {pheroidal
figure at the fame time. It is alfo a confequence of this figure
of the earth, that the degrees in a meridian muft increafe from
the equator to the poles ; but the difference is fo fmall that it
cannot be difcovered, from obfervation, but in latitudes that
differ confiderably from each other ; and the variation of th:e
degrees, that are near one another, appears, by our auti.}or‘s

‘ Yy computations,
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computations, to be incomparably lefs adapted for judging 9f
the figure of the earth, than the motion of pendulums, in
which the leaft variation becomes very fenfible, in a great
number of vibrations.

7. Some have imagined the flownefs of the pendulums, at
the equator, may have proceeded, from the rod of the pen-
dulum being extended to a greater length, by the heat : but
our author has fhewed, that this could produce but a very
{fmall part of the effe@. Mr. Ricker, who was very careful in
making his obfervations, found, that a pendulum vibrating in
a fecond of time, in theifland of Cayenne, was fhorter than
one that vibrated, in the fame time, at Paris, by one line and
a fourth part of aline. Our author, with good reafon, thinks
that a difference of one fixth part of a line, may be allowed
as the effet of the heat; and, fubdu&ing this from the dif-
ference obferved by Mr. Ricker, the remainder, 1 line and Z of
a line, is the difference owing to the decreafe of gravity, and
is very confonant to what our author draws from his theory.
This obfervation and our author’s theory agree, in allowing
feventeen miles for the excefs of the height of the earth at the
equator, above its height at the poles.

8. From the oblate figure of the earth, our author has ac-
counted for the preceffion of the equinoxes. We commonly
fuppofe, that, while the earth moves in her orbit round the {un,
her axis continues always parallel to itfelf, fo as to form an
invariable angle with the cliptic of about 662° : from hence it
is, that the plane of the equator is inclined to the ecliptic, in
an angle of 23;°, and produced paffes through the centre of
the {un, twice only in every revolutien. The points of the
heavens, where the centre of the fun appears to be, in thefe
two cales, are called the equinottial points. In any other

parts
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parts of the earth’s orbit, the fun is on one fide of the plane
of the equator ; being to the north of it in the fummer half
of the year, and to the fouth of it in the winter half. Thefe
equinodtial points are not fixed in the heavens, but have a {low
motion, from eaft to weft, among the ftars, of about 50" in
a year ; and hence it is, that the interval of time betwixt any
equinox and that fame equinox, in the following revolution of
the earth (which aftronomers call the zropical year), is fome
minutes fhorter than the fidereal year, or the period wherein
the earth revolves from one point of her orbit, to the fame
point again : and, becaufe the retrograde motion of the equi-
nocial points thus advances the time of every equinox a little
fooner than it would otherwife have happened, this phzno-
menon is called the preceflion of the equinoxes. The philo-
fophers who maintained the Prolesnaic {yftem afcribed this mo-
tion to the fixed ftars ; and, in their ordinary way, made no
{cruple to contrive a {phere for this purpofe, which they fup-
pofed to revolve with a very flow motion on the poles of the
ecliptic, and to carry all the fixed ftars along with it; where-
as this phznomenon is accounted for by a retrograde motion
of the nodes of the equator and ecliptic, fimilar to the mo-
tion of the nodes of the moon’s orbit.

It was fhewn above, how the aion of the {un produces
the retrograde motion of the nodes of the moon 5 and it fol-
lows, from the fame principles, that if a planet revolved about
the earth near to its furface in the plane of the equator, its
nodes would alfo go backward, tho’ with a flower motion
than thofe of the moon, in proportion as its diftance from the
earth’s centre was lefs than that of the moon. Suppofe the
number of fuch planets to be increafed till they touch each
other, and form a ring in the equator, and the nodes of this

2 ring
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ring would go backward in the fame manner as the nodes of
the orbit of any one planet revolving there.  Suppofe then this
ring to adhere to the earth ; and its nodes would flill go back-
ward, but with a much {lower motion, becaufe the ring
muft move the whole earth, to which it is fuppofed to
adhere, The clevation of the equatorial parts of the earth
has the fame effe@ as fuch a ring would have ; only the mo-
tion of the nodes of the equator, or of the equinoctial points;
is {lower, becaufe the accumulated parts of the earth, above a
{pherical figure,” are diffufed over its furface, and have alefs
cffe& than if they were all colle®ted in the plane of the e-
quator, in the form of a ring. 'The moon has a greater force
on this ring than the {un, becaufe of her lefs diftance from the
carth 5 and they both contribute to produce the retrograde mo-
tion of the equinoctial points : the motion, however, produced
by both is fo flow, that thofe points will not ﬁnidf}l a revo-
lution in lefs than 25000 years. Our author has determined
the quantity of this motion, from its caufes, and finds it, from

the theory, to be perfedtly confonant with the obfervations of
aftronomers.

There is another effe® of the a&ion of the fun and moon
on this ring, which is too {fmall te be fenfible in aftronomical
obfervations : their action on the ring, makes its inclination

to the ecliptic to decreafe and ‘increafe, by turns, twice every
year.

CHAP
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C H A P VIL

Of the ebbing and flowing of the fea.

T is not in the motions of the celeftial bodies only, that the
I effe@s of their mutual gravitation are vifible, for we are
now to fthew, that a phwenomenon which pafles on our earth,
and is known to every body, proceeds from the fame principle ;
I mean, the ebbing and flowing of the fea, the folution of
which, from the bad fuccefs of thofe who attempted it before
our author, had become a reproach to philofophy. But he
has very plainly and fully accounted for it, from the unequal
gravitations of the parts of the earth towards the fun and moon.
It will be worth while, becaufe it is a very celebrated queftion,
to be the more particular in explaining his folution of it.

It is obvious, that, if the earth wasentirely fluid, and qui-
efcent, its particles, by their mutual gravity towards each
other, would form themf{elves into the figure of an exa& {phere.
Suppofe now, that fome power ats on all the particles of this
earth, with an equal force, and in parallel dire¢tions, the whole
mafs will be moved by fuch a power, but its figure will {fuffer
no alteration by it ; becaufe all the particles being equally
moved by this power, in parallel lines, they will ftill keep the
fame fituation with refpe@ to each other, and flill form 2
{phere, whofe centre will have the fame motion as each par-
ticle. For, as a drop of water, while it falls towards the
earth, retains its {pherical figure ; and, as the fituation of
bodies in a thip, that moves with an uniform motion forward,
is no way affected by the motion which is common to the fhip

and
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and all the bodies in it 5 fo the fituation of the parts of the
carth, with refpe& to each other, can be no way affected by
any power that acs with the fame force, and in the fame
direion, on every part, and promotes each equally.

We have already fhewed, that the particles of the earth gra-
vitate towards the moon, and if the gravitation of the particles
was every where the fame, and acted in the {fame dire&ion, it
would have no effe& on the figure of the earth; fo that, if
the motion of the earth round the common centre of gravity of
the earth and moon was deftroyed, and the earth was left to
the influence of its gravitation towards the moon, the earth
falling towards the moon would retain its {pherical figure, all
the parts being equally carried on, and retaining, therefore,
the fame fituation with refpeé to each other.

But the actions of the moon, on different parts of the earth,
are unequal ; thofe parts, by the general law, betng moft at-
tratted which are neareft the moon, and thofe being leaft at-
tracted which are fartheft from the moon ; while the parts that
are at a middle diftance, are attracted by a mean degree of
force : nor are all the parts acted on in parallel lines, but in
lines directed towards the centre of the moon : and, on thefe
accounts, the fpherical figure of the earth muft fuffer fome
change from the moon’s action,

Suppofe the earth to fall towards the moon, as before, and
let us abftra¢t from the mutual gravitation of its parts to-
wards each other, as alfo from their cohefion ; and it will
eafily appear, that the parts neareft the moon would fall with
the fwifteft motion, being moft attracted, and that they would
leave the ceatre or greater bulk of the earth behind them in

their
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their fall ; while the more remote parts would fall with the
{loweft motxon, being lefs attracted than the reft, and be left
a little behind the bu]k of the earth, fo as to be found at
a greater diftance from the centre of the earth than at the be-
ginning of the motion. From which it is manifeft, that the
earth would foon lofe its {pherical figure, and form itfelf into
an oblong fpheroid, whofe longeft diameter would point at the
centre of the moon. If the particles of the earth did not gra-
vitate towards each other, but towards the moon only, the
diftances betwixt the parts of the earth that are fuppofed to be
neareft to the moon, and the central parts, would continually in-
creafe, becaufe of their greater celerity in falling; and the
diftance betwixt the central parts, and the parts that are fartheft
from the moon, would increafe continually at the fame time ;
thefe being left behind by the central parts, which they would
follow, but with a lefs velocity. Thus the figure of the earth
would become more and more oblong, that diameter of it
which pointed towards the moon continually increafing.

But this is not the only reafon why the earth would foon af-
fume an oblong {pheroidal form, if its parts were allowed to
fall freely by their gravity towards the moon’s centre. The la-
teral parts of the earth (thatis, thofe which are at the diftance
of a quarter of a circle from the point which is directly below
the moon) and the central parts defcending with equal velo-
cities, towards the fame point, viz. the centre of the moon, in
approaching to it, would manifefty approach at the fame time,
to each other, and their diftance growing lefs, the dlameters
of the earth paﬁing through them would become lefs ; fo that
the diameter of the earth that points towards the moon would
increafe, and thofe diameters of the earth that are perpendi-

cular to the line joining the centres of the earth and moon,
Zz ' would
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would decreafe at the fame time, and render the figure of the
earth ftill more oblong for this reafon.

Let us now allow the parts of the earth to gravitate towards
its centre; and, as this gravitation far exceeds the action of
the moon, and much more exceeds the differences of her
actions on the different parts of the earth, the effect that will
refult from the inequalities of thefe actions of the moon, will be
only a {mall diminution of the gravity of thofe parts of the
carth which it endeavoured, in our former fuppofition, to fepa-
rate from its center, and a fmall addition to the gravity of thele
parts which it endeavoured to bring nearer toits center; that
is, thofe parts of the earth which are neareft to the moon,
and thofe which are fartheft from her, will have her gravity
towards the earth fomewhat abated; whereas the lateral
parts will have their gravity increafed : fo that, if the earth
be fuppofed fluid, the columns from the center to the neareft
and to the fartheft parts muft rife, till, by their greater height,
they be able to ballance the other columns, whofe gravity is
either not fo much diminithed, or is increafed by the inequali-

ties of the adion of the moon: and thus the figure of the
fluid earth muft be ftill an oblong {pheroid.

We have hitherto fuppofed the earth to fall towards the moon
by its gravity. Let us now confider the earth as projeéted inany
dire@ion, fo as to move round the centre of gravity of the earth
and moon : it is manifeft, that the gravity of each particle to-
wards the moon will endeavour to bring it as far from the tangent,
in any{mall momentof time, as if the earth was allowed to fall
freely towards the moon ; in the fame manner as any projectile,
at our earth, falls from the line of proje&ion as faras it would
fall by its gravity in the perpendicular, in the fame time. Therefore

the
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the parts of the earth neareft to the moon, will endeavour to
fall fartheft from the tangent, and thofe fartheft from the moon
will endeavour to fall leaft from the tangent, of all the parts of
the earth; and the figure of the earth, therefore, will be the
fame as if the earth fell freely towards the moon : that is, the
earth will ftill affe& a {pheroidal for having its longeft dia-

meter dire¢ted towards the moon.

What muft be carefully attended to here, is, that it is not
the a&ion of the moon, but the inequalities in that a&ion,
that produce any variation from the {pherical ﬁgure and that
if this action was the fame in all the particles as in the central
parts, and a&ed in the fame direGion, no f{uch change would
enfue. Our author, therefore, to account for this matter,
conceives firft the attraGtion of the central parts to be diffufed
with an equal force over all the parts, in the fame direction,
and then conceives the inequalities as arifing from a power
fuperadded, and dire¢ted towards the moon where there is an
excefs, and direted in the oppofite line where there is a de-
fe@, in the attra@ion of the parts, compared with the at-
traction of the central parts: for thus the fum of thefe forces,
in the firft cafe, will account for the attraction where it exceeds;
and their difference will account for the attraction where it is
lefs than in the central parts. And when the effe@s of thefe
powers are confidered as they affect the figure of the earth, it
is manifeft that they muft produce fuch an oblong fpheroid as
we have defcribed 5 the {uperadded force drawing the parts
neareft the moon towards her, and therefore from the earth’s
centre, while it draws the parts fartheft from the moon in an
oppofite direction ; and therefore ftill draws from the centre of
the earth alfo.,

Zz 2 . The
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The a&tion of the moon on the lateral parts is refolved into
two, one equal and parallel in its direGtion to her a&ion on the
central parts, and another direéted from thofe lateral parts to-
wards the centre of the earth ; the firft of thefe can have no
effe® upon the figure’ of the earth, being confidered as com-
mon to all the particles, and therefore to be negleGed in this
enquiry : it is the other that adds to the gravity of the lateral
parts towards the centre of the earth, and, by adding to the
weight of the lateral columns, it makes them fuftain the other
columns, whofe gravity is diminithed by the aétion of the
moon, to a greater height; and the power which alters the
fpherical figure is to be eftimated as the fum of two powers,
that which is added to the gravity of the one, and is fubduéted
from the gravity of the other.

Hitherto we have abftracted from the motion of the earth on
its axis : but this muft alfo be confidered in order to know the
real effe@ of the moon’s a&ions on the fea. Was it not for
this motion, the longeft diameter of the {pheroidal figure,
which the fluid earth would affume, would point at the moon’s
centre 3 but, becaufe of the motion of the whole mafs of the
earth on its axis from weft to eaft, the moft elevated part of
the water no longer anfwers precifely to the moon, but is
carried beyond the moon towards the eaft in the dire@ion of
the rotation.

A

The water continues to rife after it has paffed direély under
the moon, tho’ the immediate a&ion of the moon there begins
ta decreale, and comes not to its greateft elevation till it has
got half a quadrant further. It continues to defcend after it
has pafled at go degrees diftance from the point below the
moon, tho’ the force which the moon adds to its gravity be-
gins to decreale there, TFor flill the a&ion of the moon adds.

X
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to its gravity, and makes it defcend till it has got half a qua~
drant farther : the greateft elevation, therefore, is not in the
points which are in a line with the centres of the carth and
moon, but about half a quadrant to the eaft of thefe peoints in
the dire&ion of the motion of rotation.

~ Thus it appears that the fpheroidal form, which the fluid
earth would affe@, will be {o fituated that the longeft dia-
meter of that figure will point to the eaft of the moon, or
that the moon will always be to the weft of the meridian of the
parts of greateft elevation. Suppofe now an ifland in this
fluid earth, and it will approach in every revolution to each
elevated part of this {pheroid, and the water on the thore of
this ifland will neceflarily rife twice every lunar day ; and the
time of high water will be when it approaches to thefe elevated
parts, that is, when it has paffed to the eaft of the moon, or
when the moon is at fome diftance to the weft of the meri-

dian.

We have hitherto taken notice of the acion of the moon
only : but it is manifeft, that, for the fame reafons, the in-
equality of the fun’s a&ion on the different parts of the earth
would produce a like effect, and that thefe alone would pro-
duce a like variation from the exa& {pherical figure of a fluid
earth. Indeed the effe& of the fun, becaufe of his immenfe
diftance, muft be confiderably lefs, tho’ the gravity towards
the fun be vaftly greater. For itis not their actions, but the
inequalities in the actions of each, which have any effe& ; as
‘we have often obferved. The fun’s diftance is fo great, that the
diameter of the earth is as a point compared to it, and the dif~
ference between the a&ions of the fun on the neareft and
fartheft parts becomes, on this account, vaftly lefs than it

would be if the fun was as near as the moon, whofe diftance:
from:



358 Sfr TSAAC NEWTON’s BooxlV,

from us is about 30 diameters of the earth. Thus the in-
equality of the action of the earth on the parts of a drop of
water is altogether infenfible, becaufe the dlamfeter of the drop
1s an infenﬁbig“quantity compared with its diftance from the
centre of the earth.

However, the immenfe bulk of the fun makes the effe@
ftill fenfible at fo vaft a diftance ; and therefore, tho’ the
a&ion of the moon has the greateft fhare in producing the
tides, the ation of the fun adds fenfibly to it when they con-
{pire together, as in the change and full of the moon, whe
they are nearly in the fame line with the centre of the eartlfy
and therefore unite their forces; fo that then the tides are
greateft, and are what we call the fpring tides. The acion
of the {fun diminifthes the effe& of the moon’s acion in the
quarters, becaufe the one raifes the water in that cafe %
the other deprefles it ; and therefore the tides thep gge léhfie;
~and thefe we call the neap tides. Tho’, 'to fpeak%\ra,tely,
the {pring and neap tides muft be fome time after ; becaufe,
as in other cafes, fo in this, the effe& is not greateft or leaft
when the immediate influence of the caufe is greateft or leaft.
As the greateft heat, for example, is not on the folftitial day,
when the immediate action of the fun is greateft, but fome

time after.

That this may be more clearly underftood, let it be ;:con~
{idered, that, tho the acions of the fun and moon were to
ceafe this momen t the tides would continue to havettheir
courfe for fome ¢ For athe» water where it is now higheft
would fubfide andlw down on the. parts that are lower, till,
by the motion of defcent, being there accumulated to too great
a height, it would- neceflarily return again to its firft place,
tho’ in a lefs meafure, being retarded by the. refiftance arifing

from
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from the attrition of its parts. Thus it would for fome time
continue in an agitation like to that in which it is at prefent.
The waves of the fea that continue after a florm ceafes, and
every motion almoft of a fluid, may illuftrate this.

The high water does not always anfwer to the fame fituation
of the moon, but happens fometimes fooner, and fometimes
later, than if the moon alone acted on the fea. This proceeds
from the a&ion of the fun, which brings on high water fooner
when the fun alone would produce a tide earlier than
the moeon, as the fun manifeftly would in the firft and third
quarter ; and retards the time of high water a little, when the
fun alone would produce a tide later than the moon, as in the
fecond and laft quarters. The different diftances of the moon
frorg the earth, produce likewife a fenfible variation in the
tides. When the moon approaches the earth, her a&ion on
every part increafes, and the differences of that acion, on
which the tides depend, increafe. For her a&ion increafes as
the fquares of the diftances decreafe ; and tho’ the differences of
the diftances themfelves be equal, yet there is a greater dif-
proportion betwixt the fquares of lefs than the {quares of
greater quantitics. As for example 3 exceeds 2 as much as 2
exceeds 1, but the fquare of 2 is quadruple of the {quare of 1,
while the {quare of 3 (viz. 9.) is little more than double the
fquare of 2 (viz. 4.) Thus it appears, that, by the moon’s
approach, her a&ion on the neareft parts increafes more quickly
than her a&ion on the remote parts, and fti}i%‘tides, therefore,
increafe in a higher proportion as the dif’ca?’,‘es of the moon de-
creafe.  Our author fhews that the tides Increafe in proportion
as the cubes of the diftances decreafe, fo that the moon at half
her prefent diftance would produce a tide eight times greater.
The moon defcribes an ellipfe about the-earth, and in her

3 neareft
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necareft diftance produces a tide fenfibly greater than at her
greateft diftance from the earth : and hence it is that two great
{pring tides never fucceed each other immediately ; for, if the
moon be at her neareft diftance from the earth at the change,
the muft be at her greateft diftance at the full, having, in the
intervening time, finithed half a revolution ; and therefore the
{pring tide then will be much lefs than the tide at the change
was : and for the fame reafon, if a great {pring tide happen at
the time of full moon, the tide at the enfuing change will be
lefs. :

It is manifeft, that if either the fun or moon was in the pole,
they could have no effe& on the tides ; for their action would
raife all the water at the equator to the fame height ; and any
place of the earth, in defcribing its parallel to the equater,
would not meet, in its courfe, with any part of the water
more elevated than another ; fo that there could be no tide in
any place. The effe&t of the fun or moon is greateft when in
the equator : for then the axis of the fpheroidal figure, arifing
from their action, moves in the greateft circle, and the water
is putinto the greateft agitation ; and hence it is, that the
{pring tides produced when the fun and moon are both in the
equator, are the greateft of any, and the neap tides are the
leaft of any, about that time. But the tides produced when the
fun is in either of the tropics, and the moon in*either of her
quarters, are greater than thofe produced when the fun is in
the equator, and the moon in her quarters ; becaufe, in the
firft cafe, ‘the moon is in the equator ; and, in the latter cafe,
the moon is in one of the tropics : and the tide depends more
on the acion of the moon than that of the fun, and is there-
fore greateft when the moon’s a&ion is greateft. However,
becaufe the fun is nearer the earth in winter ‘than in fummer,

hence
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hence itis, that the greateft {pring tides are after the auturnal
and before the vernal equinox.

When the moon declines from the equator towards either
pole, one of the greateft elevations of the water follows the
moon, and defcribes nearly the parallel on the earth’s furface
which is under that which the moon, becaufe of the diurns
motion, feems to defcribe : and the oppofite greateflt cle-
vation, being dntiz;podes to that, muft defcribe a parallel as far
on the other fide of the equator : fo that while the one moves
on the north fide of the equator, the other moves on the fouth
fide of it, at the fame diftance. Now the greateft elevation
which moves on the fame fide of the equator, with any place,
will comne nearer to it than the oppofite elevation, which moves
in a parallel on the other fide of the equator ; and therefore,
if a place is on the fame fide of the equator with the moon,
the day tide, or that which is produced while the moon is
above the horizon of the place, will exceed the night tide, or
that which is produced while the moon is under the horizon of
the place. It is the contrary if the moon is on one fide and
the place on the other fide of the equator; for then the ele-
vation which is oppofite to the moon, moves on the fame {fide
of the equator with the place, and therefore will come nearer
tosit than the other elevstion. This difference will be greateft
when the fun and moon both defcribe the tropics ; becaufe thc
two elevations in that cafe deforibe the oppofite tropics, which
are the fartheft from each other of any two parallel circles they
can defcribe.  Thus it is found, by obfervation, that the even-
ing tides in the fummer exceed the morning tides, and the
morning tides in winter exceed the evening tides. The dii-
ference is found at Briflo/ to amount to ffteen inches, at Ply-
smouth to one foot. It would be ftill greater, but that a fluid

A aa always
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always retains an imprefled motion for fome time ; fo that the
preceding tides affect always thofe that follow them *,

The phenomena of particular places agree with thefe general
obfervations, if the fituation and extent of the feas and thores,
in which they are fituated, are confidered. It has been always
known that the tides follow the motion of the moon, rifing
twice in one revolution of the moon to the meridian of any
place ; which exceeds a folar day by above 2 of an hour, be-
eaufe the proper motion of the moon retards {o much her ap-
pulfe to the meridian of the place. ~All the effeéts of the fun’s
action, fometimes promoting, fometimes abating the effe@s of
the acion of the moon, as before mentioned, are alfo con-
formable to perpetual obfervation : and the tides in places that
lie on a deep and open ocean, where the water can eafily
follow the influences of the fun and moon, are agreeable to this

theory.

That the tides may have their full motion, the ocean in
which they are produced ought to be extended from eait to
weft go°, or a quarter of a circle of the earth, at leaft. Be-

* See Fig. 71. (from Sir. Ifaac Newton) in which the {pheroid P a p E reprefents
the earth, p, p, the poles, a £ the equator, ¥ any place not in the equator, F f
its parallel, pd a parallel on the other fide of the equator, L the moon’s place
three hours before, u the place of the earth to which v is vertical, and 4 the oppofite
place, x, &, places go> diftant from thefe. Then will cH, ch, meafure the
greateft elevations of the water, and c k, ck, theleaft. cr¥, c fs ¢p, cd, will be
the elevations at &, f, b, 4. And if wm is a circle of the fpheroid, meeting
the equator and thefe parallels in s, r, T, cnx will be the elevation of- the
water at s, R, T, or any other places in the circle N M. The higheft tides
at any place r, happen at r and f, three hours after the moon’s pafling
the meridian, above or below the horizon; and the loweft at o_ three hours
after her fetting or rifing. Andif ¥ and L are on the fame fide of the equator, the
day tide will rife higher than the night tide, ¢ r being greater than c¢f. *Tis the
contrary, when the moon’s declination and the latitude of a place p are of oppofite
denominations, the one north and the other fouth ; becaufe then cp is greater than c 4.

2 caufe
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caufe the places, where the moon raifes moft, and moft de-
prefles, the water, are at that diftance from each other.
Hence it appears, that it is only in the great oceans that fuch
tides can be produced ; and why in the larger pacific ocean they
exceed thofe in the Atlantic ocean. Hence alfo, it is obvious
why the tides are not fo great in the torrid zone, between
Africa and America, where the ocean is narrower, asin the
temperate zones on either fide ; and, from this alfo, we may
underftand why the tides are {o fmall in iflands that are very
far diftant from the fhores. It is manifeft, that, in the Alantic
ocean, the water cannot rife on one fhore but by defcending
on the other; {o that, at the intermediate diftant iflands, it
muft continue at about a mean height betwixt its elevation on
the one and on the other fhore.

As the tides pafs over fhoals, and run through ftraits into
bays of the fea, their motion becomes more various, and their
height depends on a great many circumftances. The tide that
is produced on the weftern coafts of Exrope, in the Atlantic, cor-
refponds to the fituation of the moon we defcribed above. Thus
it 1s high water on the coafts of Spain, Portugal, and the weft
of Ireland, about the third hour after the moon has pafied the
meridian. From thence it flows into the adjacent channels, as
it finds the eafieft paffage. One current from it, for example,
runs up by the fouth of England, another comes in by the
north of Scotland : they take a confiderable time to move all
this way, and it is high water {ooner in the places to which
they firft come ; and it begins to fall at thofe places, while
they are yet going on to others that are farther in their courfe.
As they return, they are not able to raife the tide, becaufe the
water runs fafter off than it returns, till, by a new tide propa-
gated from the open ocean, the return of the current is ftop’d,
and the water begins to rife again. The tide takes twelve

Aaaz hours
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hours to come from the ocean to London-bridge, fo that, when
it is high water there, a new tide is already come to its height
in the ocean ; and, in fome intermediate place, it muft be low
‘water at the fame time. In channels, therefore, and narrow
{eas, the progrefs of the tides may be, in fome refpedts, com-
pared to the motion of the waves of the fea.  Our author alfo
obferves, that when the tide runs over thoals, and flows upon
flat fhores, the water is raifed to a greater height than in the
open and deep oceans that have fleep banks; becaufe the force
of its motion cannot be broke, upon thefe level thores, till the
water rifes to a greater height. ‘

If a place communicates with two oceans, (or two different
ways with the fame ocean, ore of which is a readier and eafier
paflage) two tides may arrive at that place in different times,
which, interfering with each other, may produce a great variety
of phenomena., An extraordinay inftance of this kind is
‘mentioned by our author at Batfba, a port in the kingdom of
Tunquin in the Eaff Indies, of northern latitude 20° go’. The
'day in which the moon paffes the equator, the water ftagnates
there without any motion : as the moon removes from the
equator, the water begins to rife and fall once a day ; and itis
high water at the fetting of the moon, and low water at her
rifing.  ‘This daily tide increafes for about feven or eight days,
and then decreafes for as many days by the fame degrees, till
this metién ceafes when the moon has returned to the equator.
When fhe has pafied the equator, and declines towards the fouth
pole, the water rifes and falls again, as before ; but tis high

‘water now at the rifing; and low water at the fetting, of the
moon,

Our author, to account for this extraordinary tide, confiders
that there are-two inlets to this port of Batfba, one from the

Chinefe
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Chinefe ocean betwixt the continent and the Manillus, the
other from the Indian ocean betwixt the continent and Boriec
This leads him to propofe, as a folution of the phxznomenon,
that a tide may arrive at Baz/ba, through one of thcfe inlets, at
the third hour of the moon, and another through the other
inlet fix hours after, at the ninth hour of the moon. For,
while thefe tides are equal, the one flowing in as the other
ebbs out, the water muft {tagnate: now they arc equal when
the moon is in the equator ; but as foon as the moon begins to
decline on the fame fide of the equator with Bu#/ba, we have
thewed that the diurnal tide muft exceed the ne&urnal, o that
two greater and two lefler tides muit arive at Do/ by turns.
The difference of thefe will produce an agitation of the water,
which will rife to its greateft height at the mean time betwixt
the two greateft tides, and fall loweft at a mean time betwixt
the two leaft tides ; fo that it will be high water about the
fixth hour at the fetting of the moon, and low water at her
rifing. When the moon has got to the other fide of the
equator, the no&urnal tide will exceed the diurnal ; and
therefore, the high water will be at the rifing, and low water
at the fetting, of the moon. The fame principles will {ferve to
account for other extraordinary tides, which, we are told, are
obferved in places whofe fituation expofes them to fuch ir-
regularities.

Our author does not content himfelf with thefe general ob-
fervations, but calculates the effe&ts of the fun and moon upon
the tides, from their attractive powers. The augmentation of
the gravity of the lateral parts of the earth, produced by the
action of the fun, is a fimilar effe&t to an augmentation, efti-
mated by him before, that is made to the gravity of the moon
towards the earth by the fame a&ion, when the moon is in the
quarters ; only the addition made to the gravity of the lateral

parts
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pargs is * about 60? times lefs, becaufe their diftance from the’
carth’s centre is fo many times lefs than the diftance of the
moon from it. The gravity of thofe parts of the earth that
are dire¢tly beneath the fun, and of thofe oppofite to it, is di-
minifthed by a double quantity of what is added to the lateral
parts ; and as the diminution of gravity of the one, and aug-
mentation of the gravity of the other, confpire together in
raifing the water under the fun, and the parts oppofite to it,
above its height in the lateral parts ; the whole force that pro-
duces this effect is to be confidered as triple of what is added
to the gravity of the lateral parts : and is thence found to be
to the gravity of the particles as 1 to 12868200, and to the
centrifugal force at the equator as 1 to 44527. The elevation
of the waters, by this force, is confidered by our author as an
effect fimilar to the elevation of the equatorial parts above the
polar parts of the earth, arifing from the centrifugal force at the
equator ; and, being 44527 times lefs, is found to be 1 foot

and r1j; inches, Paris meafure. This is the elevation arifing
from the action of the fun upon the water.

In order to find the force of the moon upon the water, he
compares the {pring tides at the mouth of the river 4oz below
Briffol (which are the effe& of the fum of the forces of the fun
and moon when their actions almoft confpire together,) with
the neap tides there (which are the effe@ of the difference of
thefe forces when they a& almoft againft one another,) and
finds their proportion to be that of g to 5 5 from which, after
{everal neceffary corre@ions, he concludes that the force of the
moon is to the force of the fun, in raifing the waters of the
ocean, as 4,4815 to 1 ; {o thdt the force of the moon is able,
of itfelf, to produce an elevation of 8 feet and 75 inches, and

¥ Princip. Lib, III, Prop. 36.
the
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the fun and moon together may produce an elevation of abeut
10} feet, in their mean diftances from the earth, and an
elevation of about 12 feet when the moon is neareft the earth.
The height to which the water is found to rife, upon the
coafts of the open and deep ocean, is agreeable enough to this
computation.

It is from this laft calculation that he is able to make an
eftimate of the denfity and quantity of matter in the moon.
Her influence on the tides is the only effe&t of the moon’s at-
tracting power which we have accefs to meafure, and it enables
us to eftimate her denfity compared with that of the fun,
which we find it exceeds in the proportion of 4891 to 4000}
and fince the denfity of the earth is to that of the fun as 4000
to 1000, it follows that the moon muft be more denfe than
the earth in the proportion of 4891 to 4000, orof 11 to g
nearly. The proportion of the diameter of the edrth to that
of the moon is known, from aftronomical obfervations, to be
that of 365 to 100 ; and from thefe two proportions it eafily
follows, that the quantity of matter in the moon is to the matter
in the earth as 1 to 39,788 ; and the centre of gravity of the
earth and moon muft be, therefore, almoft 40 times nearer
to the earth than to the moon ; and, the fituation of their
centre of gravity being known, the motions in their {yftem may
be determined with great precifenefs.

Our author enquires into the figure of the moen : and, be-
caufe the earth contains near 40 times more matter than the
moon, the elevation produced by the action of the earth in
the parts of the moon that are neareft to it, and in the parts
oppoﬁte to thefe, would be near 40 times greater than that

which the moon produces in our feas, if this elevation was not
{o



168 Ssr ISAAC NEWT ON’s Boox IV,

to be diminithed in proportion as the femidiameter of the moon
is lefs than the femidiameter of the earth, thatis, in’the pro-
portion of 100 to 365. By compounding thefe proportions
he finds, that the diameter of the moon that pafles through the
centre of the earth, muft exceed thofe that are perpendicular to
it, by about 186 feet. He thinks the folid parts of the moon
mu{’c have been formed into fuch a {pheroidal figure, having its
longeft diameter direted towards the earth; and this may be
the reafon why the moon always turns the fame fide towards
the earth. If there were great feas in the moon, and if the
revolved on her axis {fo as to turn different fides towards the
earth, there would have been very great tides produced in
them, fuch as would exceed our tidés ten times ; but, by her
keepmg one fide always towards the earth, there are no tides
produced in her feas, but what proceed from the differences of
their diftances from the earth, and from the moon’s librations ;
for the action of the fun can have very little effe& upon them.

CH A P VIIL
Of the comets.

=4
.

§ [therto we have treated of the planets : but, befides
i thefe, we find in the expanfe of heaven many other
f“odxes belonging to the fyftem of the fun, that feem to have
much more 1rrpgu]ar motions. Thefe are the comers, which,

de{'cendmg from the far diftant parts of the {yftem with great
rapidity, furprize us with the f{ingular appearance of a train,
or tail, which accompames them ; become vifible to us in the
lower parts of their orbits, and, after a thort ftay, are carried
off again to vaft diftances, and dlfappear Tho’ {ome of the
ancients had more Jult notions of them, yet the opinion having
1 prevailed
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prevailed, that they were only meteors generated in the air,
like to thofe we fee in it every night, and in a few moments
vanifhing, no care was taken to obferve or record their phee-
nomena accurately, till of late. Hence this part of aftronomy
is very imperfe@. The number of the comets is far from being
known : many have been noted by hiftorians formerly, and
not a few of late obferved by aftronomers ; and fome have
been difcovered accidentally by telefcopes, pafling by us, that
never became vifible to the naked eye : fo that we may con-
clude their number to be very great. Their periods, magni-
tudes, and the dimenfions of their orbits, are alfo uncertain.
This is a part of {cience, the perfetion of which may be re-
ferved for {fome diftant age, when thefe numerous bodies, and
their vaft orbits, by long and accurate obfervation, may be
added to the known parts of the folar {yftem. Aftronomy will
appear as a new {cience, after all the difcoveries we now boaft
of : but then it will be remembred, even in thofe flourifhing
days of aftronomy, that it was Sir Ifaac Newton who dif-
covered and demonftrated the principles by which alone fuch
great improvements could be made ; and that he begun and
carried this work {o far, that he left to pofterity little more to
do, but to obferve the heavens, and compute after his models.

Having this part of aftronomy to deduce almoft from its
elements, he begins with fhewing, againit the {cholaftic phi-
lofophers, that the comets are above the moon 5 becaufe they
participate of the apparent diurnal motion, rifing and fetting
daily, as all things that are not appendent to the earth do, and
that without any fenfible diurnal parallax. But, as they are
all affe¢ted by the annual motion of the earth, appearing, like
the planets, fometimes dire&, fometimes retrograde, he con-
cludes that, when they become vifible to us, they muft be in
the regions of the planets. As they are all affeted by the

Bbb motion
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motion of the earth, and it is impoffible to bring their motions
to any regularity without allowing that motion ; and it, alone,
fuffices for explaining the irregularities of every comet, as well
as of every planet; we obtain from this a new confirmation of
the motion of the earth, and find all the parts of this philo-
{ophy perfeély confiftent. ’

Our author having thewed that the comets defcend into the
planetary regions when they are vifible to us, againft the opi-
nion of Des Cartes, he proceeds to trace them in their courfes.
It follows, from the general law of gravity already eftablifhed,
that they muft move either in parabolic, or very excentic e/~
liptical, orbits, that have one focus in the centre of the fun.
He then enquires, with his ufual fkill and a great deal of
labour, how a motien in a parabola may agree with the obfer-
vations that have been made upon the comets ; and, for this
end, thews how, from three obfervations, the parabolic tra-
jectory which a comet defcribes may be determined : and,
from feveral examples which he has given, there appears fo
perfe&t a harmony between his theory and the obfervations, as
adds a new evidence to it, and fhews its ufe in carrying on the
knowledge of our fyftem.

He infifts particularly on the celebrated comet that appeared
near the end of the year 1680, and in the beginning of 168r.
He determines its trajeory, or curve, from three obfervations
made by Mr. Flamfleed ; and then compares all the obfer-
vations, that were made by himfelf or others, with the mo-
tion of a body in that curve, and finds the differences betwixt
the obferved places of this comet and thofe computed for it in
the curve, for the fame time, to be very {mall. It was the
fame comet that was feen in November 1680, and in Decem-
beey January, February and March following, tho’ they had

‘ been
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been generally efteemed two different comets.  In Aovember it
was defcending towards the fun ; it paffed very near the fun on
the 12th day of December ; where, having been heated to a
prodigious degree, tho™ the light of the head or nucleus was
duller, yet, while it afcended in the other half of its orbi,
its tail was vaftly greater than before, extending fometimes 70°
in length, and continuing vifible even after the head or nucleus
was carried out of fight.

Dr. Halley, to whom every part of aftronomy, but this in

a particular manner, is highly indebted, has joined his labours
to our author’s on this {fubje¢t ; nor is it neceffary for us to fe-
parate them. Finding three obfervations of comets recorded
in hiftory, agreeing with this in remarkable circumftances, and
returning at the diftance of 575 years from each other, he fuf-
pected that thefe might be one and the fame comet, revolving
in that period about the fun. He therefore fuppofed the para-
bola to be changed into fuch an excentric e//ipfe as the comet
might defcribe in 575 years, and as thould nearly coincide with
the parabola in its loweft part ; and, having computed the
laces of the comet in this elliptic orbit, he found them to
agree {fo well with thofe in which the comet was obferved to
afs, that the variations did not exceed the differences which
are found betwixt the computed and the obferved places of the
lanets, whofe motions had been the fubje&t of aftronomical
calculation for fome thoufand years. This comet may, there-
fore, be expected again after finithing the fame period, about
the year 2255. Ifit then return, it will give a new luftre and
evidence to Sir Ifaac Newton’s. philofophy, in that diftant
age. Andfhould the inconftancy of human affairs, and the per-
etual revolutions to which they are {fubje&, occafion any nc-
gle& of our philofophy in the intervening ages ; this comet
will revive it, and fill every mouth again with this great man’s
Bbb2 nanme,
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name. Nor need this be efteemed a vain predicion ; for we
cannot but fuppofe that the attention of the aftronomers of
thofe days, to this comet muft be raifed to a great pitch, becaufe
in one part of its orbit it approaches very near to the orbit of
our earth ; fo that, in fome revolutions, it may approach near
enough to have very confiderable, if not fatal, effects upon it.
Nor is it to be doubted but that, while {o many comets pafs
among the orbits of the planets, and carry fuch immenfe tails
along with them, we fhould have been called, by very extra-
ordinary confequences, to attend to thefe bodies long ago, if
the motions in the univerfe had not been at firft defigned, and.
produced, by a Being of fufhcient fkill to forefee their moft
diftant confequences. Our earth was out of the way when
this comet laft paffed near her orbit ; but it requires a perfect
knowledge of the motion of the comet, to be able to judge-
if it will always pafs by us with fo little effet. We may here
obferve, that thefe great periods, and diftant depending obferva--
tions, promife this good effe&, that they muft contribute to
preferve the relifh for learning from the revolutions it has been
formerly fubjectto. By them, diftant ages are conne@ed to-
gether, and perpetual matter for reviving the curiofity of meh.
1s provided, from time to time.

But we are not to wait for the return of this diftant comet to
have our author’s theory verified, and to fee predictions of this
kind begin to take place. By comparing together the orbits of
the comets that appeared in 1607 and 1682, they are found fo
coincident, that we cannot but fuppofe them to be one and the
fame comet, revolving in 7 5 years about the fun. If this comet,
according to this period, returnin 1758, aftronomy will then
have {fomething new to boaft of. It feems to be of thofe that rife
to the leaft height from the fun, its greateft diftance being only

35 times greater than the diftance of the earth from the fun
fo
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fo that, at the fartheft, it does not run out four times farther
from us than Sazurn. It will probably be the firft that will
be added to the number of the revolving planets, and eftablith
this part of our author’s theory.

Befides thefe comets we have mentioned, our author has
eonfidered the motions of feveral others, and finds his theory
always confonant with obfervation. He particularly computes
the places of a remarkable comet that appeared in 1664 and
1665. It moved over 20° in one day, and defcribed almoft fix
figns in the heavens before it difappeared ; its courfe deviated
from a great circle, towards the north, and its motion, that
had been before retrograde, became dire@ towards the end:
and, notwithftanding fo unufual a courfe, its places, computed
from our author’s theory, agree with the obferved places, as well
as thofe of the planets agree with their theory.

The phznomena of all the comets, but efpecially of the
comet of 1680, fhew them to be folid; fixed and durable
bodies. This comet was, in its peribelium, 166 times nearer
to the fun than our earthis: and, from this, our author com-
putes that it muft have conceived a heat 2000 times greater
than that of iron almoft going into fufion, and that, if it was
equal to our earth, and cooled in the fame manner as ter-
reftrial bodies, it would take 50,000 years to cool : to bear
fo prodigious a heat, it muft furely be a very {olid and fixed.
body.

There is a phenomenon that attends each comet, and is pe-
culiar to them, called its 747/ : fome have imputed this ap-
pearance to the refracion of the fun-beams, pafling through:
the nucleus or head, which they fuppofed to be tranfparent :
others; to the refra&ion of the beams refle@ted from the head,.

4 as-
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as they pafs through the intermediate {paces to us. Our author
refutes both thefe opinions, and thews that the tail confifts of a
vapour arifing continually from the body of the comet, towards
thofe parts that are oppofite to the fun, for a like reafon that
vapour or fmoke rifes in the atmofphere of the earth. Becaufe
of the motion of the body of the comet, the tail is bent a
little towards thofe parts which the comet leaves in its motion.
Thefe tails are found greateft after it has paffed its perihelium,
or leaft diftance from the fun, where its heat is greateft, and
the atmofphere of the fun is moft denfe. The head appears,
after this, obfcured by the thick vapour that rifes plentifully
from it. The tail of the comet of 1680 was of a prodigious
fize : it was extended from the head to a diftance {carcely in-
ferior to the vaft diftance of the {fun from the earth. As the
matter of the tail participates of the motion of the comet, it
is thereby carried along with the comet in its motion, and
fome part of it returns again withit: and as the matter in the
tail rifes, it becomes more and more rarified ; as appears from
the tail’s increafing in breadth upwards. By this rarefaction a
great part of the tail muft be dilated and diffufed over the
fyftem ; {fome of this, by its gravity, may fall towards the pla-
nets, mix with their atmofpheres, and fupply the fluids, which,
i1 natural operations, are confumed ; and may, perhaps,
fupply that {fubtile {pirit in our air, which is neceffary for the
lite of animals, and for other natural operations.

We are not to expeé that the motions of the comets can be
fo exa&, and the periods of their revolutions fo equal, as thofe
cf the planets; confidering their great number, and their great
diftance from the fun in their aphelia, where their acions upon
cach other muft have {fome effe&t to difturb their motions. The
refiftance which they meet with in the atmofphere of the fun,
wien they defcend into the lower parts of their orbits, will

I alfo
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alfo affet them. By the retardation of their motion in thefe
lower parts, their gravity will be enabled to bring them nearer
the fun in every revolution, till at length they fall into him,
and fupply fewel to that immenfe body of fire. 'The comet
of 1680 paffed at a diftance from the furface of the fun, no
greater than the 6th part of his diameter ; it will approach
ftill nearer in the next revolution, and fall into his body at
length. The fixed ftars may reccive fupplies, in the fame
manner, by comets falling into them ; and {fome of them, whofe
light and heat are almoft exhaufted, may receive new fewel in
this way. Of this kind thofe ftars feem to be, which have
been obferved to break out at once with great {plendor, and to
vanifh gradually afterwards. Such was the ftar in Caffiopeiz,
that was not vifible onthe 8th of November 1572, but thone the
following night with a brightnefs almoft equal to that of the
planet #enus, and decreafed continually afterwards, tillin 16
months time it vanithed. Another of the fame kind appeared
to Kepler’s {cholars in the right foot of Serpentarius, on the
3oth of September 1604, brighter than Fupiter, tho’ it was not
vifible the preceding night; which alfo decreafed gradually,
and vanifhed in fifteen or fixteen months, By fuch a new ftar
appearing with an extraordinary brightnefs in the heavens,
Hipparchus is faid to have been induced to make his catalogue
of the fixed ftars. But thofe ftars which appear and difappear,
gradually increafing and decreafing by turns, feem to be of a
different kind ; and to have a luminous and an obfcure fide,
which, by their rotation on their axis, they turn towards us

alternately.

The argument againft the eternity of the univerfe, drawn
from the decay of the fun, ftill fubfifts ; and even acquires a
new force from this theory of the comets : fince the fupply

which they afford muft have been long ago exhaufled, if the

world
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world had exifted from eternity. The matter in the comets
themfelves, that fupplies the vapour which rifes from them in
every revolution to the perihelium, and forms their tails, muft
alfo have been exhaufted long ere now. In general, all quan-
tities that muft be fuppoled to decreafe or increafe continually,
are repugnant to the eternity of the world ; fince the firft had
been exhaufted, and the laft had grown into an infinite mag-
nitude, at this time, if the world had been from eternity : and
of both kinds there feem to be feveral forts of quantities in the
univerfe.

The defcent of the comets into the planetary regions fhews
that the folid orbs, in which the planets were fuppofed, by the
{choolmen, to move, are imaginary. And the regularity of their
motions, while they are carried in very excentric orbs, in all
directions, into all parts of the heavens, confpire with many
other arguments to overthrow the Carzefian vortices.

Sir Ifaac Newton further obferves, that while the comets
move in all parts of the heavens, with different directions, and
in very excentric orbits, whofe planes are inclined to one an-
other in large angles ; it cannot be attributed to blind fate that
the planets move round the fun, and the fatellites round their
refpective primaries, all with one direGtion, in orbits nearly cir-
cular, and almoft in the fame plane. The comets, by moving
in very excentric orbits, defcend with a vaft velocity, and are
carried quickly thro’ the planetary regions, where they ap-
proach the neareft to each other, and to the planets, {o as to have
as little time as poflible to difturb their own motions, or thofe of
the planets. By their moving ir very different planes, they
are carried to a vaft diftance from each other in the higheft parts
of their orbits, or aphelia ; where, becaufe of the flownefs of

their
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their motions, and the weaknefs of the fun’s a&ion at fo great
diftances, their mutual actions, but for this precaution, would
produce the greateft diforders. Thus we always find, that what
has, at firft fight, the appearance of irregularity and confufion
in nature, is difcovered, on further enquiry, to be the beft
contrivance and the moft wife condu&.

Sir Ifaac NVewton proceeds to make fome refleGions on the
nature of the fupreme cazfe, and infers, from the ftruture of
the vifible world, that it is governed by Oxe Almighty, and
All<wife Being, who rules the world, not as its Sox/ but as its
Lord, exercifing an abfolute fovereignty over the univerfe, not
as over his own dody but as over his wor ; and a&ing in it ac-
cording to his pleafure, without fuffering any thing from it.
What he has delivered concerning the Deity will be further ex-
plained in the next chapter.

CH A P IX

Of the Supreme Author and Governor of the univerfe, the True
and Living God.

I. Riftotle concludes his treatife de munds, with obferving,

that ¢ to treat of the world without faying any thing
of its Author would be impious ;” as there is nothing we meet
with more frequently and conftantly in nature, than the traces
of an All-governing Deity. And the philofopher who over-
looks thefe, contenting himfelf with the appearances of the
material univerfe only, and the mechanical laws of motion,
negleéts what is moft excellent ; and prefers what is imperfect
to what is fupremely perfe&, finitude to infinity, what is nar-
row and weak to what is unlimited and almighty, and what is

perithing to what endures for ever. Such who attend not to
‘ Ccec {o
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{o manifeft indications of fupreme wifdom and goodnefs; pér-
petually appearing before them wherever they tarn their views or
enquiries, too much refemble thofe antienttphilofophers who
made night, matter, and chaos, thf origini;'a\i'o’f all things.

te !

2. As we have neither ideas nor words fufficient to deferibe
the firflt caufe, {fo Ariffotle, in the conclufion of the above men-
tioned treatife, is obliged to content himfelf with comparing
him with what is chief and moft excellent, in every kind .
Thus we fay he is the king or lord of all things, the parent
of all his creatures, the foul of the world, or great {pirit that
animates the whole.  Such expreflions, tho’ well meant at
firft, were fometimes abufed afterwards ; particularly, that of
his being the amima mundi, which was apt to reprefent him
not only as the adive and felf-moving principle, but likewife
as paflive and fuffering from the actions and motions of bodies.
The abftrufe nature of the fubje@ gave occafion to the later
Platonifts, particularly to Plotinus, to introduce the moft myf-
tical and unintelligible notions concerning the Deity and the
worthip we owe to him ; as when he tells us that intelle& or
underftanding is not to be afcribed to the Deity, and that our
moft perfe& worfhip of him confifts, not in aés of veneration,
reverence, gratitude or love ; but in a certain myfterious felf-
annihilation, or total extinéion of all our faculties. Thefe
dodrines, however abfurd, have had followers, who, in this as
in other cafes, by aiming too high, far beyond their reach,
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overftrain their faculties, and fall into folly or madnefs ; con-
tributing, as much as lies in them, to bring true piety and de-
votion into contempt.

3. Neither are they to be commended, who, under the pre-
tence of magnifying the effential power of the fupreme caulz,
make truth and falthood entirely to depend on his will; as we
obferved of Des Cartes, Book 1. Chap. 4. Such tenets have
a dire¢t tendency to introduce the abfurd opinion, that intel-
lectual faculties may be fo made, as clearly and diftin&ly to
perceive that to be true, which is really falfe. They judge
much better, who, without {cruple, meafure the divine omni-
potence itfelf, and the poflibility of things, by their own clear
ideas concerning them ; affirming that God himfelf cannot
make contradictions to be true at the fame time; and reprefent
the certain part of our knowledge, in fome degree, as the know-
ledge and wifdom of the Deity imparted to us, in the views of
nature which he has laid before us.

4. The fublimity of the fubje& is apt to exalt and tranfport
the minds of men, beyond what their faculties can always bear :
therefore, to fupport them, allegorical and enigmatical repre-
{fentations have been invented, which in procefs of time have
produced the greateft abufes. When metaphorical figures and
names came to be confidered as realities, in place of the true
God, falfe deities were {ubftituted without number, and, under
the pretence of devotion, a worfhip was paid to the moft de-
teftable chara&ers, that tended to extinguifh the notions of true
worth and virtue amongft men.

. As there are no enquiries of a more arduous nature than
thofe that relate to the Deity, or of near {o great importance
to intelleGual beings, that difcern betwixt truth and falfehocd,

Ccc 2 betwixt
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betwixt right and wrong ; {o it is manifeft, that there are none
in which the utmoft caution and fobernefs of thought is more
requifite.  Hence it is a very unpleafant profpec to obferve with
how great freedom, or rather licentioufnefs, philofophers have
advanced their rath and crude notions concerning his nature
and eflence, his liberty and other attributes. What freedoms
were taken by Des Cartes in defcribing the formation of the
univerfe without his interpofition, and in pretending to de-
duce from his attributes confequences that are now known to be
falfe, we explained in the firft book, almoft in his own words.
A manner of proceeding fo unjuftifiable, in fo ferious and im-
portant a fubjed, ought, one would think, to have difgufted
the fober and wife part of mankind. Spizoza, while he carried
the do&trine of abfolute neceflity to the moft monftrous height,
and furpafied all others in the weaknefs of his proofs as well as
the impiety of his doctrines, yet affects to fpeak, on feveral oc-
cafions, in the higheft terms of veneration for the Deity. Mr.
Leibritz and many of his difciples have likewife maintained the
fame dodtrine of abfolute neceffity, extending it to the Deity
himfelf, of whom our ideas are fo inadequate, and whom it
fo much concerns us not to mifreprefent. But Sir Ifaac
“WNewron was eminently diftinguithed for his caution and circum-
fpection, in fpeaking or treating of this fubjed, in difcourfe
as well as in his writings ; tho’ he has not efcaped the re-
proaches of his adverfaries even in this refpe&. As the Deity
1§ the fupreme and firft caufe, from whom all other caufes de-
rive their whole force and energy, fo he thought it moft unac-
countable to -exclude Him only out of the univerfe. It ap-
peared to. him much more juft and reafonable, to fuppofe that
the whole chain of caufes, or the feveral feries of them,
fbould centre in him as their fource and fountain ; and the

whole fyftem appear depending upon him the only independenﬁ

caule.. X

6, The
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6. The plain argument for the exiftence of the Deity, ob-
vious to all and carrying irrefiftible convi¢tion with it, is from
the evident contrivance and fitnefs of things for one another,
which we meet with throughout all parts of the univerfe.
There is no need of nice or fubtle reafonings in this matter :
a manifeft contrivance immediately fuggefts a contriver. It
ftrikes us like a fenfation ; and artful reafonings againft it may
puzzle us, but it is without fhaking our belief. No perfon,
for example, that knows the principles of optics and the ftruc-
ture of the eye, can believe that it was formed without fkill in
that {cience ; or that the ear was formed without the knowledge
of founds ; or that the male and female in animals were not
formed for each other, and for continuing the fpecies.  All
our accounts of nature are full of inftances of this kind. The
admirable and beautiful ftru@ure of things for final caufes,
exalt our idea of the Contriver : the unity of defign thews him
to be One.. The great motions in the {yftem, performed with
the fame facility as the leaft, fuggeft his Almighty Power,
which gave motion to the earth and the celeftial bodies, with
equal eafe as to the minuteft particles. The {ubtility of the
motions and a&ions in the internal parts of bodies, thews that
his influence penetrates the inmoft receffes of things, and that
He is equally a&ive and prefent every where. The fimplicity
of the laws that prevail in the world, the excellent dipofition
of things, in order to obtain the beft ends, and the beauty
which adorns the works of nature, far fuperior to any thing in
art, fuggeft his confummate ?27i/dom. The ufefulnels of the
whole fcheme, fo well contrived for the intelligent beings that
enjoy it, with the internal difpofition and moral ftructure of
thofe beings themfelves, thew his unbounded Goodrefs. Thefe
are the arguments which are fufliciently open to the views and
capacities of the unlearned, while at the fame time they acquire
new ftrength and luftre from the difcoveries of the learned.

The
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The Deity’s adting and interpofing in the univerfe, thew that
he governs it as well as formed it, and the depth of his coun-
{els, even in conduing the material univerfe, of which a great
part furpafles our knowledge, keep up an inward veneration
and awe of this great Being, and difpofe us to receive what
may be otherwife revealed to us concerning him. It has been
juftly obferved, that fome of the laws of nature, now known
to us, mult have efcaped us if we had wanted the fenfe of
feeing. It may be in his power to beftow upon us other fenfes
of which we have at prefent no idea ; without which it may
be impoffible for us to know all his works, or to have more
adequate ideas of himfelf. In our prefent ftate, we know
enough to be fatisfied of our dependency upon him, and of
the duty we owe to him the lord and difpofer of all things. He
is not the obje& of fenfe ; his effence, and indeed that of all
other fubftances, is beyond the reach of all our difcoveries ;
but his attributes clearly appear in his admirable works. We
know that the higheit conceptions we are able to form of them
are ftill beneath his real perfections ; but his power and domi-
nion over us, and our duty towards him, are manifeft,

7. Sir Ifaac Newton is particularly careful, always to repre-
fent him as a free agent ; being juftly apprehenfive of the dan-
gerous confequences of that doérine which introduces a fatal
or ablolute neceffity prefiding over all things. He made the
world, not from any neceflity determining him, but when he
thought fit : matter is not infinite or neceflfary, but he created
as much of it as he thought proper : he placed the {yftems of
the fixed ftars at various diftances from each other, at his plea-
fure: in the folar fyftem, he formed the planets of fuch a
number, and difpofed them at various diftances from the {un,
as he pleafed : he has made them all move from weft to eaft,
tho’ it is evident from the motions of the comets, that he might

I have
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have made them move from eaft to weft. In thefe and other
inftances, we plainly perceive the veftiges of a wife agent, but
acting freely and with perfe@ liberty.

As caution was a diftinguithing part of Sir [faac Newron's
characer, but no way derogatory from his penetration and the
acutenefs and fublimity of his genius ; fo we have particular
reafon on this cccafion to applaud it, and to own that his phi-
lofophy has proved always fubfervient to the mcit valuable pur-
poles, without ever tending to hurt them.

8. As in treating of :his unfathomable fubjedt we are at a
lofs for ideas and words, in any tolerable degree, adequate to
it, and, in order to convey our notions with any ftrength, are
obliged to have recourfe to figurative expreflions, as was ob-
ferved already ; {o it is hardly poflible for the moft cautious to
make ufe of fuch as may not be liable to exceptions, from angry
and captious men. Sir Jfaac Newton, to exprefs his idea of
the divine Ommniprefence, had faid that the Deity perceived what-
ever paffed in fpace fully and intimately, as it were in his Sen-
Sforium. A clamour was raifed by his adverfaries, as if he meant
that fpace was to the deity what the Sen/or7um is to our minds.
But whoever confiders this expreflion without prejudice, will
allow that it conveys a very ftrong idea of the intimate pre-
fence of the Deity every where, and of his perceiving what-
ever happens in the completeft manner, without the ufe of any
intermediate agents or inftruments, and that Sir J/zac made
ufe of it with this view only ; for he very caretully guards
againft our imagining that external objects act upen the Deity,
or that he fuffers any paflicn or reaction from them. It is
commonly fuppofed that the mind is intimately confcious of
the impreffions upon the fenforium, and that it is immediately
prefent there, and there only ; andas we mufl derive our ideas

~
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of the attributes of God from what we know of our minds,
or of thofe of others, in the beft manner we can, by leaving
out all imperfe@ion and limitation ; fo it was hardly pofible to
have reprefented to us the divine Omniprefence and Omnifcience
in a ftronger light, than by this comparifon. But the fondnefs
of philofophers for their favourite fyftems, often irritates them
againft thofe, who, in the purfuit of truth, innocently overturn
their docrines ; and provokes them to catch at any occafion of
finding fault.

9. But the greateft clamour has been raifed againft Sir Ifzac
Newton, by thofe who have imagined that he reprefented iz-
finite [pace as an attribute of the Deity, and that He is prefent
in all parts of {pace by diffufion. The truth is, no fuch ex-
preflions appear in his writings : he always thought and {poke
with more veneration of the divinity than to allow himfelf
fuch liberties. On the contrary, he tells * us that ¢ the Deity
endures from eternity to eternity, and is prefent from infinity to
infinity ; but that he is not eternity or infinity, fpace or du-
ration. He adds indeed, that as the Deity exifts neceffarily,
and by the fame neceflity exifts every where and always, he
conftitutes fpace and duration : but it does not appear that this
expreflion can give any jult ground of complaint ; for it is
faying no more than that fince he is effentially and neceffarily
prefent in all parts of {pace and duration, thefe of confequence,
muft alfo neceffarily exift.

* Fternus eft et infinitus, omnipotens et omnifciens, id eft, durat ab ®terno in
zternum, et adeft ab infinito in infinitum : omnia regir, et omnia cognofcit, quaz
fiunt aut fieri poflunt. Non eft =ternitas et infinitas, fed ®ternus et infinitus; non
eft duratio et {patium, fed durat et adeft. Durat femper, et adeft ubique, et exif-

tendo femper et ubique, durationem et fpatium conttituit.  Neus. Princip. Scholium
Geuerale, pag. 528.

10. This
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0. This idea is fo far from giving any juft ground of com-
plaint, that it accounts for the neceflary exiftence of fpace, in
a way worthy of the Deity, and fuggefts the noble improve-
‘ment we may make of this do&rine, which lies fo plain and
open before us.  Sir Ifazac Newton is {o far from reprefenting
the Deity as prefent in {pace by diffifion (as fome have ad-
vanced very unjuftly) that he exprefly tells us * there are fuc-
ceflive parts in duration, and co-exiftent parts in {fpace. But
that neither are found in the foul or principle of thought
which is in man ; and that far lefs can they be found in the
divine {ubflance.  As man is one and the fame in all the pe-
riods of his life, and thro’ all the variety of fenfations and
paffions to which he is fubje&t ; much more muft we allow
the fupreme Deity to be one and the fame in all time, and in
all {pace, free from change and external influence. He adds,
that the Deity is prefent every where, 7oz per virtutem ﬁ)/am
Jed etiam per fuéﬁamzam, Jed modo prorfus incorporeo, modo
10bis penitus ignoto. It is plain, therefore, that he was far
from meaning that the Delty was prefent every where by the dif-
fufion of his {fubftance, as a body is prefent in {fpace by having
its parts diffufed in it. Nor is it furprizing that we thould be
at a lofs to give a fatisfatory account of the manner of God’s
-omniprefence. Our knowledge of things penetrates notinto their
{ubftance : we perceive only their figure, colour, external fur-
face, and the effects they have upon us, but no fenfe, or a& of
refle@ion, difcovers to us their fubftance ; -and much lefs is the
divine fubftance known to us. Asa blind man knows not

* Partes dantur fucceflive in duratione, coexiftentes in fpatio, neutrz in perfona
hominis feu principio ejus cogitante 3 et' multo minus in fubftantia cogitante Dei.
Omnis homo quatenus res fenmens, eft unus & idem homo durante vit {u4 in omni-
bus & fingulis fenfuum organis. Deus et unus & idem Devs femper & ubique,

fhid,
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colours, and has no idea of the fenfation of thofe who fee, fo
we have no notion how the Deity knows and ad&s.

11. His exiftence and his attributes are, in a fenfible and
fatisfaGtory manner, difplayed to us in his works ; but his ef-
{fence is unfathomable. ~ From our exiftence, and that of other
contingent beings around us, we conclude that there is a frft
caufe, whofe exiftence muft be neceflary, and independer}t' of
any other being ; but it is only a pofferiori that we thus infer
the neceffity of his exiftence, and not in the fame manner that
we deduce the neceflity of- an eternal truth in geometry, or
the property of a figure from its effence : nor is it even with
that dire& felf-evidence which we have for the neceffary
exiftence of fpace. We mention this only to do juftice to Sir
Ifaac Newtor’s notion, when he fuggefts that the neceflary
exiftence of fpace is relative to the neceflary exiftence of the
Deity. Philofophers have had always difputes about infinite
fpace and duration ; and probably their contefts on thefe fub-
je&s will never have an end : all we want to reprefent is only,
that what is fo briefly and modeftly advanced by this great
man on thofe fubjeds, is, at leaft, as rational and worthy of
the Deity, and as well founded in true philofophy, as any of
their {chemes ; tho’ it muft be expe&ed that the beft account
we can form of matters of fo arduous a nature, will be liable
to difhiculties and obje&ions. As for thofe who will not allow
fpace to be any thing real, we obferved above that the reality
ef motion, which is known by experience, argues the reality
of abfolute fpace; without admitting which, we fthould have
nothing but confufion and contradi&ions in natural philofophy.
Many other arguments, particularly thofe drawn from the
axiom, non entis nulla funs attributa, for the reality of {pace;
whofe parts are fubje¢t to menfuration and various relations,

have begn treated of largely by others.
4 12, We
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12. We obferved above, that as the Deity is the firft and
fupreme caufe of all things, fo it is moft unaccountable to ex-
clude him out of nature, and reprefent him as an inzelligentia
extramundana. On the contrary, it is moft natural to {uppofe
him to be the chief mover throughout the whole univerfe, and
that all other caufes are dependent upon him ; and conformable
to this is the refult of all our enquiries into nature ; where we
are always meeting with powers that furpafs mere mechanifm,
or the effe@s of matter and motion. The laws of nature are
conftant and regular, and, for ought we know, all of them
may be refolved into one general and extenfive power ; but
this power itfelf derives its properties and efficacy, not from
mechanifm, but, in a great meafure, from the immediate in-
fluences of the firft mover. It appears, however, not to have
been his intention, that the prefent ftate of things fhould
continue for ever withoutalteration; not only from what paffes
in the moral world, but from the phznomena of the material
world likewife ; as it is evident that it could not have con-
tinued in its prefent ftate from eternity.

13. The power of gravity, by which the celeftial bodies per-
{evere in their revolutions, penetrates to the centres of the fun
and planets without any diminution of virtue, and is extended
to immenfe diftances, decreafing in a regular courfe. Its a&ion
is proportional to the quantity of folid matter in bodies, and not
to their furfaces, as is ufual in mechanical caufes : this power,
therefore, feems to furpafs mere mechanifm. But, whatever
we fay of this power, it could not poflibly have produced, at
the beginning, the regular fituation of the orbs and the prefent
difpofition of things. Gravity could not have determined the
planets to move from weft to eaft in orbits nearly circular, al-
moft in the fame plane ; nor could this power have projected

Ddd 2 the
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the comets with all variety of dire@ions. If we fuppofe the
matter of the fyftem to .be accumulated in- the centre by-its:
gravity, no mechanical principles,. with the affiftance of this
power-of gravity, could feparate the vaft mafs into fuch parts.
as the fun and planets, and; after carrying them into their dif-
ferent diftances, projec them in their feveral directions, pre-
ferving ftill- the equality of a&ion and reacion, or the ftate of
the centre of gravity of the fyftem. Such an exquifite ftruc-
ture of things could only arife from- the contrivance and
powerful influences of an intelligent, free, and moft petent
agent. 'The fame powers, therefore, which at prefent govern
them aterial univerfe, and conduét its various motions, are very
different from thofe which were neceflary to have produced it
from nothing, or to have difpofed it in the admirable form-in.
which it now proceeds.

r4. As we cannot but conceive the univerfe, as depending:
on the firft caufe and chief mover, whom it'would be abfurd,
not to fay impious, to exclude from acing in it; fo we have.
fome hints of the manner in which he operates in nature,
from the laws which we find eftablithed in it. Tho” he
is the fource of all efficacy, yet we find that place is left
for fecond caufes to a& in fubordination to him ; and‘ me-
chanifm has its fhare in carrying on the great {cheme of nature*.
The eftablithing the equality of action and readion, even in
thofe powers which feem to furpafs mechanifm, and to be more
immediately derived from him, feems to be an indication that
thofe powers, while they derive their efficacy from him, are
however, in a certain degree, circumf¢ribed and regulated in their
operations by mechanical principles ; and that they are not to

* "AANQ TODTO %wo\ 95:0’70@1‘01}, 70 ,u,s'm\ eq&s‘aﬁ/'r}g }g; oiﬂk;;'g mwﬁo’ewg mzvro&cwa?g
> ~ 202/ € A £ ~ 3 ~
ST OTENEY ;ﬁexg, WOTEQ oLMENEL 3g@a‘m 04 ‘unxawoqrmof oi [72- 7 og'yas'va TXesY e‘,"“?,
. /, > V4 s ~ " . . ‘
wOANXS ¥y moimiNag Evgytias dmoteNdvres,  Ariffor, ubi fupra,
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be confidered as mere immediate volitions of his (as they are
often reprefented) but rather as inftruments made by him, to
Perform the purpofes for which he intended them. If, for ex-
ample, the moft noble phenomena in nature be produced by
a rare elaftic @zherial medium, as Sir Ifaac Newton conjectured,
the whole efficacy of this medium muft be refolved into his-
power and will, who is the {fupreme caufe. This, however,
does not hinder; but that the fame medium may be fubje& to
the like laws as. other elaftic fluids, in its actions and. vibra-
tions ; and that, if its nature was better known to us, we might
make curious and uféful difcoveries concerning its effeéts, from
thofe laws. Itis eafy to fee that this conjeGture no way dero-
gates from the government and influences of the Deity ; while
it leaves us at liberty to purfue our enquiries concerning the
nature and operations of {uch a medium. Whereas they who-
haftily refolve thefe powers into immediate volitions of the fu-
preme caufe, without admitting any intermediate inftruments,.
put an end to our enquiries at once ; and deprive us of what
is probably the moft fublime part of philofophy, by reprefent-
ing it as imaginary and fittitious : by which means, as we ob-
{erved above *, they hurt thofe very interefts which they appear
fo fanguine to promote; for the higher we rife in the fcale of
nature, towards the fupreme caufe, the views we have from
philofophy appear more beautiful and extenfive. Nor is there
any thing extraordinary in what is here reprefented concerning
the manner in which the Supreme Caufe ads in the univerfe,
by employing {ubordinate inftruments and agents, which. are
allowed to have their proper force and efficacy ; for this we
know is the cafe in the common courfe of nature ; where we-
find gravity, attra®tion, repulfion, &c. conftantly combined and:
compounded with the principles of mechanifm.: and we fee no-

% Book. I. Chap. 5. § 3. {;
reaion
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reafon why it thould not likewife take place in the more fub-
tile and abftrufe phenomena and motions of the {yftem.

15. It has been demonftrated by ingenious men, that great
revolutions have happened in former times on the furface of the
carth, particularly from the phenomena of the Sz7aza ; which
{fometimes are found to lie in a very regular manner, and {fome-
times to be broken and {feparated from each other to very con-
{iderable diftances, where they are found again in the fame
order ; from the impreflions of plants left upon the hardeft
bodies dug deep out of the earth, and in places where fuch

lants are not now found to grow ; and from bones of animals
both of the land and fea, -difcovered fome hundreds of yards
beneath the prefent furface of the earth, and at very great dif-
tances from the fea. Some philofophers explain thefe changes
by the revolutions of comets, or other natural means : but as
the Deity has formed the univerfe dependent upon himfelf, fo
as to require to be altered by him, tho’ at very diftant periods
of time ; it does not appear to be a very important queftion to
enquire whether thefe great changes are produced by the inter-
vention of inftruments, or by the fame immediate inflyences
which firft gave things their form.

16. We cannot but take notice of one thing, that appears
to have been defigned by the author of nature: he has made
it impofiible for us to have any communication from this earth
with the other great bodies of the univerfe, in our prefent
ftate ; and it is highly probable, that he has likewife cut off
all communication betwixt the other planets, and betwixt the
different fyftems. We are able, by telefcopes, to difcover very
plainly mountains, precipices and cavities in the moon: but
who tread thofe precipices, or for what purpofes thofe great
cavities (many of which have a little elevation in the middle)

{erve,
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ferve, we know not ; and are at a lofs to conceive how this
planet, without any atmofphere, vapours, or feas, (as is now
the common opinion of aftronomers) can ferve for like pur-
poles as our earth. We obferve fudden and furprizing revo-
lutions on the furface of the great planet Fupiter, which would
be fatal to the inhabitants of the earth. We obferve, in them
all, enough to raife our curiofity, but not to fatisfy it. From
hence, as well as from the ftate of the moral world, and many
other confiderations, we are induced to believe, that our pre-
fent ftate would be very imperfe& without a fubfequent one ;
wherein our views of nature, and of its great author, may be more
clear and fatisfactory. It does not appear to be {uitable to the
wifdom that fhines throughout all nature, to fuppofe that we
fhould fee fo far, and have our curiofity fo much raifed con-
cerning the works of God, only to be difappointed at the end.
As man is undoubtedly the chief being upon this globe, and
this globe may be no. lefs confiderable, in the moft valuable
refpedts, than any other in the folar fyftem, and this fyftem,
for ought we know, not inferior to any in the univerfal fy-
ftem ; fo, if we fhould fuppofe man to' perith, without ever
arriving at a more complete knowledge of nature, than the very
imperfe&t one he attains in his prefent ftate ; by analogy, or
parity of reafon, we might conclude, that the like defires
would be fruftrated in. the inhabitants of all the other planets
and fyftems; and that the beautiful fcheme of nature would
never be unfolded, but in an exceedingly imperfe& manner, to
any of them. This, therefore, naturally leads us to confider.
our prefent flate as only the dawn or beginning of our exi-
ftence, and as a flate of preparation or probation for. farther.
advancement :: which appears to have been the opinion of the.
moft judicious philofophers. of old; And whoever attentively
confiders the conftitution of human nature, particularly the-
defires and paflions. of men, which appear greatly {uperior to.

their.
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their prefent obje&s, will eafily be perfuaded that man was
defigned for higher views than of this life. Thefe the author of
nature may have in refervg to be opened up to us, at proper
periods of time, and after due preparation. Surely it is in his
power to grant us a far greater improvement of the faculties we
already poflefs, or even to endow us with new faculties, of
which, at this time, we have no idea, for ‘penetrating farther
into the fcheme of nature, and approaching nearer to himfelf,
the firft and fupreme caufe. We know not how far it was
proper or neceflary that we fhould not be let into know-
ledge at once, but fhould advance gradually, that, by com-
paring new objeéts, or new difcoveries, with what was known
to us before, our improvements might be more complete and
regular ; or how far it may be neceffary or advantageous, that
intelligent beings thould pafs through a kind of infancy of
knowledge. For new knowledge does not confift fo much in
our having accefs to a new-obje&, as in comparing it with o-
thers already known, -obferving its relations to them, or dif-
cerning what it has in common with them, and wherein their
difparity ‘confifts. "Thus our knowledge is vaftly greater than
the {fum of what all its obje@ts feparately could afford ; and
when a new obje comes within our reach, the addition to
our knowledge is the greater, the more we already know ; {o
that it increafes not as the new objeds increafe, but in a much

‘higher proportion, * * *
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