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Abstract

| investigate the interstellar medium (ISM) of two nearlssalved galaxies, M51
(NGC 5194) and Centaurus A (Cen A; NGC 5128) using spectmsand pho-
tometric data from thélerschel Space Observatory search for local variations
of the characteristics of the ISM. | find that the average atiaristics of the ISM
in Cen A, a giant elliptical galaxy, are similar to those tgadly found in normal
star forming galaxies, despite its unique morphology amdsification as a radio
galaxy with an active galactic nucleus (AGN). UsiHgrschelphotometry 1 find
radial trends in the dust temperature, the dust mass, angeckedly, the gas-to-
dust mass ratio. | hypothesise that the AGN is removing ryeduist grains via dust
sputtering or expulsion via jets. A comparisonH¥rschelspectroscopy of impor-
tant cooling lines to a photon dominated region (PDR) moel#als the strength of
the far-ultraviolet radiation field;7y, and the hydrogen gas density,in the PDR
gas within Cen A are consistent with values found in otherimegalaxies. | do not
observe any obvious radial trend in these characteristidsanclude that the high
inclination of Cen A may be inhibiting the identification afiyaimpact the AGN is
having on the surrounding gas.

An investigation of the gas in M51 using a similar spectrgscalataset as
with Cen A shows for the first time that a large fraction of theerved [Q1](158 um)
emission in the centre of M51 originates in diffuse ionised.gThis fraction falls
off with radius out to the arm and interarm regions. | also fir@PDR modelling
that there is a decreasing radial trend in the valugs,odndn, and that in the arm
and interarm regions they are the same. Thus, there appelaesno difference in
the physical properties of the molecular clouds in the arthiaterarm regions of
the galaxy. The results of this thesis contribute to furtirederstanding the char-
acteristics of the ISM of nearby galaxies, as well as thewiai of the ISM in
galaxies containing an AGN.
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Chapter 1

Introduction

The night sky is full of stars, the moon and planets, galaaresa variety of other
galactic objects. Historically, our perspective of thebgeots was limited to what
we could see with our eyes or through an optical telescope&ghndovers a small
range of the electromagnetic spectrum. But our perspechimaged in the 1930s
when Karl G. Jansky discovered radio emission originatimghie centre of the
Milky Way Galaxy (Jansky, 1933), thus opening the door tacastronomy and
a new part of the electromagnetic spectrum. Since then, rausegyround- and
spaced-based observatories have been built to probe thecslss the entire elec-
tromagnetic spectrum, and we have come to the realisatairthie Universe and
the objects within it are much more complex, rich and divéns@ might have been
suggested by optical observations alone. Thus, to fullyewstdnd the physics be-
hind the phenomena we observe, it is necessary to condudtisvawelength study
of each object.

Galaxies themselves are extremely rich objects. They &ge ravitation-
ally bound systems that fall into three broad morpholodigaés: spiral/disk galax-

ies, elliptical galaxies and irregular types. Each galasfririched with dark matter,



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

stars and the stuff between them, which we call the intdasteledium (ISM). The
ISM comprises gas and dust in a variety of phases, such asutalelouds, re-
gions of ionised gas known as IHregions, or diffuse gas, and is the location of
many physical processes including star formation, dushdoamation, metal en-
richment, and energy transport, all of which rely on the etioh of stars and stellar
systems (Tielens, 1995).

An important wavelength regime to utilise for probing theMi$ that of
the infrared and submillimetre, which traces thermal eioisat dust temperatures
typically less than-100 K and gas temperatures of less thahK (Tielens, 2005).
Ranging from approximately 2m to 1 mm, a significant fraction of a star-forming
galaxy’s total flux is emitted at these wavelengths, as shoyhe spectral energy
distribution (SED) for the centre of M51 in Figure 1.1. At néafrared wave-
lengths, the continuum emission is dominated by olderastglbpulations. In the
mid-infrared wavebands a small amount of radiation comes fthe tail end of
the stellar SEDs, while the rest of the emission comes fraxohststically heated
hot dust grains (continuum), as well as polycyclic aromhtidrocarbons (PAHS)
and a number of atomic and molecular fine structure linesc{sgdine emission)
(e.g. Draine & Li, 2007). Between the mid-infrared and theraillimetre the SED
comprises emission primarily from dust grains. Howeveigaificant fraction of
emission at these wavelengths also comes from atomic arecalal fine structure
lines tracing the cool gas (Kaufman et al., 1999). Compaoinsgervations of the
dust and gas emission at these wavelengths with models ofS#Bs (e.g. Dale
et al., 2001; Galliano et al., 2003; Draine et al., 2007; @ad et al., 2011) and
photon dominated region (PDR) models (e.g. Tielens & Hdldeah, 1985; Wolfire
etal., 1990; Hollenbach et al., 1991; Kaufman et al., 199962 Rollig et al., 2006)

gives us insight into the physical properties of the ISM atiad formation.

2
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Figure 1.1: The spectral energy distribution for the cenfr51. Observed data
are represented by the black dots while the best-fitting SBDBatflux at each cor-
responding waveband is shown by the open triangles. Thefitesg stellar SED
model is represented by the purple curve and the best-fithirs§ SED model is
shown in red. The dust SED model is further subdivided intd&Romponent
and an underlying component shown as the orange dotted shddlanes, respec-
tively. The green dashed line is a modified blackbodylfitage credit: Adapted
from Figure 4 of Mentuch Cooper, E. et al., 2012, "Spatiakgolved stellar, dust,
and gas properties of the post-interacting Whirlpool sgsteThe Astrophysical
Journal, Volume 755, Issue 2, Article ID 165, 23pp. Repreduay permission of
the American Astronomical Society.

The one major caveat of observing the sky in these wavebarttiat they
suffer from atmospheric effects, meaning much of the ramhais absorbed be-
fore it can be observed on the ground (e.g. Holland et al.320Ground-based
observatories located at high altitudes and in dry climatesh as the James Clerk
Maxwell Telescope (JCMT) and the Atacama Large Millimetreax (ALMA), can

partially observe the sky within select windows. In Figur2 Wwe show the atmo-

3
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spheric transmission of submillimetre radiation as a fimmcbf wavelength (grey
solid line) at the JCMT site at the summit of Mauna Kea, roygt®00 m above
sea level. Also shown are the filter shapes of the two bandsredd by the Sub-
millimetre Common User Bolometer Array 2 (SCUBA-2) instreinh mounted on
the JCMT, 45Qum (blue) and 85Q:m (red). What is striking about this plot is that
at wavelengths of less than about 6@, there are only two observable windows,
where at most only about half of the radiation at these wanghes is observed;
emission at wavelengths in between these windows is coeiplehobservable by
the JCMT. The best solution to this problem is to build splaased observatories,
which are capable of accessing emission across all wavélengy airborne obser-
vatories mounted on airplanes that are a compromise betgreemd-based and

space-based observatories.

1.1 The Interstellar Medium

The interstellar medium (ISM) of a galaxy is a complex, npiliase environment,
comprised primarily of gas and dust components and permhdatgadiation at
energies across much of the electromagnetic spectrumyadtatmn with time is
driven by the dynamics of the galaxy, and more importantlytf@ purposes of
this thesis, star formation and subsequent feedback (Ee005). Young star
clusters rich in young, massive O and B stars provide a sonfretrong stellar
winds and an outward flux of ionising radiation directed tawm&e surrounding gas
and dust, impacting the physical characteristics of thesgponents (Zinnecker &
Yorke, 2007). Furthermore, the violent death of these mgiss stars in supernova
explosions deposits mechanical energy and material backhe ISM, which in

turn recycles this matter into the next generation of stévs. summarise the gas
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Figure 1.2: A plot of the fraction of submillimetre emissitmat passes through
the atmosphere as a function of wavelength at the summit aflsld&ea, Hawalii
(altitude approximately 4000 m). The blue and red curvesvghe filter profiles of

the 450 and 85@m bands, respectively, of the SCUBA-2 instrument mounted on
the JCMT.Image credit: Figure 3 from Holland, W. S. et al., 2013, "SCAJIB: The
10000 pixel bolometer camera on the James Clerk Maxwels@ef@e”, Monthly
Notices of the Royal Astronomical Society, Volume 430¢ldstPages 2513-2533.
Reproduced with permission from the Monthly Notices of thgaRAstronomical
Society and Oxford University Press.

and dust components relevant to this thesis below.

1.1.1 Interstellar Gas

Interstellar gas permeates a galaxy and exists in a numbarasfes with a broad

range of temperatures, and densities, and can be in botfahant ionised states.
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The bulk of the mass of a star-forming galaxy comprises hyeing both atomic
(H 1) and molecular (K), though the relative contributions of each varies from
galaxy to galaxy (Young & Knezek, 1989; Boselli et al., 20@hreschkow &
Rawlings, 2009). A wealth of atomic and molecular speciekemng the remaining
fraction of gas. Here we briefly describe the major compaehthe ISM and the
typical ways to observe them.

The coldest gas is located within molecular clouds, thes sifestar forma-
tion. The temperature in these regions is very cold, typiced K (Young & Scov-
ille, 1991), and the typical gas density is of the ordét cm=3 (Scoville, 2012),
which allows for the formation of molecules. Molecular hgden comprises the
majority of the gas in these clouds, followed by carbon mai@xCO), the second
most common molecule (e.g. Frerking et al., 1982). In thesdshregions other
common molecular constituents include HCN, CS, HGId NH; (Tielens, 2005;
Bergin & Tafalla, 2007; Scoville, 2012). Star formation acgin embedded cores
within these clouds, where the conditions are different i rest of the cloud.

Immediately surrounding regions of star formation are l@aglty, ionised
environments called Hi regions. The harsh radiation field emanating from the
central stars gives rise to hot gas temperatures of appeaglyi0* K (Rubin, 1985;
Tielens, 2005) and densities spanning from tens to ddticles cm® (Tielens,
2005). A large fraction of photons from these hot, youngsstae emitted in the
ultraviolet waveband, and a smaller fraction emit in theay-regime, giving rise
to the production of numerous ions with ionisation potdatgreater than that of
hydrogen (13.6 eV) including N O™ *, and H (Tielens, 2005).

At increasingly larger distances from the star forming oegithe radiation
field is not as strong and the iHregion transitions to a photon-dominated region

(PDR). Originally, a PDR was coined a photodissociatiomxedy Tielens & Hol-
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lenbach (1985) and was classically described to be thenmeggigacent to an Hi
region. However, PDRs can encompass a wider range of emeots and thus
now a PDR is considered to be any region where far-ultravigh®tons (wave-
length A =912 A— 2000A or energyE =6-13.6 eV) dominate the chemistry in
the gas (Tielens & Hollenbach, 1985; Hollenbach et al., 1991 fact, with this
definition much of a galaxy’s ISM exists in PDRs, and thus taeyan important
regime to study and understand in order to characteriseaheittons within the
ISM (Tielens & Hollenbach, 1985).

Temperatures within a PDR range from less than 100 K to ups\aird few
thousand K (Tielens & Hollenbach, 1985), while densitiesi@ange from 16cm—3
to 10° cm~3. This diverse range of physical conditions in the gas withPDR can
be diagnosed by the presence of various atoms and ions.eFigdishows a cartoon
representation of a molecular cloud with an embeddedrelgion and surrounding
PDR. In reality, the various environments are not so simplyregated, but this

provides a basic description of conditions inside a mokeccibud.

1.1.2 Important Gas Tracers

Determining the physical conditions of the gas within th&lIBwvolves observa-
tions of various atoms, ions and molecules and subsequemparison of these
observations with a theoretical model representing the pBise of interest. Here
we describe some of the most important gas tracers, how tigegraduced and

how we observe them.
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Figure 1.3: A cartoon schematic of a molecular with an embddstellar cluster
and surrounding Hi and PDR regions.

1.1.2.1 Cold Gas

As stated above, the majority of a star forming galaxy's magsund in neutral
atomic and molecular hydrogen. Atomic hydrogen is probedtvé “21 cm” line

using radio telescopes, and some of the earliest reportissafreations of this line
in our Milky Way are summarised by van de Hulst (1951). Steditthe Hi 21 cm

line emission show that the atomic hydrogen distributiogataxies is more ex-
tended than the optical disk (e.g. Broeils & Rhee, 1997; mlwyr et al., 2010).
The ubiquity of the atomic gas lends support to the imposasfcatomic hydro-
gen in understanding the properties of the ISM and the dycsawi a galaxy. A

morphological exception is early type galaxies (ellipiscand lenticulars), which
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often show few detections in atomic gas (e.g. Knapp et aB51%napp, 1987;
Huchtmeier et al., 1995; Oosterloo et al., 2010).

Molecular gas is a more direct tracer of star formation thaméc gas, as
star formation occurs in molecular clouds. Observing mdkechydrogen (H) in
its ground state is very difficult because it does not havdextrec dipole moment
(Young & Scoville, 1991). Thus, we trace it indirectly usingservations of the
J = 1 — 0 rotational transition of carbon monoxide (CO) and an eroplly de-
termined relation between the column density gfafid the integrated intensity of
CO, the “CO-to-H conversion factor’ Xco (e.g. Young & Scoville, 1991). The
typical value of this conversion factor2s< 10° cm~2 (K km s~1)~! (Strong et al.,
1988), although this value is different in ultra luminoufa@ned galaxies (Downes
& Solomon, 1998), and can vary with radius and metallicity (e Bolatto et al.,
2013, and references therein). Higher level rotationaisiteons are useful trac-
ers of warmer molecular gas (Wilson et al., 2009). One waybseos/e molecular
hydrogen directly is through its quadrupole moment rotetldransitions, which
produce spectral lines in the infrared (Young & Scoville91) accessible through
observatories such &pitzer It is also possible to observe,Hlirectly via vibra-
tional transitions of an electronically excited molecuy#,ng rise to spectral lines
at around 2um (Tielens, 2005). Lastly, one can observe &bsorption lines in
the ultraviolet Lyman-Werner bands, which indicate upwelettronic transitions

(Tielens, 2005).

1.1.2.2 Hu regions and PDRs

Atomic fine structure lines are the most important speciredsl for tracing hot
ionised gas in Hi regions and the cool neutral gas in PDRs. These lines catgrib

to the total cooling of the gas in their respective environtady removing ther-
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mal energy from the gas. Gas heating occurs when radiatara(ly FUV) from
nearby stars provides photons which eject electrons frosh ghains or polycyclic
aromatic hydrocarbons (PAHS) via the photoelectric efféstlens & Hollenbach,
1985; Hollenbach et al., 1991). These free electrons suieseky contribute to the
thermal energy of the gas. Depending on the temperaturee@ah, certain atoms
and ions can be collisionally excited, and if the densityh& gas is less than the
critical density, which is the ratio of the spontaneous eiois coefficient4;; di-
vided by the collisional rate coefficient;, these excited atoms will most often emit
a photon via a fine structure transition rather than coltialty de-excite, as shown

in Figure 1.4 (Tielens, 2005).

Collisional Excitation Radiative De-excitation

2Pso 2Ps/0 _@7
VAVA =
2Py s —@L 2P1so

® ® -9
- AV

Figure 1.4: A cartoon schematic of the collisional excgatand subsequent radia-
tive de-excitation of a € atom via the [Q1](158 m) transition. The € atom is
collisionally excited by a collision with a particle suchagproton or electron and
makes an upward transition from the, /2 State to thé P; /2 State. The excited car-
bon ion, C™*, then returns to the ground state by emitting a photon, teom®ving
thermal energy from the gas.

In an H1l region the radiation field is hard enough to ionise atoms s i0
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with ionisation potentials greater than 13.6 eV, such asMi"* and O~*. Among
the brightest mid- and far-infrared cooling lines in thesgimes are the [N] lines
at 122 and 20lxm, the [O111] line at 88um, and the [Ni11] line at 57m, although
there are many more cooling lines that contribute to theallvenergy balance of
the ionized gas (e.g. Hunter et al., 2001; Cormier et al.22Q&bouteiller et al.,
2012).

In the neutral gas within PDRs the excited atoms have iapisaotentials
less than 13.6 eV. Here, species such as'G @and CO are the important coolants.
The [C 1] fine structure line at 158m dominates the cooling in this environment
in most normal galaxies, contributing roughly 1 % of the kat@oling budget of
a galaxy (Crawford et al., 1985, Stacey et al., 1991; Maketral., 2001); how-
ever, it can be suppressed in ultraluminous infrared gesae.g. Luhman et al.,
1998, 2003). Other important PDR diagnostics include the][lihes at 63 and
145 m, and the various CO rotational transitions (Malhotra et2001; Negishi
et al., 2001).

1.1.3 Interstellar Dust

Dust is ubiquitous throughout the ISM and its thermal enoisgroduces about half
of the infrared continuum radiation observed in galaxief(&tt et al., 2010). Itis
an important component of the ISM and molecular clouds iti@dar, as it shields
strong radiation emitted by hot stars from penetrating dagpthe cloud. Dust
also acts as a catalyst for the formation of, idolycyclic aromatic hydrocarbons
(PAHSs), and other molecules (Tielens, 2005).

The exact composition of dust grains is still debated in ttexdture but

in general there is agreement that they fall into two broadgmies, carbons and

11



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

silicates (or other heavier non-carbon based grains)padth a mixture of the two
has also been put forth by some models. Another importanpooent, though
not strictly dust grains but rather large molecules, is ppdyic aromatic hydrocar-
bons. These are large planar molecules comprising carlbom@tains arranged in
a hexagonal pattern with hydrogen atoms bonded to the oagtraoms, and their
vibrational modes produce spectral lines at mid-infraraestelengths (Allamandola
et al., 1985).

One of the pioneering dust models was put forth by Mathis e(1877)
to model the observed interstellar extinction curve, whoppsed that the grain
population comprised a mix of naked graphite particles phusicles of a different
material such as silicates or iron-based particles. Thegddhat the observations
were best matched by a model with a range in size of the dustsggbetween
0.005um to 1 um for the graphites and 0.025 to 0.2Bn for the other grains,
following a power law distribution. Several later modelvéaither adopted the
size distribution of Mathis et al. (1977) or further invgstied the composition of
the dust using only the graphite and silicate type dust grééry. Draine & Lee,
1984; Kim et al., 1994). Li & Draine (2001) expanded the gitgphnd silicate
model by adding a PAH component, represented by extendangridins down in
size to as small as a few Angstroms in diameter and attrigutrthe very small
carbonaceous grains the properties of PAHs. One of the raocsht models from
this class is by Draine & Li (2007), which is now commonly usgdobservers (see
below).

Other dust modellers have attempted to fit observations aligrnative
types of dust grains. For example, some authors such as $v&athiffen (1989)
consider ‘fluffy’ dust grains that are a combination of anfwps carbon, graphite

and silicate particles loosely stuck together, as well atighes comprising just
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graphite. Later, Mathis (1996) proposed a dust model of lpugeaphite, purely
silicate, and fluffy composite grains of a mix of carbon,cgites and other ele-
ments. Zubko et al. (2004) consider a dust model with diffesets of dust grain
compositions (such as that of Li & Draine (2001), one testirggeffects of includ-
ing amorphous carbon instead of graphite, one includingrdtlieavier composite
grains, and even one with only PAHs and no large carbon-bgiseds) to repro-
duce several observational constraints, and find that pheiltnodels adequately fit
the observations, emphasising the difficulty in estabfighhe exact nature of the
dust grains. Lastly, a third model has been suggested timsistse of dust grains
with a silicate centre surrounded by a carbon-based cqatingddition to PAHSs
and carbon dominated very small grains (e.g. Desert et390)1

As the dust grain modelling implies, grain sizes span a |laagge from
small grains approximatelyé in diameter up to very large grains of approximately
1 um. Large grains are in thermodynamic equilibrium with treivironment and
emit radiation in the far-infrared and submillimetre waaetls, corresponding to
temperatures of roughly 20 K (Draine, 2003). Smaller duaitrgrtend to be out of
equilibrium with their surroundings and are stochastych#ated due to their small
size. A single photon can significantly increase the tentpezeof a small dust
grain, which then slowly re-radiates away that energy, fimaslucing a significant
fraction of the radiation at wavelengths shorter than aboutm (Draine, 2003).

Modelling the observed spectral energy distribution of Exyaor region
within a galaxy can reveal properties of the dust grains ssscbomposition, tem-
perature and approximate size, depending on the type of Inoodeuses. The

simplest approach is to fit a modified blackbody (graybodykfion, described by

I(v,T) = Cv’B(v,T), (1.1)
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to observed photometry at far-infrared to submillimetre@langths. Herel3 (v, T')
is the Planck functiony” is from the empirical equation for the dust opacity,=
ko(v/1p)P, with 3 the dust emissivity, and’ is a scaling constant encompassing
the distance to the source, the dust mass, and the fagtqf from the dust opacity
function. From a theoretical perspectiveand g are functions of the properties
of the dust grains (e.g. Draine & Lee, 1984) and thysnay be calculated using
a dust grain model for, (Li & Draine, 2001). The factop is often left as a free
parameter when fitting observations, but a valugiof 2.0 is a common result
(e.g. Reachetal., 1995; Bendo et al., 2003; Boselli et @lL22Foyle et al., 2012).
Thus, 5 can also be fixed at 2.0 when modelling observations.

The other common way to model the dust SED of a galaxy is tapuarate
a more sophisticated dust model into the fitting. The mostrmonly used of these
models is that of Draine & Li (2007), which updates some ofgihaperties of the
dust grain models of Li & Draine (2001) and Weingartner & Dea(2001). This
model considers dust grains comprised of silicates, cat®wus grains, and PAHs
and parameterises the radiation field the dust is exposedagharametet’, which
is a dimensionless quantity such that= UuMW is the energy density of the field
andu™W is the energy density in the Solar neighbourhood from Maghis. (1983).
The bulk of the interstellar dust (represented by a fractior v)) is exposed to
a radiation field with a scaling factor @f,,;,, while dust in the vicinity of PDRs
(represented by a fractioy) is exposed to an effective radiation field represented by
a power-law distribution of radiation fields with scalingfars betweer/,;, and
Unax. Fitting the model to observed photometry can produce afiitgaty model
spectrum and return information on several free parametarselyU,,;,, v and
the fractional abundance of PAHg;s1, Which in turn can be used to calculate

secondary information such as the total dust mass.
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Another dust SED model in the literature is that of Desert.¢1890). It too
considers silicate, carbonaceous and PAH grains, althiouis model the silicate
grains are coated or mixed with carbonaceous materialerdktan being purely
silicate as is the case for the Draine & Li (2007). This moasd three components
that are allowed to vary to best fit the observed spectrumehatine PAH spectrum,
the very small grain (carbon dominated grains) spectruchflaabig grain (silicate-
carbon composite) spectrum. However, it requires that dldétion field be first
calculated then entered as an input parameter, rather thag imtegrated into the
code itself. This work became the basis for the model of Dal.€2001), who
firstintroduced the parameterisation of the radiation frgtth 7, and more recently
that of Galliano et al. (2011), although that particular mloslas designed to work

with low-metallicity environments.

1.2 The Interstellar Medium of Galaxies

Galaxies come in a wide variety of morphological shapes @esspresenting us
with a wealth of environments to study. Based on their optpgearances they
are classified loosely as either spiral galaxies, ellibaca lenticular galaxies, and
in some cases, irregular galaxies (Hubble, 1926). Here sauds briefly the basic
properties of galaxies in each of the two major categorielsgive some details for
the individual galaxies M51 and Centaurus A, which are théiqadar focus of this

thesis.

1.2.1 Spiral Galaxies

Spiral or disk galaxies each consist of a disk, a centraldgudgd a halo (Binney

& Merrifield, 1998), and vary in total mass betwegd? and10'? M, (Carroll &
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Ostlie, 2006). The disk is rich in gas (atomic and molecudar)l dust and can
extend as large as 50 kpc in radius (Carroll & Ostlie, 2006he @isk typically
shows a spiral structure with arms extending outward froendéntre or central
bar; these arms appear more luminous at numerous wavesethngth the interarm
regions due to anincrease in ISM density and star formalibese arms can vary in
prominence from the grand-design style consisting of twstiict, symmetric arms,
to flocculent, patchy arms (e.g. Hubble, 1926; EImegreen@dgireen, 1982, 1987;
Binney & Merrifield, 1998). The disk also contains a youndlatgpopulation in
contrast to the bulge, which contains an older stellar patpn (e.g. Baade, 1944).
The bulge is a spheroidal shape extending above and belogaghe and can vary
in size relative to the disk, often characterized by the éutgdisk ratio. At the very
centre of the bulge in most spiral galaxies are supermabsei holes, and some
of these power active galactic nuclei, which expel energyatd via jets, radiation
or wind (Fabian, 2012). Lastly, the halo is a low density spltal region in which
the disk sits. It contains a population of globular clustetd stars and dark matter
(Kent, 1987; Binney & Merrifield, 1998). However, it is wowthile noting that
most galaxies are dark matter dominated everywhere, niojtise halo.

A number of surveys over the past decade have extensiveliestthe prop-
erties of the ISM in extragalactic sources. In spiral gaaxhere is a broad range
of characteristics. Atomic and molecular gas masses cageranywhere from
1 x 107™-1.4 x 10*® M, and7 x 1056 x 10° M, respectively, in nearby galaxies
(e.g. Walter et al., 2008; Leroy et al., 2009). There is alswide range in tem-
peratures for the dust populations. Galametz et al. (20i®stigated two dust
components, a warm one and a cold one, and found a range oflestdempera-
tures between 19 and 25.2 K, and a range of warm dust tempesdiatween 56

and 63 K. The total dust mass in spiral type galaxies ranges fi03°-10*°" as
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found by theSpitzerinfrared Nearby Galaxy Survey (Draine et al., 2007), while
the dust-to-gas mass ratio is on average about 0.007 (pomdmg to a gas-to-dust
ratio of roughly 140). More recently, Galametz et al. (20dgort dust masses in
spirals between- 5 x 10% and1.4 x 10® M, via fitting the dust spectral energy
distribution with a modified blackbody. Thus, spiral gaksxencompass a vast set

of characteristics for their ISM properties.

1.2.1.1 MS51

M51 (NGC 5194), also known as the Whirlpool Galaxy is an ebecelexample of
a grand design, spiral galaxy and is located roughly 9.9 MyayaTikhonov et al.,
2009). Its optical disk is approximatelyt.2’ x 6.9" (32.3 kpcx 19.9 kpc) in size
at the 23" magnitude surface brightness levBh; (Kennicutt et al., 2003), while
its disk as observed in Hextends~ 12.4" x 10.0’ (35.7 kpcx 28.8 kpc) with a
total mass of.54 x 10° M, (Walter et al., 2008). The molecular hydrogen,, H
has a total mass df x 10° M, covering roughly9’ x 6 and well traces the H
emission. However, the ratio of atomic-to-neutral gasesfiom 0.1 in the centre
to 20 at the edges (Schuster et al., 2007) indicating thateh&e of the galaxy is
molecular gas dominated but transitions to atomic gas dat@thwith increasing
radius (Schuster et al., 2007). Studies of &hd Pa emission show over 1000 H
regions and a star formation rate of roughly 4 Mr—! (Scoville et al., 2001). The
galaxy also has a weak Seyfert 2 nucleus (Ho et al., 1997).

The dust content in M51 has been studied extensively atredravave-
lengths. Calzetti et al. (2005) first presented$ipizerphotometry from thSpitzer
Infrared Nearby Galaxy Survey (SINGS; Kennicutt et al., 204t 3.6, 4.5, 5.8, 8.0,
24,70 and 16@m. They find that the spiral arms are well defined at infraredena

lengths, tracing PAH emission and warm dust. Combining tifi@ted data with
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ultraviolet and optical maps they determine that the.@%emission can be used as
a local tracer of the star formation rate in M51 and determaiséar formation rate
surface density of 0.015 Myr—! kpc~2. Kennicutt et al. (2007) complemented this
study by also making use of tH&pitzerinfrared data to study the star formation
rate law. They find a strong linear correlation in log-logepaetween the star for-
mation rate surface density and the total hydrogen gas nuafsses density, with

a slope ranging from 1.37-1.56, consistent with that of tear{cutt-Schmidt law
(which has a slope af.44-0.15; Kennicutt, 1998). More recently, Mentuch Cooper
et al. (2012) utilized previously obtained infrared obsgians withHerschelpho-
tometry at 70, 160, 250, 350 and 50 to carry out a detailed study of the dust via
spectral energy distribution modelling. They found dustperatures varying be-
tween 20 and 25 K, and a total dust mas$.afx 10® M. The average gas-to-dust
mass ratio i94 + 17, close to the average Galactic value of roughly 160 (Zubko
et al., 2004). In the same study, it was determined that thet mecent starburst
episode in M51 was less than 500 Myr ago. Merger interacti@mtaeen galaxies
often trigger star formation, as demonstrated by numestallations (e.g. Mi-
hos & Hernquist, 1996), and in M51, observations of the atglbpulation reveal
that blue supergiants are found along the tidal tail betwésh and its companion

(Tikhonov et al., 2009), supporting this theory.

1.2.2 Elliptical Galaxies

Unlike spiral galaxies, elliptical galaxies generally dot mave an obvious disk
and instead are spheroidal in shape with a wide range of sasseveen 10and
10" M, and sizes from 0.1 kpc to over 100 kpc across (Carroll & OsHG6).

Elliptical galaxies contain large amounts of dark mattehwmass-to-light ratios of
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upwards of 100 L M_' (Carroll & Ostlie, 2006) and may contain many globuler
cluster systems. They also follow a characteristic surfagghtness profile that
falls off as radiu§'* in optical bands (de Vaucouleurs, 1948), and generallyaiont
smaller amounts of cold gas and dust than spiral galaxigsXéouris et al., 2004;
Welch et al., 2010; Young et al., 2011; Smith et al., 2012).

Once thought to contain very little ISM, we now know that ansfigant
fraction of early type galaxies do, in fact, contain gas anstdThe ATLAS® sur-
vey (Young et al., 2011), consisting of a sample of 260 eafhe tgalaxies with a
median stellar mass &f x 10'° M., found a 20% detection rate in CO emission,
implying the presence of molecular gas. Of those galaxi¢ls milecular mass,
the amount ranges betweenldnd 10> M. The HerschelReference Survey
(Boselli et al., 2010) determined that dust was present % 60their sample using
the 250m waveband as an indicator (Smith et al., 2012). Typical tersiper-
atures in early type galaxies range between 16 and 32 K, wli$¢ masses are

approximatelyl0*°-10 M, (Bregman et al., 1998; Smith et al., 2012).

1.2.2.1 Centaurus A

Centaurus A is a giant elliptical galaxy with a prominenttdase running through
the centre of the galaxy, located 3.8 Mpc away (Harris et2811,0). It has a tri-
axial morphology implying no preferred axis of rotation andpproximately 20
(22.1 kpc) in diameter as seen in optical wavebands (Isi®898). The galaxy is
also rich in globular clusters, with over 400 confirmed (Wegcet al., 2007, 2010).
It is believed that the galaxy underwent a merger with a sepathl galaxy at some
point during its past, resulting in the warped disk and pecwverall appearance
(Baade, 1944; Quillen et al., 1993).

The disk is rich in both atomic and molecular gas (e.g. Ecktat., 1990;
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van Gorkom et al., 1990; Quillen et al., 1992; Struve et &1® with a total Hi
mass ofv 4 x 10® M, and total H mass of- 4 x 10® M, (Morganti, 2010). There
have been shells detected in the outskirts of the galaxyafaad 15 (16.6 kpc)
from the centre) in H, which strengthen the merger model (Schiminovich et al.,
1994). Infrared studies usirgpitzerlRAC observations by Quillen et al. (2006)
reveal a ring that resembles a parallelogram as seen in@hd.8, 5.8 and 8.@m
wavebands. It is modelled as a set of concentric rings abwaiinclinations giving
rise to the warped disk morphology.

Cen A also has a set of very large radio lobes powered by areagdiactic
nucleus. The total area covered by the radio emission idugg x 4° (530.6 kpc
x 265.3 kpc) (Combi & Romero, 1997), though the prominent eishaped lobes
extend roughly 5 kpc outward from the nucleus (Israel, 1998)e compact jets
near the nucleus extend only about 1 pc from the centre (Jst868). There is
also a large amount of X-ray emission from Cen A, spatiallyciolent with the

nucleus, jets and lobes (e.g. Turner et al., 1997; Kraft.e280D9).

1.3 The Herschel Space Observatory

The first space observatory designed to observe the sky atandl far-infrared
wavelengths was thiefrared Astronomical SatellitdRAS), which carried out an
all-sky survey in 1983 at four wavelengths, 12, 25, 60 and A®0(Neugebauer

et al., 1984). This survey produced a number of catalogsagung upwards of
2.7x10° point sources and extended sources, as well as hundredsotfaspf select
objects (IRAS Explanatory Supplement, 1988). Followirggghccess of IRAS, the
Infrared Space ObservatoySO), capable of both photometric and spectroscopic

observations between 2.5 and 240, was launched in 1995 (Kessler et al., 1996).
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ISO had numerous advantages over IRAS, including the wlbdit the observing
community to propose for time on the telescope for their ovajgets. During the
same era as IRAS and ISO tKeiper Airborne Observatorywhich started flying
in 1975 (e.g. Harvey, 1979, and references therein), comgiéed the space-based
observations by conducting regular flights observing thyeashigh altitudes using
a variety of instruments over its roughly 20 year lifetime.

Striving to produce increasingly higher resolution imagiesverything from
embedded young stellar objects to high-redshift sourbesNational Aeronautics
and Space Administration (NASA) created tBpitzer Space Telescofieereafter
Spitzer Werner et al., 2004), launched in 2008pitzerhas a primary mirror with
a diameter of 85 cm (Werner et al., 2004), and two photometaisa spectrometer
on board. The Infrared Array Camera (IRAC) conducted phetioyrat 3.6, 4.5, 5.8
and 8um (Fazio et al., 2004) and is still observing today at the tivortest wave-
lengths. The Multiband Imaging Photometer ®pitzer(MIPS) also conducted
photometry, but at the mid- to far-infrared wavelengthsZ3and 16Qum (Rieke
et al., 2004), spanning the peak dust continuum emissiastly, ghe Infrared Spec-
trograph (IRS) could obtain spectra between 5.3 ang®3Houck et al., 2004).
Spitzerran out of the cryogen that kept the telescope at just a femedsgbove ab-
solute zero in 2009 (Carey et al., 2010), thus beginning @w@namission. The end
of Spitzeis cold mission paved the way for the next set of far-infraobdervato-
ries. In May of 2009, thélerschel Space ObservataftyereafteHersche] Pilbratt
et al., 2010) was launched by the European Space Agency (&&A)some in-
volvement by NASA, while the joint NASA and German Aerosp&@anter (DLR)
flying Stratospheric Observatory for Infrared Astronof8OFIA) was also inau-
gurated in 2010 (Young et al., 2012). The majority of datauareqgl for this thesis

come fromHersche] thus taking advantage of the best far-infrared data ctlyren
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available for analysis.

The Herschel Space Observatonas revolutionised our view of the Uni-
verse in the regime of the far-infrared and submillimetrtecasmy. The primary
mirror is currently the largest in space at 3.5 m in diameRab(att et al., 2010),
and the observatory has three instruments capable of pletticrand spectroscopic
observations on board: the Photodetector Array Camera pedii®meter (PACS;
Poglitsch et al., 2010), the Spectral and Photometric InqadtEceiver (SPIRE;
Griffin et al., 2010), and the Heterodyne Instrument for tlae Ffrared (HIFI,
de Graauw et al., 2010). A summary of the major propertiesachenstrument
in comparison to previous observatories is presented imeThlh. PACS covers
similar wavelength ranges to bo8pitzerand ISO, but at much higher angular res-
olution (see Table 1.1). SPIRE’s wavelength range covergdowavelengths than
have been observed before by a space observatory, and incese® for the first
time ever. Furthermore, the SPIRE Fourier Transform Spewter (FTS) has the
major advantage of being able to obtain the complete spaabfia target, rather
than discrete parts of the spectrum centred on select spéots or wavelength
ranges. In contrast to both the PACS spectrometer and tHRESIPTS, HIFI makes
use of heterodyne receivers to collect continous spectvages 157 and 213m,
and 240 and 62pm using seven bands. A selection of some of the most intagesti
scientific discoverieslerschelhas made, focusing on those most relevant to this

thesis, are discussed below.
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Table 1.1. A comparison diierschelto previous space observatories

Property Observatory
Herschet SpitzeP ISO° IRAS
Primary Mirror diameter (m) 3.5 0.85 0.6 0.6
Photometric Wavebands 70, 100, 160 (PACS) 3.6,4.5,5.R8¢) 2.5-5.5,4-18 (ISOCAM) 12,25, 60, 100
(em) 250, 350, 500 (SPIRE) 24, 70,160 (MIPS)  3-120, 50-240RIBOT)
Spectroscopic Wavelength 55-210 (PACS) 5.3-38 (IRS) 5.2EWS) 8-13, 11-23
(em) 157-625 (HIFI) 43-197 (LWS)
194-671 (SPIRE)

Photometric FWHM()
of select wavelengths:

~24-25um - 6 23 240-360

60 or 70um 5.5 % 5.8 18 50-60 240-360

100m 6.7 X 6.9 - ~ 80 240-360

upied 'L — sIsayL ‘q’ud

Awouonsy 7% SaIsAyd - 181SeNIN
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Table 1.1 (cont'd)

Property Observatory
Herschet SpitzeP ISO° IRASA

160um 10.5 x 12.0 40 134 -

aPACS: Poglitsch et al. (2010), SPIRE: Poglitsch et al. (2080F1: de Graauw et al. (2010); PACS FWHM from the PACS
OM (2011), SPIRE FWHM from the SPIRE OM (2011)

PIRAC: Fazio et al. (2004), MIPS: Rieke et al. (2004), IRS: ldbet al. (2004)

°ISOCAM: Cesarsky et al. (1996), SWS: de Graauw et al. (1998)S: Clegg et al. (1996); FWHM values from The ISO
Handbook (Kessler et al., 2003).

dIRAS Explanatory Supplement (IRAS Explanatory Supplema8s)

upied 'L — sIsayL ‘q’ud

Awouonsy 7% SaIsAyd - 181SeNIN
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1.3.1 Herschel Science Highlights

There were many goals across various categories withiorastry set foHerschel
before it was launched, and it has certainly met and arguatalgeded a number of
them already. The mission has just come to an end, but mang results are still
to come as the data become fully exploited by the astronommnaanity. Advances
and discoveries have been made in a number of areas from youingdded stellar
objects to the distant Universe. For example, Acke et all22presentetierschel
observations of a debris disk around the star Fomalhautrtetate that the star’s
disk is active in producing fluffy dust grains via collisiqgving us insight into the
dynamics of exoplanetary systems. On slightly larger schlerschelobservations
are revealing more clues about star formation. Initial gsialof two subregions of
the Herschel Infrared GALactic plane survey (Hi-Gal; Malinet al., 2010b,a) by
Elia et al. (2010) found a total of almost 1000 embedded ¢ameds SED modelling
of a subset of these objects indicates a large fraction ahtaee forming high-
mass stars despite possessing lower than critical core gas surface densities.
This critical threshold is a theoretical value for the soefalensity of the gas that
cores must surpass in order to form massive stars, and ieedei be 1 g cm?
(Krumholz & McKee, 2008).Herschek high resolution photometry has also re-
vealed that molecular clouds are filled with a cobweb-likeiure of filaments,
which possess a characteristic width of 0.1 pc that likedynst from the dissipation
of turbulence (Arzoumanian et al., 2011). These filamengtmyctures also appear
to be the primary hosts of star-forming regions within a roalar cloud.
Herschelhas also produced some spectacular observations of mahy wel
known galaxies. The HERschel Inventory of The Agents of @algvolution

(HERITAGE; Meixner et al., 2010) team is investigating themél and Large
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Magellanic Clouds (SMC and LMC, respectively) in search onflerstanding the
evolution of the ISM in a low-metallicity environment, ongat might mimic pri-
mordial galaxies at high redshift. Meixner et al. (2010)garted early science re-
sults for the LMC and determined that the dust grains aréylik@mposed of amor-
phous carbon and silicates rather than graphite and siic@ine interesting result
that stemmed from thelerschelphotometry of the LMC is the first far-infrared
and submillimetre detection of Supernova 1987A. An ingggton of this emission
showed that the dust coincident with the location of the r@mtihas been produced
by the supernova ejecta, indicating quick processing oeratpost-event (Mat-
suura et al., 2011). A study of the ultra-luminous infrarathgy (ULIRG) Arp 220
by Rangwala et al. (2011) using the SPIRE Fourier TransfqoecBometer (FTS)
revealed that this extreme environment hosts an X-ray loosractive galactic nu-
cleus (AGN) at its centre and a wealth of molecules in varensrgy states in its
gas component. Furthermore, the mechanical energy of thgemia this galaxy is
affecting this molecular gas. ThéerschelVirgo Cluster Survey has presented nu-
merous results thus far, one of which focuses on the dugasaatio of the spatially
resolved members of the Virgo Cluster (Pappalardo et al20rhese authors find
among other things a radially increasing or flat trend in thst-do-gas ratio with
increasing radius for galaxies deficient in atomic gas, &eg tonclude that the
cluster environment is having an effect on the molecularagabsdust distributions
within individual galaxy members. The observations of iterschelMulti-tiered
Extragalactic Survey have even revealed gravitationatigéd submillimetre galax-
ies, some of which would normally have fluxes too weak to beatet by SPIRE
at 500um (Wardlow et al., 2013).

These are just a few of the many important and inspiring tesulblished

to date and there will be many more to come. In this thesis,ogad on a unique
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set of observations from the PACS and SPIRE instrumentsngdd the rich and

diverse science produced witterschel

1.4 PACS Spectroscopy and Processing

A large portion of this thesis is spent analysing spectrpgdoom theHerschel
PACS instrument; thus, it is useful to describe the datagssing steps in more
detail here than it appears in Chapters 3 and 4. We refram ftetailing the PACS
and SPIRE photometry reduction process further, as it isr@ simple process and
it is described sufficiently in Chapter 2.

The PACS spectrometer consists of 25 spatial pixels (sppaaianged in a
5 x 5 grid, with each spaxel covering a field of view on the sk df’ x 9.4” (PACS
OM, 2011). The spectral dimension in each spaxel is subelvidto 16 pixels,
producing a spectral resolution of between approximategritd 300 kms! (PACS
OM, 2011). All of our PACS spectroscopic observations weneied out using the
Line Spectroscopy mode, meaning we centred each obseratithe spectral line
we intended to target and the total wavelength range seehebinstrument was
narrow, ranging from~ 0.35-1.8 um. This wavelength range is stepped through
by the instrument’s grating during an observation such #aah spaxel contains
many individual spectra covering slightly different oxsping wavelength ranges,
with the centre of the line being sampled by the most stepsexample of these
overlapping spectra for our [@](158 um) observations of the centre of M51 is
shown in Figure 1.5.

The spectroscopic observations from therschelPACS are initially pro-
cessed using the Herschel Interactive Processing Enveoh(RIPE; Ott, 2010)

and Flexible Image Transport System (FITS) files holdindfitied spectral data are
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Flux (Jy)
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Figure 1.5: An example of a PACS spectroscopic observatiais iraw data form.
Shown is the spectrum of the [[(158 xm) line in the central spaxel of one of the
rasters of M51.

produced. The line fitting and map making are done in a prograted PACSman
(Lebouteiller et al., 2012), which is an Interactive Datanggaage (IDL) package.
The line fitting iterates through each of the 25 spaxels caimy a single
raster, and then through each raster if there is more tharasng the case for both
M51 (see Chapter 3) and Centaurus A (see Chapter 4). The/figticarried out on
the raw data produced in HIPE, prior to any rebinning, so asbtain the best fit
possible. The continuum is fit first using a polynomial of ugtmaximum of five
orders, at the choice of the user. For our observations,@dearder polynomial

was sufficient for the baseline fitting. Next, the line is fitngsa Gaussian function
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with the option of adding a broadening component for broéides. The parame-
ters of the best fitting function, as well as the integratexl, fuglocity information,

full-width at half-maximum (FWHM) of the line, and continouinformation are
saved for the last step, map making. An example of a @58 ;m) spectrum for

M51 and its best fit are shown in Figure 1.6.

CIl157, Raster 1, spaxel {1,1)}
Welooity ékm 5]

— 1000 =500 =00 1A
12 = T T T T T T T T T T T T T T T T T T T T 6000
F — PHW =235 504 137 1.05a—16+/—1.68e—18 W m? _
L — — PiWHM h=232.35 km 87 —— _Qj:l%i-nhj
= v = —EE.EH,I_—G.Eli--km;:E -
10— Breddenlng = O.0B+/—C.00 krm & )
B — 400D
5 I
? L ] L]
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g 6 —2000 =
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oL 4— =
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Figure 1.6: An example of a line fit to a [€](158 um) spectrum of M51 using
PACSman. The rebinned spectrum is shown in gray, the thidinedshows the
best fit to the continuum, and the thick red line shows the fietst the line. The

vertical gray lines mark the predicted line centre, andwWwelioundaries of the line
component. The vertical dashed line marks the observeddénge.

The maps are constructed by first laying down a grid with alggale of
9.4” /3, corresponding to one-third of the original pixel scale oéster (i.e. each
pixel is subdivided into nine pixels at the new scale). Farhepixel in the final

grid, the code iterates through all rasters searching faoaltributing pixels. Each

29



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

contributing pixel is rotated through the appropriate posiangle to align it to the
final grid. Next, the area of each original pixel that coiresdvith the selected final
pixel is calculated as the weight for that pixel. Finallye tiweighted mean of the
values of the contributing pixels is calculated and storethe new pixel. This
process is completed for the flux, velocity, FWHM and contimuata and the new

maps are stored as fits files for full analysis, along withrtassociated error maps.

1.5 This Thesis

As described above, the infrared and submillimetre waggheregime is important
for probing the cold ISM. With the unprecedented resolutbtierschelwe can
now investigate the evolution of the cold regions of the ISM #he impact of star
formation on not only molecular clouds in our own Milky Wawtlin nearby galax-
ies as well. Resolving details on scales of a few hundrecepars other galaxies
gives us additional insight into the characteristics of lthkl and we can search
for variations in these important properties within a senghlaxy. Extragalactic
studies also allow us to look at each galaxy as a whole to leroadr undestand-
ing, something that can be difficult to exploit in our own Galadepending on the
wavelength regime being used. Thus, we can also compareoaihst ISM prop-
erties between galaxies of different morphologies to seedmvironment impacts
the local ISM.

TheHerschelMery Nearby Galaxies Survey (VNGS; P.I. Christine Wilson)
is a diverse sample of 13 galaxies located closer than rgi8hMpc away. Cen-
taurus A (Cen A; NGC 5128) and M51 (NGC 5194) are both sourcatdre a
part of this survey. M51 is classified as a grand-designstigie spiral, SAbc (de

Vaucouleurs et al., 1991), and is oriented almost face-autdine of sight. Cen A
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is classified as a peculiar SO giant elliptical galaxy (decdadeurs et al., 1991) and
contains an embedded, edge-on disk. Thus, at first glangeatieequite different

in morphology; however, both have active nuclei (CenA is@pr AGN and M51

is a low luminosity AGN) and have been affected by merger evelmvestigating

the ISM in each galaxy affords us the ability to both searctrégional variations

as well as global morphological influence on the ISM. In gaitar, we can com-
pare and contrast the molecular cloud properties of the @laxges and evaluate
the possible influence of an active nucleus, a merger evespital arms on the
evolution and properties of the ISM.

In this thesis, we utilise observational data obtained ftbenJames Clerk
Maxwell Telescope and thderschelSpace Observatory to investigate the gas and
dust components of the ISM in Cen A and M51. Both observaddaeget wave-
lengths in the far-infrared and submillimetre regimes, kayebands to study to en-
rich our understanding of the ISM. Photometry fréferschelallows us to model
the observed spectral energy distribution (SED) on smaltates, as well as at
longer wavelengths than other space observatofiterscheks spectroscopic in-
struments have improved sensitivity and resolution oveeolatories such as ISO,
allowing us to detect weaker far-infrared cooling linestthmay have been previ-
ously undetected, in addition to better observations osthengest lines. Further-
more, the JCMT's HARP-B instrument allows us to probe the £G{ 3 — 2)
transition, adding additional information about the gasuo investigation. Thus,
we will study these two objects with the best data availablestisfy our scientific
goals of contributing to the understanding of the evolubtbthe ISM.

This thesis is organised in the following manner. In Chagtare present
an investigation of the gas-to-dust ratio in Cen A uditegschelPACS and SPIRE

photometry, as well as spectroscopy from the JCMT. In Chi&ptee present an
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investigation of the molecular cloud properties of the inreggion of M51 using
photodissociation (photon dominated) region modellinBAES spectroscopy, and
in Chapter 4 we carry out photodissociation region modglbn a radial strip of
the disk of Cen A. We summarise the achievements of this wodkdéscuss future

directions in Chapter 5.
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Chapter 2

The gas-to-dust mass ratio of

Centaurus A as seen by Herschel

T. J. Parkin, C. D. Wilson, K. Foyle, M. Baes, G. J. Bendo, AsBlti, M. Bo-
quien, A. Cooray, D. Cormier, J. |. Davies, S. A. Eales, M.dbadtz, H. L. Gomez,
V. Lebouteiller, S. Madden, E. Mentuch, M. J. Page, M. PojderRemy, H. Rous-

sel, M. Sauvage, M. W. L. Smith, and L. Spinoglio

2012, The Monthly Notices of the Royal Astronomical Sacigtjume 422, Issue
3, pp- 2291-2301, DOI: 10.1111/j.1365-2966.2012.207 Meproduced with per-
mission from the Monthly Notices of the Royal Astronomicali€&y and Oxford

University Press.

2.1 Introduction

Elliptical galaxies were long thought to be gas and dust ploatrin the past few

decades, several observational surveys have shown thghidicgint fraction of
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these galaxies contain a rich interstellar medium (ISM)teb&ons of cold dust
(temperatures of 30 K) in non-peculiar early type galaxies using data from IRAS
could only be made in about 12 percent of the sample (e.g.nBaacet al., 1998);
with improvements in our ability to detect the cold dust cament of the ISM,
we are finding more evidence for dust within early-types.(&ami et al., 2004;
Xilouris et al., 2004; Leeuw et al., 2008; Young et al., 208®ith et al., 2012).
Other studies suggest there is a relationship between etidetef cold dust in these
galaxies and the likelihood of a radio source at the core Wajsh et al., 1989).
Cold gas has also been found in elliptical galaxies, botremaér (i.e. Thronson et
al., 1989; Wiklind et al., 1995; Welch & Sage, 2003; Youngletz011), and atomic
(e.g. Knapp et al., 1985; Bregman et al., 1992; Huchtme@941Huchtmeier et
al., 1995; Morganti et al., 1999, 2006; Welch et al., 2010).

Centaurus A (Cen A; NGC 5128) is the closest example of a gi#iptical
galaxy, located at a distance®8 + 0.1 Mpc (Harris et al., 2010). It has a warped
disc, likely the result of a past merger event, which corgtain abundance of both
gas and dust, and has a central active galactic nucleus (AM@Njadio jets extend-
ing out to large distances in both directions. Thus, Cen Aiglaal laboratory for
studying variations in the ISM at high-resolution and tokdor effects the AGN
might have on the neighbouring disc. Note that while theser@sting traits do
make Cen A a somewhat peculiar elliptical galaxy, some stughow that overall
Cen A is still a normal elliptical on global scales, and thatproximity is what
gives us insight to its peculiarity (e.g. Harris, 2010).

Cen A has been observed extensively in the past over a wide @frwave-
lengths. For a comprehensive review of the numerous pHysheaacteristics of
Cen A, see Israel (1998) and Morganti (2010). Observatibhkiacovering a large

area of the sky surrounding Cen A (e.g van Gorkom et al., 1$@Bjminovich
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et al., 1994; Morganti et al., 2008; Struve et al., 2010) abeenission throughout
the disc and in shells at large distances from the disc, stipgdhe merger sce-
nario. The central core itself shows both blueshifted anidhd#ted H absorption
(Morganti et al., 2008; Struve et al., 2010), consistenbwitircumnuclear disc.

Due to its low latitude in the southern sky {2%5"27.6, —43°01'09”), only
a small number of telescopes are capable of observing CenCG®insuch as the
Swedish-ESO Submillimeter Telescope (SEST; e.g. Phibipal., 1987; Eckart
et al., 1990; Quillen et al., 1992; Rydbeck et al., 1993). dogbns in theJ =
1 — 0 transition by Eckart et al. (1990) show that the emissiomprily traces the
optical disc, but drops off significantly beyond about 90sarcon either side of the
centre of the disc. In addition, Eckart et al. (1990) and Eo&bal. (1990b) report
detections of thé>?CO and!3CO .J = 1 — 0 line in absorption against the nuclear
non-thermal continuum, and suggest the same moleculad€lkae responsible for
both the emission and absorption features.

Spitzer Space ObservatotRAC observations of Cen A (Quillen et al.,
2006) reveal a prominent parallelogram-shaped ring ofydonstterial in the cen-
tral disc at higher resolution than earlier mid-infrareg@tvations of Cen A using
ISOCAM on thelnfrared Space ObservatoiySO; Mirabel et al., 1999). Obser-
vations of Cen A at 450 and 850m with SCUBA and 87Qum with LABOCA
show a warped ‘S’-shaped structure close to the nucleushsgpapproximately
5 arcmin across, similar to the mid-infrared observatidee(w et al., 2002; Weil3
et al., 2008). Less-defined, fainter emission surroundsdtructure and extends
over much of the optical dust lane. To explain the ‘S’-shagisd, Quillen et al.
(2006) model the warped morphology of the inner infrareloifson disc using a
tilted-ring’ model, consisting of a series of concentricgs. The IRAS measure-

ments of Eckart et al. (1990) reveal an average dust temperaf about 42 K,
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with the temperature decreasing towards the edge of the désuw et al. (2002)
also find a temperature ef 40 K in the disc that decreases outward. Furthermore,
Weil3 et al. (2008) show the first detections at submm wavéhsngf non-thermal
emission from the radio lobes. Studying the thermal emmssiibhin the disc, their
two-component dust model shows the dust has temperatuBgsasfd 20 K (warm
and cold components, respectively), but no decreasing &efarger radii. Lastly,
a complementary study to this paper by Auld et al. (2012)yaseal the dust prop-
erties of the remains of the smaller merger component in Cahléarge radii from
the centre, using data from tierschel Space Observatoffilbratt et al., 2010).

In spite of the number of observations of the disc of Cen A ithlibe dust
and gas components, there are few published values of thi-ghst mass ratio in
this galaxy. Stickel et al. (2004) report a ratio0f300 in a region north of the disc
using data taken with ISOPHOT on ISO, and Israel (1998) sstgga upper limit
of 450. Even for other early-type galaxies, only a small nantf surveys report
gas-to-dust mass ratios. TISpitzerinfrared Nearby Galaxies Survey (SINGS)
survey found ratios similar to that of the Milky Way (Drainea., 2007), while
Leeuw et al. (2008) found a range of values between30 and 400 for the inner
H,-dominated regions of seven ellipticals. In comparisontyipécal value for the
Milky Way is ~ 160 (e.g. Zubko et al., 2004). WitHerschele have the capability
to study the gas-to-dust mass ratio for the disc of Cen A ataggalented resolu-
tion, and we can investigate how this ratio varies throughioe galaxy including
regions near the AGN, and try to understand how the AGN affdu structure
of the ISM.Herschelalso gives us increased sensitivity compared to grounddbase
observatories, and extends coverage to longer waveletigthgrevious space mis-
sions, which are crucial to measuring the dust content ofShe

Here we present a detailed analysis of the gas-to-dust maief Cen A
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through the central disc. We use photometric observatiatishvoth the Photode-
tector Array Camera and Spectrometer (PACS; Poglitsch,&2@10) and the Spec-
tral and Photometric Imaging Receiver (SPIRE; Griffin et 2010) onHersche]

as well as observations with the HARP-B receiver mountedhenJames Clerk
Maxwell Telescope (JCMT). In Section 2.2 we present the agi®ons and data
reduction process. In Section 2.3 we presenttéerscheland JCMT photometry,
our spectral energy distribution (SED) model and maps ob#w-fitting dust tem-
peratures, dust and gas masses, and the gas-to-dust masgrass the disc. In
Section 2.4 we discuss the possible mechanisms that mightiexhe characteris-

tics of our maps, and we conclude in Section 2.5.

2.2 Observations

2.2.1 Herschel Observations

We have obtained PACS photometry at 70 and A60(OBSIDs 1342188855 and
1342188856), and SPIRE photometry at 250, 350 and/A00OBSID 1342188663)
as part of the Very Nearby Galaxies Survey (VNGS; P.1.: GimgsWilson), which
is aHerschelGuaranteed Time program. All of these images cov&r & 37’ area
on the sky centred on Cen A. In Table 2.1 we summarise the bhamacteristics

of the originalHerschelmaps, which are shown in Figure 2.1.
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Table 2.1: A summary of thelerschelobservation information as well as the pixel noise and cafibn uncertainty values. The
measurement uncertainty is pixel-dependent (see Secoh 2 for details) and thus values are not presented here.

Wavelength Beam Size Pixel Size Colour CorreciofPixel Nois@ Calibration Uncertainty

(m) (arcsec) (arcsec) (MJy piX (percent)

70 5.76 2 1.043 0.009 3
160 12.13 4 1.029 0.060 5
250 18.2 6 0.9836 0.147 7
350 24.5 8 0.9821 0.114 7
500 36.0 12 0.9880 0.110 7

3PACS values are divisive and SPIRE values are multiplieativ

bThese uncertainties are for the pixels at their native [igele, as listed in this table.

“We have ignored the fact that the SPIRE calibration errcescarrelated between all three bands and our total 7 percemt@mprises 5 percent
correlated error and 5 percent un-correlated error.

upied * 'L —SISayL ‘q’ud

Awouonsy 7% SaIsAyd - 181SeNIN



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

2.2.1.1 PACS Observations

The PACS 70 and 160m observations were obtained simultaneously in scan-map
mode at the ‘medium’ scan speed of 20 arcsec The scans were carried out in
orthogonal directions to produce a square map with homagenoverage, with
a scan-leg length of 37.0 arcmin. The observations were phecessed using a
pipeline that has been modified from the official one releasid the Herschel
Interactive Processing Environment (HIPE, version 4.Q; 2210), using calibra-
tion file set (FM,v4). Reduction steps include protecting tlata against possible
cross-talk effects between bolometers in the array, antitcl@gg only at the sec-
ond level. This involves comparing the signal detected iwitdil of the pixels in
the data cube that cover the same location in the sky, andrilg@qy pixels that
are outliers as glitches. In addition, flat-field correciomere applied to the im-
ages, and the signal was converted to units of Jypi¥Ve also applied correction
factors of 1.119 and 1.174 to the 70 and 168 maps, respectively, to update the
images with the most recent set of calibration files. Oncedlsteps were done in
HIPE, the final map-making was done it &NAMORPHOS (version 6.0) (Roussel,
2013) using standard settings and pixel sizes of 2.0 andrds@@ for the 70 and
160um images, respectively. We applied a colour correction th@ap to accom-
modate the non-monochromatic nature of the galaxy’s spleetrergy distribution
(SED) through each of the PACS filters. To do so, we first meathe slope of
the spectral energy distribution (SED) at 70 and L6®using our one-component
blackbody fit (see Section 2.3.1 for details), and appliedcblour corrections for
those slopes. Then we re-calculate the slope of the SEDédardtrected fluxes and

check for any change in the slope. We find slopes of -3 and +0 ahd 160um,

Ihttp://www2.iap.fr/users/roussel/herschel/
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respectively, and thus we divide these images by corredtiotors of 1.043 and
1.029 (Muller et al., 2011). Lastly, we determine the melan\salue within nu-
merous apertures overlaid onto off-target regions sudmgnthe galaxy at each
wavelength, and then determine the average mean acropeglices. We take this
mean as our background contribution and subtract it frorh €&CS image.
The final 70 and 16@m images have been convolved with appropriate ker-

nels (see Bendo et al. (2012) for details) to match the 3Garmssolution of the
500 xm image, and then regridded to a 12 arcsec pixel scale, agaratch the

500m image.

2.2.1.2 SPIRE Observations

The SPIRE observations were done in large scan-map modeheitmominal scan
speed of 30 arcsec sand the cross-scanning method. Data reduction was carried
out in HIPE using a pipeline that has been altered from thedsta one, in which
the custom algorithm for temperature drift correctioB&Ight Galaxy ADaptive
Element(BRIGADE), was used in lieu of the standard algorithm. A description
of the data processing including howrBSADE applies this correction is given in
Auld et al. (2012), Smith et al. (2012) and Smith et al. (ingamation). The final
maps were made using HIPE’s map-making tool, and are in dpiteant! with
pixel scales of 6, 8 and 12 arcsec at 250, 350 and BO0respectively. However,
we converted the units from Jy beahto Jy pix~! for consistency with the PACS
images using beam areas for this conversion of 423, 751 a®d disset for the
250, 350 and 50@m images, respectively (SPIRE Observers’ Manual, 2011). We
calibrated the flux to correct for the extended nature of Ceasing multiplicative

K4 correction factors of 0.9828, 0.9834 and 0.9710 for th@-2350- and 50Q:m

images, respectively (SPIRE Observers’ Manual, 2011)tly.age applied a colour

49



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

correction to each image using the same method as for the RAGges (see Ta-
ble 2.1 for specific values), as well as a background sulract he fiveHerschel
images are presented in Figure 2.1 in their original regmist

For analysis purposes, we have convolved the 250 angi8biinages with
a Gaussian beam to match the 36 arcsec resolution of the:&00nage. The
point-spread function of the SPIRE beam is well-represkhtea Gaussian func-
tion down to about three percent of the peak in all three wandb (Griffin et al.,
2010), justifying our use of a Gaussian kernel. Next, theapswere regridded

such that they all had the pixel scale of the 500 image, 12 arcsec.

2.2.1.3 Noise and Uncertainties

There are three sources of noise and uncertainty that weartakaccount for the
Herschelimages. The dominant uncertainty for all images is the catlibn un-
certainty. For the PACS 70 and 160n images, the calibration uncertainties are
3 and 5 percent, respectively (PACS Observer's Manual, ROEdr the 250, 350
and 500um images, the calibration uncertainties are taken to be Gepe{SPIRE
Observers’ Manual, 2011). There is also an underlying nreasent uncertainty
associated with the flux values in each pixel, and a map wekdhuncertainties
is produced as part of the general reduction. Finally, tieesecontribution to the
error in each pixel from the background subtraction. Todake this noise, we
first find the mean value within a number of apertures overdadhe convolved
and regridded images, just as we did for the backgroundatimin. Then we find
the average mean across all apertures (at each waveleagththen determine
the standard error, given by the standard deviation of thigual aperture mean
values divided by the square root of the number of apertuxege that we have

not accounted for the confusion noise in individual pixelshe SPIRE maps (see
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Figure 2.1: The fiviHerschelimages at their native resolutions. The colour scale
units are log(Jy arcseé), and the beam size is in the lower left corner of each

image. Note that the radio jets become more prominent at 88%&0.m due to
synchrotron radiation.
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Figure 2.1:continued

52



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

-42°54'F T —mm —2.50
CenA 500 gm -2.75
57|7 | _3-00
) i -3.25
o
S —-3.50
=-43°00'F . .
S _3.75
T e
c —4.00
o] 03'r f
A L {—4.25
-41—4.50
06't .
-1—4.75
o
| | | | | | L] _5.00
20s 26mO00s 40s 20s 25mO00s 13h24m40s

Right Ascension (J2000)
(e)

Figure 2.1:continued

Nguyen et al., 2010); however, we expect it to be trivial @tqeerhaps in the ex-
treme outer disc, and the global average of the confusiosertmas been removed
with the background subtraction. A summary of the pixel exfoom background

subtraction and calibration uncertainties is presentdébie 2.1.

2.2.2 JCMT Observations

The2CO J = 3 — 2 transition at a rest frequency of 345.79 GHz was mapped
using the HARP-B instrument on the JCMT, located on Mauna iKkedawaii.
These observations were taken over the nights of 2010 Ja@da26 as part of
project MO9BCO5 (P.l.: Tara Parkin), with a telescope be@a of 14.5 arcsec.
We combined nine overlapping jiggle-maps (each with argiraton time of 50 s)

instead of creating a raster map due to the low elevation nfACEom the location
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of the JCMT. The maps were observed using beam-switching avithop throw
of 150 arcsec perpendicular to the major axis of Cen A. Eayfigkmap covers a
2 arcmin x 2 arcmin area on the sky, and our final map covers an aréé efcmin x

2 arcmin, to observe the dust lane out 19,5/2, which is half the distance from
the centre of the galaxy to where the optical magnitude fall85. The backend
receiver, the Auto-Correlation Spectrometer Imaging &ys(ACSIS), was set to
a bandwidth of 1 GHz with 2048 channels, giving us a resatutib488 kHz or

0.43kmst.

The data were reduced using thea8LINK ? software package (Currie et
al., 2008), maintained by the Joint Astronomy Centre. We fliagged the data for
any bad pixels in the raw data, and then built a cube (twoaldithensions and one
in frequency) with 7.5 arcsec pixels combining all of our ehstions. Next, we
masked out detections of th&CO J = 3 — 2 line in our cube using an automated
fitting routine, then fit a third order polynomial to the baselin order to remove
it from the cube. We then binned this cube to a resolution dfraG! to measure
the average rms in the line free regions, which we deterntoée 7’y = 16 mK.

The first three moment maps (integrated intensity, integraelocity and
velocity dispersion) were created using the routine ‘findgb’ (part of SARLINK),
which looks for detections of greater thasm. We first convolve the unbinned cube
with a Gaussian beam to match the 36 arcsec resolution ofiénechelSPIRE
500um map. Next, we determine the average rms within the linerrgmns of the
spectrum and expand the two-dimensional noise map into @. Clitren we create
a signal-to-noise cube by dividing the convolved cube bynthise cube and apply
‘findclump’ to it. This method allows us to make detectionsdaf-level emission

better than just applying ‘findclump’ to our image cube. Thetine creates a mask

2The STARLINK package is available for download at http:/starlink.jaelwaii.edu.
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of the detections in a smoothed version of the cube and thétipfies this mask by
the signal-to-noise cube to obtain a cube containing onlgati®ns above several
differento cutoffs. Then this cube is collapsed along the velocity &xisreate the
three moment maps in terms of the signal-to-noise. Findig/jintegrated intensity-
to-noise map is multiplied by the two-dimensional noise ni@mbtain the true
integrated intensity map. For a more detailed descriptfasuo reduction method
see Warren et al. (2010).

To evaluate the uncertainty in the integrated intensity /mgmake use of

the following equation:

Al = [Am\/m] 1 4 Diine (2.1)

whereAvw is the width of each channel in knT’s o is the noise in units of Kelvin,
Nine is the total number of channels within the spectral lindfitgend V.. is the
number of channels used for fitting the baseline. Severdiradilon sources mea-
sured during these observations were compared to stanglectta, and from these
we estimate the calibration uncertainty to be 10 percent imtegrated intensity

map is presented as contours in Figure 2.2.

2.2.3 Ancillary Data

The Hi map of Cen A was kindly provided to us by Tom Oosterloo and ipresty
published in Struve et al. (2010). This map has a resolutid®arcsec and units
of 101 cm™2, with a pixel scale of 4 arcsec. We smoothed the image to dutéso
of 36 arcsec using a Gaussian beam to match the resolutitve &RIRE 50Q:m
image, and regridded the image to match the 12 arcsec ppeel si

We also have a map of the radio continuum at 1.425 GHz, olligipab-
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Figure 2.2: H map of the disc region of Cen A in units ®9'° cm~2 from Struve
et al. (2010, ; colourscale), with a beam of 19 arcsec. JCMT/CO3 — 2 contours
with a resolution of 14.5 arcsec are overlaid in black. COtaonlevels are 0.4,
0.8,1.6, 3.2,...,25.6 and 38.4 K km's where the temperature units arg*.

lished as part of theRASBright Galaxy Atlas (Condon et al., 1996), and retrieved
from the NASA Extragalactic Database (NED). This map allawssto trace the
jets extending out from the central AGN. We convolved thidisgamage with a

Gaussian beam and then regridded it to match the SPIREz®0énage.

2.3 Results

2.3.1 SED Fitting

To determine the dust temperatures within the disc of Cenéiwthe far-infrared
and submm part of the spectral energy distribution (SED; BDEum) with a

simple modified blackbody with = 2,

I(v,T)=Cx 1" x B(v,T), (2.2)
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whereC' is a scaling constant to match the model to our observed flufés
parametep originates from the dust emissivity functiof}, = o (v/14)".

To constrain our modified blackbody fits, we created uncaiganaps for
each wavelength that are a combination of the measuremeattamty in the flux
value of each pixel, the background noise in each pixel, &edcalibration un-
certainties for both PACS and SPIRE (see Section 2.2.1.8ldtails), added in
guadrature. The value in each pixel of the resulting mapksrtao be the total
uncertainty for the equivalent pixel at a given wavelength.

For each pixel in the images that has a SN0 at all five Herschelwave-
lengths, we fit Equation 2.2 to our flux measurements to deterthe best-fitting
temperaturd’ and constan€’ for that pixel. An example of a SED fit for a typical
pixel is shown in Figure 2.3, and the pixel location is showthva cross in Fig-
ure 2.4. We also show the global SED that was obtained by sagthe flux at
each wavelength within all of the pixels with good fits in Fig2.3, and fitting the
resulting totals. Note that we tested the effect of removireg70,m data point
from our SED fit to ensure it was not forcing the curve to peakhairter wave-
lengths, and that it was not from a separate thermal compaofi#re dust (Smith et
al., 2010; Bendo et al., 2010a, 2012). We found that ther@lux falls on the best-
fit curves within uncertainties for these tests and thus veealisfive wavelengths
in our fitting routine. We then create a map of the dust tentpegavhere pixels
with poor chi-squared fits at the 95 percent confidence les Ineen masked out.
In general the pixels with poor fits coincide with those wheoa-thermal radiation
is making a significant contribution to the flux at 5pth. The temperature map
is presented in Figure 2.4, with 5Q@n contours overlaid to point out the location
of the non-thermal emission. The temperature is about 30 the central AGN

region, and then smoothly falls off to about 20 K in the outiecdand the average
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temperature throughout the entire region is approximgalys + 0.3) K.

We have also tried allowing bothand temperature to vary in Equation 2.2,
to investigate if the model fits to our data improve. Whilerthes some small
variation ing throughout the disc, these deviations are small and thegeeralue
of 3 is 2.07 + 0.07. Furthermore, there are no obvious trends in the variatioh o
with radius. Thus, the results of our test are consisterit aifr one parameter fit,
giving us confidence in our fixed fits.

We evaluated the uncertainty on the dust temperature byeimghting a
monte carlo algorithm on our modified blackbody fitting roeti For each wave-
length, an artificial flux value lying within the uncertairttpunds of our observed
measured flux value is generated randomly using a Gaussiabearugenerator.
Then we run the modified blackbody fitting routine on the semedl dataset and
extract the temperature and constant for the best fittingtioim corresponding to
that dataset. This process of creating artificial data aed ftiting a function to
them to determine the temperature is repeated 800 timestbr gixel. We take
the standard deviation of the temperature distributioreieh pixel to be the un-
certainty in the temperature. This uncertainty variesuphmut the map, with an
average of about 1 percent per pixel. The highest uncegaiates percent around
the very edge of our map, where the signal to noise is loweth®flux maps, and
we note that these uncertainties exclude the uncertaetiggg from our assumed

value for and thus emissivity.
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Figure 2.3: Top: the SED for a typical pixel (pixel locationosvn as a cross in
Figure 2.4). The best-fitting modified blackbody is shown aslal line, while our
measured flux values are represented by the data pointsonBo# global SED
for the entire disc, consisting of all pixels contributirgthe total dust mass (see
Section 2.3.2).
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Figure 2.4: Temperature map of the dust disc of Cen A (colgcale3, in units

of degrees Kelvin. Contours of the 5Q0n SPIRE map are shown in grey for
reference. The contours for the 50t image are 0.0139, 0.0347, 0.0694, 0.347,
0.694, 1.39, 2.78, 4.17 and 4.86 mJy arc$ed he black cross is the location of the
pixel for which the best-fitting SED is shown in Figure 2.3. tBlthat the central
region does not have any reasonable fits due to the non-themission present in
the 350 and 50@m maps.

2.3.2 Dust Mass

The equation we use to evaluate the dust mass at a specifiefregis

S, D?

M, ust = T 7. o
st B, T)

(2.3)

when the monochromatic flux is optically thin. In this exmies, S, is the flux
from the sourceD is the distance to the sourdg(v, T') is the equation for a black-
body andk, is the dust emissivity. Here we adopt a value for the dust €wmig at

250 1M, ka5, Of 3.98 cn? g~! from the dust model of Draine (2063)Substituting

3These data are also available at
http://www.astro.princeton.edu/ draine/dust/dusthtixl
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Kaso INtO Equation 2.3, the dust mass becomes
Miust = 5.258 x 10° Sy (78 K/T) — 1) M. (2.4)

We checked that the SED of Cen A is optically thin by assumiag the pixel with
the highest flux at 7@um is a worst-case scenario in terms of optical depthnd
measured the flux in the same pixel at 250. Using the results from our SED
fitting we calculate the dust mass within that pixel using &opn 2.4, and convert
the dust mass to a dust mass surface debsitging the area of one 12 arcsec pixel.
The optical depth at 250m can be calculated ass, = >k259. Using this method
we find thatry;, < 1, thus we can assume the galaxy is optically thin at 260
This method can be repeated for the other wavelengths as well

Substituting our temperature and the SPIRE 2B0fluxes returned by our
model SED fits into Equation 2.4, we obtain a pixel-by-pixepof the dust mass,
which is shown in Figure 2.5. The dust mass distribution peatvard the centre,
and falls off in the outer regions. Uncertainties range fraimout 3 to 30 percent
with the lower uncertainties corresponding to pixels cldeghe centre of the disc.
The typical uncertainty in each pixel is 5 percent. Summing up the individual
dust masses within each pixel leads to a total dust mass d@igbef(1.59+0.05) x
10" M. As a check, we also evaluated the total dust mass usingabalgbED fit

results, and obtain a total f47 x 10" M.
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Figure 2.5: Dust mass map of Centaurus A. Units of the coloalesare M, pc2.

Contours of the 1.425 GHz radio continuum are overlaid il show the re-
gions where synchrotron radiation is present.

2.3.3 Gas Mass

We convert our CQJ = 3 — 2 integrated intensity map to a column density of

molecular hydrogen using the following equation:

Nyg, = XCOICO(3—2) (100(3—2) ) o ’ (2.5)
s Ico(i-o)

where X0 is the CO( = 1 — 0)-H, conversion factor/co(;—2) is the integrated
intensity of the CQJ = 3 — 2 emission,;,,,;, = 0.6 is the conversion factor from
an antenna temperatuig * to a main beam temperatufg,,, for the JCMT, and
the factor within the brackets is the ratio of the CO= 3 — 2 line intensity to
the COJ = 1 — 0 line intensity. Despite the additional uncertainty intugdd by
this line intensity ratio, we choose to use our GG= 3 — 2 map in this analysis

because of its better intrinsic resolution (14.5 arcsed) sansitivity compared to
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the COJ = 1 — 0 of Eckart et al. (1990). We assume aXfactor of (2 +
1) x 10* cm™2 (K km s™')~!, typical for the Milky Way (Strong et al., 1988),
and a COJ = 3 — 2/COJ = 1 — 0 ratio of 0.3, which is a suitable ratio for
the diffuse ISM as found by the JCMT Nearby Galaxies Legaaw&u(NGLS;
Wilson et al., 2009). We note here that Wilson et al. (2009) atter groups from
the NGLS have seen ratio variations within other galaxiesipyo a factor of 2-
3, which may increase our molecular gas mass uncertairgéss $ection 2.4 for
further discussion).

Next, we convert our column density to a molecular gas magsviaa

MH2 = ApiXNH2mH2 (26)

with A, the area of one pixel (12 arcsec12 arcsec) at the distance of Cen A,
andmy, the mass of one molecular hydrogen atom. The total mass adaulalr
hydrogen, over the entire coverage of our map] i$2+0.15) x 10° M, where we
have excluded uncertainty contributions from the assum@d/G- 3 — 2/CO J =

1 — O ratio.

Following the same method we also convert the units of thendlp (Fig-
ure 2.2) to units of mass. Then the molecular gas mass andcagas mass maps
are combined in such a way that in regions where we have ageéoaboth H and
H,, the total gas mass is a sum of the two, and for the remainigigne the mass
is from Hi or H, alone. We then multiply the resulting map by 1.36 to obtam th
total gas mass, including helium. Summing over all pixels find a total gas mass
of (2.7 £ 0.2) x 10° M. Our map of the total gas is presented in Figure 2.6, and

covers about half of the area for which we have dust mass merasats.
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Figure 2.6: The total gas mass distribution of the disc of E&efhis map includes
both the H mass distribution, as well as the lFhass, where we have coverage for
it, and has been multiplied by 1.36 to account for helium aB. weénits for the
colour scale are M pc2.

2.3.4 The Gas-to-Dust Mass Ratio

We present the gas-to-dust mass ratio in Figure 2.7, whiglrsaall pixels for
which we have both a gas mass and a dust mass. The box outlitatk shows
the region that has coverage both inahd H,, which is 10 arcminx 2 arcmin in
area. As is seen in this figure, the majority of the disc hassatgalust mass ratio
similar to that of the Galaxy with an average valuel08 + 8; the Galactic value
varies from about 120 (Li & Draine, 2001) to 160 (Zubko et al., 2004) te-180
(Draine et al., 2007, and references therein). Interestiige gas-to-dust mass
ratio increases to a significantly higher value of almosti@0@gions closest to the
AGN. Typical uncertainties in this ratio are about 10 petcéie also present the
average gas-to-dust mass ratio as a function of distanoetfie centre of Cen A
along a position angle of 30 deg north of west in Figure 2.8s plot emphasizes

the radial trend of the gas-to-dust mass ratio along the dlisather galaxies such
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Figure 2.7: Gas-to-dust mass ratio of Centaurus A (col@ale$cwith PACS 7Qum
contours (at original resolution) overlaid in black. Camttevels are 0.75, 1.5, 2.5,
7.5, 20, and 37.5 mJy arcsec The box shown in black highlights the region in the
disc for which the gas contribution is fromi ldnd H;, and is 10 arcmirx 2 arcmin

in size.

as those from the SINGS survey, the gas-to-dust mass raiesvaom~ 136 to

~ 453 (Draine et al., 2007). We discuss the possible origin of tgh central

gas-to-dust mass ratio below.

2.4 Discussion

Our total dust mass afl.59 + 0.05) x 10” M, is comparable to other published
numbers for Cen A in the literature; however, we note that talue is likely a
lower limit as regions where non-thermal emission contateis the dust contin-
uum had poor model fits. Several publications have used twgponent modified
blackbody modelling combined with far-infrared and subnbeervations to derive
a dust mass for Cen A. Leeuw et al. (2002) used a wavelengtfe @i60—-85Q:m
for their SED fit and found a total massab x 10° M, (adjusting for our distance)

within an elliptical region 120 arcsec 450 arcsec in size, but excluding the unre-
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Figure 2.8: A radial plot of the average gas-to-dust mase edbng the major
axis of Cen A with a position angle of 30 deg north of west. Weasuged the
average gas-to-dust mass ratio value within 20 bins alosgtsition-angle, each
measuring 2 arcmix 0.5 arcmin in size. The red data points represent the bins in
which we had at most 10 good pixels out of a possible 25, anefibve are not as
well sampled as those shown in black.

solved core at the centre. Since this ellipse covers a siariés to our observations,
the discrepancy is likely due to an inadequate chop throlerLeeuw et al. (2002)
850 um dataset, leading to difficulties quantifiying the backgruOur observa-
tions show faint emission at 50dn extending beyond the 120 arcsec chop throw
the authors used, and oversubtracting the backgroundeadl fo a lower dust mass
estimate. Weil3 et al. (2008) studied the submm continuungushBOCA 870;:m
data and combining these data with fluxes spanning 25x8vthey found a higher
mass of2.2 x 107 M. They subtract the flux contribution of the unresolved core

from the total flux prior to estimating the dust, but do canttbat they may not
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have removed all of the non-thermal emission arising froer#dio jet.

The gas mass we have obtained from ogmihp alone ig1.42 + 0.15) x
10° M, including the central region which we masked out for ourtditting.
Eckart et al. (1990) determined a molecular gas mass%k 10% M, after we
adjust their result for our assumed.Xfactor and distance. In addition, Morganti
(2010) suggests the total molecular gas magdsxsi0® M, based on observations
of Eckart et al. (1990) and Quillen et al. (1992). Our molacyas mass is thus
higher than those values previously published; this isyikiie to the improved
sensitivity of our observations. The molecular gas masbagiatwice the atomic
mass oft.9 x 10® M, (Struve et al., 2010).

The high gas-to-dust mass ratio towards the central AGN isst mterest-
ing result. Several studies of spiral galaxies have fouadl ttie gas-to-dust mass
ratio is not constant throughout the disc, but rather dese®avith decreasing dis-
tance from the centre of the galaxy (e.g. Muiioz-Mateos.e2809; Bendo et al.,
2010b; Magrini et al., 2011), in contrast to what we have tbhare. We have made
a rough estimate of the CO = 3 — 2/CO J = 1 — 0 ratio throughout the central
disc using the CO' = 1 — 0 map of Eckart et al. (1990) to check if our assumption
of 0.3 for this ratio is valid in the centremost regions of thec. Our calculations
show an average value of 0.35, and more importantly, they slecsignificant vari-
ation with radius. Furthermore, looking at Figure 2.7 we the¢ there is a smooth
transition of the gas-to-dust mass ratio between thedminated region to theiH
dominated region in the outer disc, which also suggests Gfdagion is not the
primary cause of the high gas-to-dust mass ratio.

The X factor is one variable that might affect the gas-to-dustsmnaso if
it is not constant throughout the disc. We have assumed thect&avalue for our

calculations; however, studies have shown that this cewefactor can vary with

67



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

metallicity (Wilson, 1995; Israel, 1997, 2000; Barone et2000; Israel et al., 2003;
Strong et al., 2004; Israel, 2005; Leroy et al., 2011). Ifrinetallicity decreases as
a function of radius within Cen A, we would require a largenwersion factor at
larger radii, which in turn would increase the gas-to-duassaratio farther outin the
disc, potentially bringing it up to a similar value as thathe centre. Alternatively,
the Xco factor can be smaller by up to a factor of 4 for starbursting galaxies
(Downes & Solomon, 1998). This effect could reduce the gadtist mass ratio
in regions of strong star forming activity; however, theatdar-infrared luminosity
for Cen A is< 10 L, while the X-o conversion factor is typically affected
at luminosities greater than 10'* L. (e.g. Downes, Solomon & Radford, 1993;
Solomon et al., 1997).

One possibility is that dust is being destroyed by the jetereking out in
either direction from the AGN. It is plausible that some c# ttust grains are being
destroyed by the AGN either through dust sputtering or thhoshocks. The total
X-ray luminosity of the AGN of Cen A i$ x 10*? erg s'* (Rothschild et al., 2011),
which is comparable in X-ray luminosity to the AGN found in MBNerner et al.,
2006). It might be possible for these photons to deplete tis¢id the surrounding
ISM. In support of this scenario, Baes et al. (2010) did ndedethermal dust
emission in M87, which also contains a jet.

It is also possible that the dust is entrained in the jets of £eRoussel et
al. (2010) found a dusty halo surrounding the starburstadgxy M82 usingHer-
schelobservations. They considered entrainment by a galactid &s a possible
explanation even though they finally concluded that theiongas likely due to
tidal interactions. We cannot rule out entrainment by gataginds as a possibility
for Cen A. Unfortunately, we cannot probe close enough tgetseto further inves-

tigate this assumption due to our limited resolution andrtbe-thermal emission
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component.

Alternatively, a larger gas reservoir in the centre coukkbahcrease the
gas-to-dust mass ratio. This would require dust-poor gésdaonto the disc and
being funneled toward the centre. However, if this was treecave would likely
have found a high gas-to-dust mass ratio throughout theagidaot concentrated
toward the innermost part of the disc. It also does not seanmsgile for the gas to
be migrating through the disc faster than the dust.

Interestingly, there is a large ring of material that is seethe mid- and far-
infrared close to the regions in which we see a high gas-gb+iass ratio. Mirabel
et al. (1999) first noticed the ‘S’ shaped structure with I2®Lobservations at 7
and 15um, and postulated that this structure was a bar at the cehthe galaxy.
Later, observations (Leeuw et al., 2002; Quillen et al.,@&upported a tilted ring
scenario to explain the structure observed. @Barschelobservations at 7@m
also show emission from this ring (Figure 2.1), and in faleg high gas-to-dust
mass ratio appears to correspond with theu® contours of the ring, as shown
in Figure 2.7. The models by Quillen et al. (2006) suggesdt tiare is a deficit
in the dust distribution at radii less than about 50 arcse®%0 pc). This is at a
similar radius to our observed high gas-to-dust mass rAtaust deficit throughout
r < 50 arcsec might seem less likely to be related to the AGN and risgps
better related to star formation activity. Observatiorabomg closer to the nucleus
are necessary to determine if the gas-to-dust mass ratiaimerhigh or increases

further as we approach the AGN.
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2.5 Conclusions

We have presented new observations of the dust continuum tine PACS and
SPIRE instruments on board thierchel Space Observatost 70, 160, 250, 350
and 500um. In addition, we present new data tracing the £& 3 — 2 transition
taken with the HARP-B instrument mounted on the JCMT. We hesesl these data
to probe the interstellar medium within the disc of Centaukon a pixel-by-pixel
basis. We observe the ring of emission at #@ previously reported at infrared
and submm wavelengths, while our 50t (and to some extent the 30n) im-
ages show detections of the non-thermal continuum emigsieviously reported
at 870um by Weil3 et al. (2008).

We model the dust spectral energy distribution using a siegimponent
modified blackbody, and find temperatures<0f30 K in the centre that decrease
with radius. Using the temperature map, we find the total thasts to bé1.59 +
0.05) x 10" M. The total gas mass .7 + 0.2) x 10° My, and combining the
dust and gas masses we have produced a gas-to-dust massaptid he average
gas-to-dust mass ratio is approximatélp + 8, similar to that of the Milky Way,
with an interesting peak to about 275 towards the centresofjéttaxy. After explor-
ing several possible scenarios to explain the high gastsb4thass ratio, the most
appealing one is that of a correspondance between the hggtogiust mass ratio
and the ring about 1 kpc in size, which is best fit by a warpéediting model by
Quillen et al. (2006) that consists of a deficit of dusty matenwards of the ring.
The deficit of dust may be due to X-ray emission from the céd@N destroying

the dust grains or due to the jets removing dust from the eeritthe galaxy.
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3.1 Introduction

The atomic fine-structure lines [@(158 pym), [N11](122 and 205:m), [O1](63
and 145:m) and [On11](88 xm) are among the dominant cooling lines of the cold
neutral and ionized regimes of the interstellar medium (JSNe progenitor atoms
of these lines are collisionally excited and then de-extiteugh forbidden transi-
tions, emitting photons and thus removing thermal energmfthe gas. The [@Q
lines originate in the neutral regime of photon-dominatgions (PDRs; Tielens
& Hollenbach, 1985) as atomic oxygen has an ionization f@kegreater than
13.6 eV, while [Q1] emission, though considered a primary tracer of PDRs, can
also trace ionized gas as the ionization potential of at@aibon is only 11.26 eV.
In contrast, the [NI] and [O11] lines only trace ionized gas, particularly iniH
regions, because the ionization potentials of N aridate 14.5 and 35 eV, respec-
tively, requiring the presence of a hard radiation field. §,iabservations of these
lines can tell us important characteristics about the gélseése components of the
ISM.

Observationally, these cooling lines were first detectalitb the Kuiper
Airborne Observatory (KAO) and thimfrared Space ObservatorySO) and are
now observable with thelerschel Space Observatoffilbratt et al., 2010) at un-
precedented resolution. Previous surveys studied] (€58 xm), [N 11](122 um),
and [O1](63 xm) on global scales in galaxies usit§O and found a decreasing
ratio of Ljcin/Lrir With increasing infrared colot, (604m)/F,(100m), as well
as a correlation betwednorgs/ Loy and infrared color (e.g. Malhotra et al., 1997,
2001; Negishi et al., 2001; Brauher et al., 200B).;/L1ir is used as a probe of
the photoelectric heating efficiency of the far-ultravidleUV) radiation field, in-

dicating the fraction of FUV photons that contribute to dusating via absorption,
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versus the fraction responsible for ejecting electronsfdwst grains or polycyclic
aromatic hydrocarbons (PAHs; Tielens & Hollenbach, 198&lhdtra et al., 2001),
which thermally heat the gas. The rafip(60um)/F, (100xm) indicates dust tem-
peratures, with higher temperatures indicating compactrepions. These studies
concluded that the trends seen indicate a decrease in thimdefficiency with
increasing color.

More recently these cooling lines have been probed on gakud spatially
resolved scales in nearby galaxies whtharschel(e.g., Beirao et al., 2010, 2012;
Gracia-Carpio et al., 2011; Mookerjea et al., 2011; Cricetzdl., 2012; Braine et al.,
2012; Lebouteiller et al., 2012; Contursi et al., 2013). rBeiet al. (2010, 2012),
Mookerjea et al. (2011), and Lebouteiller et al. (2012) stigated the Seyfert 1
galaxy NGC 1097, M33, and the IHregion LMC-N11, respectively, and found
that L/ Lrir varies on local scales as well. Furthermore, Croxall e2al12) and
Lebouteiller et al. (2012) also see the same relationshipd®n Loy o163/ LTir
and infrared color that is seen on global scales. Intergigtithey also investigated
the ratioLcm+ones/Lran as a function of color and found that there was a stronger
correlation between these two parameters than betWgen, jors3/Lrir and color,
implying that PAHs are likely a better indicator of heatirfiagency than the total
infrared luminosity within the gas. At the warmest colofsg+(one3/Lran de-
creased slightly, and the authors attributed this to the B&toming increasingly
ionized, thus reducing their ability to eject photoelenso

Diagnosing the physical conditions of the gas in the ISM gghrese im-
portant cooling lines requires comparing the observed fluae¢hose predicted by
a PDR model. Tielens & Hollenbach (1985) presented a PDR htloaecharacter-
izes the physical conditions in the PDR by two free varialtles hydrogen nucleus

density,n, and the strength of the FUV radiation field in units of the ldglfield,
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Go = 1.6 x 1072 erg cn? s~! (Habing, 1968). They assume a slab geometry and
include a complex chemical network, thermal balance, addhtiae transfer. In
successive papers, Wolfire et al. (1990) and Hollenbach €1291) expanded this
work to model ensembles of molecular clouds in diffuse emuiments as well as
galactic nuclei and active galatic nuclei (AGNs). Kaufmaale(1999, 2006) have
further updated the model of Wolfire et al. (1990) and proadset of diagnostic
plots using ratios between cooling lines and the total neflduminosity to deter-
minen andG,.! PDR models using different sets of observables have also bee
developed by van Dishoeck & Black (1986, 1988), SternbergaigBrno (1989,
1995), Luhman et al. (1997), Storzer et al. (2000), and Li¢ Peal. (2006). PDR
models with a spherical geometry instead of the plane-lghgdometry also exist,
such as Kosma (e.g., Rollig et al., 2006). For a recent discussion andgamson
of the different available PDR models see Rollig et al. @0@& number of studies
have compared observations to PDR models to determine thdegesity, temper-
ature, and strength of the FUV radiation field in numerousugak and Galactic
PDRs. When they compared their observations to the PDR nob#eufman et al.
(1999), Malhotra et al. (2001) found that the FUV radiaticgldj G, scales as
the hydrogen nucleus density, to the power 1.4, with0? < G, < 10*° and
102cm™ < n < 10*° ecm™? for their sample of galaxies. Croxall et al. (2012)
studied NGC 1097 and NGC 4559 and fourtd® cm =3 < n < 10% cm—3 across
both galactic disks, with0 < G, < 1000.

The goal of this paper is to investigate the gas componerttedoi$M in
M51 with modeling of the far-infared fine-structure lines.5M(D = 9.9 Mpc;

Tikhonov et al., 2009) is a gas-rich, grand-design spirkbgawith a smaller com-

1Also available for analysis using this model is the PDR ToalPound & Wolfire, 2008), found
at http://dustem.astro.umd.edu/pdrt.
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panion, NGC 5195, and is classified as a Seyfert 2 galaxy (Hd.,e1997). The
metallicity (12+log(O/H)) of M51 i8.55 + 0.01 on average and has a slight ra-
dial gradient (Moustakas et al., 2010), though it does nahgke significantly over
the area covered in this work. M51 has been previously okgemith the KAO
andISOto investigate the far-infrared cooling lines. Nikola et @001) mapped
the [C11](158 m) line in the inners’ of the galaxy with the far-infrared imaging
Fabry—Perot interferometer on the KAOZt' resolution 2.6 kpc at our adopted
distance). Their comparison with PDR models revedlgd~ 150-850 and two
density solutions, ~ 102 cm~3 andn ~ 5 x 10° cm~3. Later, Kramer et al. (2005)
usedISOto map M51 in [Q1](158 im), [O1](63 m), and [NI1](122 pm). This
study focused on the nucleus and two selected positiongisginal arms at a reso-
lution of 80" (~3.8 kpc at our adopted distance). Their comparison to PDRetsod
revealed=, = 20-30 andn ~ 10* cm~3 within these regions. As part of thder-
schelGuaranteed Time Key Project the Very Nearby Galaxies SUivB{GS; PI:
C. D. Wilson), Mentuch Cooper et al. (2012) presented a ldetainalysis of the
dust and gas of both M51 and NGC 5195 udtterschelPhotodetector Array Cam-
era and Spectrometer (PACS; Poglitsch et al., 2010) andi@pand Photometric
Imaging Receiver (SPIRE; Griffin et al., 2010) photomets/aell as the spectral
energy distribution (SED) model of Draine & Li (2007). Thegdithat there was
a burst of star formation approximately 370—-480 Myr ago, &ttgadust mass ratio
of 94 4+ 17 (the Milky Way has a gas-to-dust mass ratio~ofl60 (; Zubko et al.,
2004)), and an interstellar radiation field (ISRF) withie spiral arms of approxi-
mately 5-10 times the average value of the ambient ISRF iadlz& neighborhood
(Go ~ 6-12).

The general goals of the VNGS are to investigate properfidiseogas and

dust in the ISM in an intentionally diverse sample of 13 ngayélaxies usinder-
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schel The galaxies represent a sample of different morpholbgyp®s and have
previously been observed in numerous other wavebandssatr®glectromagnetic
spectrum, thus allowing us to create a complete picture ®fctnditions in the
ISM of these objects. Here we present new far-infrared speabpy of M51 from
the PACS instrument, focusing on theljf158 ym), [N 11](122 zm), [O1](63 and
145 ;m), and [O1](88 um) fine-structure lines at unprecedented resolution (bet-
ter than~ 12", or roughly 600 pc). In addition, we present observationthef
[N 11](205 pm) line from the SPIRE Fourier Transform Spectrometer (FV8
use these spectra to investigate the gas component of veydal using the PDR
model of Kaufman et al. (1999, 2006) to diagnose some of tlysipal character-
istics of the ISM. In Section 3.2 we describe our method farcpssing the data.
In Section 3.3 we describe the characteristics of the gas,iraisection 3.4 we

compare our observations to theoretical PDR models. Weledadn Section 3.5.

3.2 Herschd Observations

3.2.1 PACS Observations

The PACS spectrometer covers a wavelength range of 51#2P8nd comprises
25 spatial pixels (spaxels) arranged i6 & 5 grid with a square field of view on
the sky of 47 on a side. Each spaxel records a separate spectrum frotd &edd
of view at a spectral resolution ranging from approximaf@y-300 km s'.2 The
FWHM of the beam varies from just ovef @ about 13. More details about the
spectrometer can be found in Poglitsch et al. (2010) or iPk@S OM.

All of our PACS spectroscopic observations of M51 were earout as part

2PACS Observer's Manual (hereafter PACS OM; HERSCHEL-HS®ER0832, 2011), avail-
able for download from the ESBerschelScience Centre.
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of the VNGS using the unchopped grating scan mode. We hater ragps cover-
ing the centra.’5 x 2.5 of M51 in the [C1](158 zm), [N 11](122 zm), and [O1](63
um) lines (hereafter [@], [N 11]122, and [Q]63, respectively) and7” x 3.25
raster strips extending from the center (for thelJ@45 m) and [O11](88 pm)
lines, hereafter [@|145 and [Q11], respectively) and7” x 2.25 raster strips ex-
tending from the near center (for the [iJ; [N 11]122, and [Q]63 lines) of the
galaxy out along a position angle of 31@ounter clockwise from north. In Fig-
ure 3.1 we show the outline of our spectroscopic maps on tia itdrared flux
map (see Section 3.2.3 for details). For the central mapsse¢he recommended
raster point step size of 2416") and raster line step size of 2214.”5) for full
Nyquist sampling of the red (blue) wavebands (PACS OM). Thipshave 30
raster spacing along the orientation angle. The basic eienal details are sum-
marized in Table 3.1.

The PACS spectroscopic observations were processed usnigdrschel
Interactive Processing Environment (HIPE; Ott, 2010) tlgwer’s track 9.0 build
2634 using calibration version FM, 32. We follow the standgipeline reduction
steps for the unchopped observing mode from Level O to Levdlle data were
flagged again, and the unbinned spectral data fit with a secodet polynomial
for the continuum and a Gaussian function for the spectrallising the PACSman
package (Lebouteiller et al., 2012). Lastly, we combineitttividual rasters to
produce a final integrated flux mosaic map by projecting easter onto an over-

sampled grid, also using PACSman.
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Table 3.1. Properties of oltterschelObservations
Line Wavelength OBSID Date of Map Size FWHMIntegration
(pm) Observation "%’ @) Time (s)
[O1] 63.184 1342211190 2010 Dec 14 X52.5 ~9.3 10735
1342211195 2010 Dec 15 0.82.25 ~9.3 1254
O] 88.356 1342211191 2010 Dec 14 0X3B.25 ~9.3 2791
N11] 121.898 1342211189 2010 Dec 14 x2.5 ~10 10511
1342211192 2010 Dec 15 0.82.25 ~10 2005
[O1] 145.525 1342211194 2010 Dec 15 0x3.25 ~11 5277
[C] 157.741 1342211188 2010 Dec 14 x2.5 ~11.5 5597
1342211193 2010 Dec 15 0.822.25 ~11.5 1254
N1 205.178 1342201202 2010 Jul 25~ 2’ diameter circle 17 17603

a\/alues are from the PACS Observer's Manual and the SPIREr@drs&Manual.

upied * 'L —SISayL ‘q’ud

Awouonsy 7% SaIsAyd - 181SeNIN



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

3.2.2 SPIRE Observations

As characterized in Griffin et al. (2010) and the SPIRE OleéswWanuat, the
HerschelSPIRE FTS instrument consists of two bolometer arrays, HRE Short
Wavelength spectrometer array (SSW) covering the wavéieagge 194-318m,
and the SPIRE Long Wavelength spectrometer array (SLW)roaye¢he range
303-671um, and has a field of view approximatelyi@ diameter. Each array is
arranged in a honeycomb pattern, with 37 (19) receiversais®W (SLW) with re-
ceiver beams spaced by’3®%1”) on the sky, thus sampling different regions of the
overall field of view. The spectral resolution ranges frorpragimately 1.2 GHz
(highest attainable resolution) to upward of 25 GHz and gedeent on the maxi-
mum difference between path lengttistraveled by the radiation after it has passed
through the interferometer’s beam splitter, as giverih$)—*. The FWHM of the
beam varies as a function of wavelength between 17 afdZ8land 42) for the
SSW (SLW) (Griffin et al., 2010; Swinyard et al., 2010).

TheHerscheFTS observation of the [N](205 m) line (hereafter [N1]205)
is also part of the VNGS, and its basic properties are lisielhble 3.1. The obser-
vations consist of a single pointing carried out with intediate spatial sampling
covering a circular area approximatelyi@ diameter and the high spectral resolu-
tion (1.2 GHz) setting. The total integration time of the ehstion is~5 hr, with
32 repetitions of the spectral scan pair at each of the fggitgipositions that pro-
duce an intermediately sampled map. The standard proggagieline for interme-
diately sampled mapped observations using HIPE 9.0 andESP&Rbration con-
text v9.1 was used, starting with the Level 0.5 product. 8atandard processing

steps include first-level deglitching and correcting thgnai for the non-linearity

3Hereafter SPIRE OM. Document HERSCHEL-DOC-0798 versidn(2011 June) is available
from the ESAHerschelScience Centre.
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of detector response, temperature drifts, saturatiortsffand time domain phase
delays. Next, Level 1 interferograms are created, and tkelip@ is subsequently
fit and subtracted from the signal. The interferograms thattetgo second-level
deglitching, phase corrections, and a Fourier transforpraduce the spectra. The
spectra are then calibrated to convert units to flux, teles@nd instrument emis-
sion is removed, and an extended source flux conversion Iedp@ne additional
step is applied to our data at this stage that is not part otiduedard pipeline for
mapped observations. A point source flux calibration coiwadhat is determined
separately for each bolometer of the array is applied to #te decause M51 does
not uniformly fill the beam. Finally, two (one each for the S®Wd SLW) spectral
cubes containing the processed spectra are created.

The final spectra were fit with a polynomial and Sinc functionthe base-
line and line, respectively (see Schirm et al., 2013, foaitt Given that the spa-
tial sampling is intermediate, we created the final integtdliux map using a fin¢’
pixel scale such that the finite pixels are centered on eatiedfolometers of the
FTS array, while the remaining pixels are left blank. Thelration uncertainty for
the [N11]205 map is better than 7% and stems from a comparison betavewdel
spectrum of Uranus and observational and model spectrauNe, pointing un-

certainties, and the accuracy of background signal rem(@RIRE OM).

3.2.3 Ancillary Data

We also make use of the PACS photometric maps at 70 anduf®@riginally
presented in Mentuch Cooper et al. (2012), as well as the #P@n map from
the Spitzer Space Telescqpehich was re-processed by Bendo et al. (2012) for

the purposes of complementing tHerschelphotometry in a couple of Guaranteed
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Time programs, including the VNGS. We calculate the totédaired flux using
the MIPS 24,m and PACS 70 and 160m maps and the empirically determined

equation for the total infrared flux (or luminosity) from a% Helou (2002),

Frir = &uF,(24pm) + &uE,(70pm)

where E1, &, &3] =[1.559, 0.7686, 1.347] at a redshift o= 0. The total infrared
luminosity determined with this equation covers emissiomf3 to 110@m. The
map of the total infrared fluxfrigr, is presented in Figure 3.1, which also shows
the spatial coverage of our PACS and SPIRE spectroscopis.map

The SpitzerIRAC 8 um map of M51 was also obtained from the SINGS
survey (Kennicutt et al., 2003) archive to be used as a prokyPAH emission.
We applied a color correction to the image following the noeltldescribed in the
SpitzerData Analysis Cookbodkand subtracted the stellar contribution to the map
using the correction from Marble et al. (2010), which is a@dpby Croxall et al.
(2012) to be an estimate of the total PAH power when only th&Rum map is

available (their Equation (2)).

3.2.4 Data Treatment for Analysis

All of our spectral maps have been convolved with a Gaussiaation to a com-
mon resolution matching that of the PACS 1@® map, 12. The MIPS 24um and
PACS 70um maps were convolved with the appropriate kernels develbgeéni-

ano et al. (2011). In addition, each map has been regriddethtch the pixel size

4Available for download at http://irsa.ipac.caltech.ethia/SPITZER/docs/dataanalysistools/-
cookbook/.
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Figure 3.1: Total infrared flux,Frr, calculated using the MIPS 24m and
PACS 70um and 160um maps and Equation (3.1). The map is at the resolution
of the PACS 16Q:m map, 12, and has a plate scale df.4Units are W m? sr!.

The white square and red rectangles outline the coveragpe 61ACS spectroscopic
maps and strips, respectively. The white circle repregbet®otprint of the SPIRE
FTS observations.

of the PACS 16Qum map, 4. For the comparison with the PDR models, we ap-
plied a % cut to our PACS spectroscopic maps to ensure we are conmgidetust
detections in our ratio maps. Our quoted uncertaintiesutjitout the paper take
into account both measurement uncertainties, in calogdhe line fluxes for our
PACS spectroscopic maps, and calibration uncertaintieless otherwise noted.
We note here that the calibration uncertainties for the PAG&troscopy are ap-

proximately 30% and are dominated by small offsets in pogqés well as drifting
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of the detector response, while the calibration unceitsrfor the photometry at

70 and 16Qum are 3% and 5%, respectively (PACS OM).

3.3 Physical characteristics of the gas

3.3.1 Line Emission Morphology

We present the final maps of the (i, [N 11]122, [O1]63, [O1]145, [O1l], and
[N 11]205 lines at their native resolution with ar Zut applied to the PACS maps
in Figure 3.2. We note that the [ data were first presented by Schinnerer et al.
(2013) using a different processing method, though it dagplay a major role
in their analysis. Both the [€] and [N11]122 maps show similar distributions
throughout the center of the galaxy. Overall there is stemgssion in the central
1”25, with the innermost sections of the spiral arms showing timgest emission.
The average signal to noise ratio (S/N) in the central reggon 200 and 70 for
the [Ci] and [N11]122 maps, respectively. The peak in the inner northwestern
arm is also present in other wavebands, including, the 24a@@ 160:m images
(combined in Figure 3.1), as well as other star formationers such as & and
Pax (e.g., Kennicutt et al., 2003; Calzetti et al., 2005). Thession is a factor of
~1.5 higher in this peak compared to the center of the galaxyoth [Ci1] and
[N 11]122. The spiral arms can be seen extending outward in wesRession with
a few stronger pockets.

The total [CiI] emission in our map i£2.9 +0.9) x 10~ W m~2 covering
an area ok 5.5 x 1077 sr~!. Nikola et al. (2001) mapped the G emission over
a B x 6’ area of M51 with the KAO and found a peak intensity(®f31 + 0.15) x

10~* erg st cm~2 sr ! in the center of the galaxy. The integrated intensity of our

91



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

map over an aperture of approximatelycgéntered on the galaxy (to match the’55
beam of the KAO) isv (1.4 +0.4) x 107* erg s cm™2 sr™!, in good agreement
with the KAO measurement. Kramer et al. (2005) and Negislai.ef2001) both
presentSOobservations of M51 and found a [ integrated intensity at the center
of4.41x10°ergs!cm2sr!and(9+2)x 1077 erg s' cm2 sr-! within an 8¢
beam, respectively, while in an aperture of the same size gasuare an integrated
intensity of (1.1 & 0.3) x 107* erg s* cm2 sr~'. Our results agree with those
of Negishi et al. (2001) but are higher than those of Kramex.g2005) by about
a factor of two. This discrepancy arises because Kramer. €2@05) applied an
extended source correction to their observations to obkesnntegrated intensity
within thelSObeam.

The [01]63 map shows a strong spiral arm morphology in the innermost
region (average S/N-40), with a similar peak in the northwest arm to that seen
in [Cn] and [N11]122. However, in contrast to the [ and [N11]122 emission,
the [O1]63 emission peaks prominently in the center of the galaxglMas been
classified as a Seyfert 2 (Ho et al., 1997), and thus we betleatethe peaked
emission in the center may be due to a low-luminosity activdeus. We measure
a total [01]63 flux within an 80 beam of(3+1) x 10~ W m~2, in good agreement
with the values obtained witt8O of (4.4 4+ 0.9) x 107> W m~2 (Negishi et al.,
2001) and~ 3.9 x 10~ W m~2 (Kramer et al., 2005). Negishi et al. (2001)
presented a survey of 34 galaxies, including those cladsaieAGNSs, or Seyfert
types. Comparison of our [J63 flux obtained for M51 with values from their
survey for AGN and Seyfert galaxies shows agreement withaceor of ~ 2 for
most sources, suggesting that our results are typical fakgs with active centers.

As we have only observed M51 along a strip iniJ®5 and [Qil1] emis-

sion, the maps cover much less area.i[Pemission is concentrated primarily in
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Figure 3.2:HerschelPACS and SPIRE spectroscopic maps of M51 of the six fine-
structure lines at their native resolution and pixel scéle.have applied agBcutoff

to all five PACS images, and the units are W’sr—!. Contours of the total infrared
flux are overlaid to direct the eye to the major features ofrther galaxy. We note
that the integrated intensity within each pixel of thel[]205 map is actually the
average surface brightness over thé h&am of each bolometer in the FTS array,
and not the average over thédixel each bolometer is centered on.
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Figure 3.2:continued

the nuclear region with a peak in the very center and a slightiecement in the
northwestern inner region of the spiral arm. There is alsstigge” extending from
the center to the southeast that may indicate a bar-liketstiet Overall, the flux
in this line is weaker than in [@], [N 11]122, and [Q]63 emission, in part due to
the fact that the line is intrinsically weak. However, thex@lso less sensitivity in
the strips than the maps due to the raster spacing in the strlee average S/N in
the central part of the [€@] map is~200, while it is only about 8 and 11 for the
central footprint in the [Qi] and [O1]145 strips, respectively. The morphology

of the center of the [@]145 strip looks very similar to the [@63 emission, only
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Figure 3.2:continued

weaker. We note here that Negishi et al. (2001) observedainj@ 45 line withISO
but did not detect it, while they measured a fluxo® + 0.3) x 107! W m~2 for
the [O11] line, twice as high as our measured valué 1) x 10716 W m~2. This
is likely because we only observed a strip in this line and ttine 80 aperture of
Negishi et al. (2001) is larger than our observed region.
In Table 3.2 we compare the total flux of each line with presiawrk. In
a region approximatel®.”7 from the center of M51, centered on thel Hegion
CCM 10, Garnett et al. (2004) usé¢d8Oto observe the same fine-structure lines as

we present here. Kramer et al. (2005) also observed M51 IBithin the center
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Figure 3.2:continued

and two locations in the spiral arms, detectingI[IC[O 1163, and [N11]122, while
Negishi et al. (2001) presented observations of the ceakentwithISO and de-
tected the same lines we have, with the exception of th¢ll4b line. To compare
our results to these previous observations, we have cédcuthe flux within the
central 80 for each line to match the beam size of a single pointing W®. In
general our measurements agree well with those of Negisthi €001); however,
our values are stronger than those of Garnett et al. (2004)s i$ a reasonable
result given that CCM 10 is located in a region outside theérabB0’ aperture and

in fact falls outside our observed region entirely.
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Figure 3.2:continued
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Figure 3.2:continued
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Table 3.2. Comparison to Previous Measurements of M51

Line Flux (10~16 W m~2)
This Work  Garnett et al. (2004) Negishi et al. (2001) Kranteale(2005)
Central 802 CCM 10° Center Centér
[Cnj(158um) 135+ 40 39+3 104 £ 21 52.92
INnj(122pum)  24+7 3.3+0.1 21 +4 14.76
[O1](63 M) 30 £ 10 1444 44+9 38.64
[O1](145um)  1.54+0.4 0.8+0.2
[O111](88 m) 3+1 842 8+3

66

Note. — Total flux measured within an‘8@perture centered on the nucleus of M51. The aperture
matches the beam size of tH&O observations. Only pixels with as5detection or better within the
aperture were included in calculating the total flux from ble@rschelmaps.

aThe number of pixels with at least a Sletection within the 80aperture varies between lines. The
[C ], [N n], and [O1]63 lines are detected in all pixels within the aperture ering a total solid angle
of 1.2x 1077 sr. The solid angle covered by the [245 emission within the aperturedss x 1078 sr,
and the solid angle covered by the [Q emission within the aperture 9 x 10~ sr.

PCCM 10 is an Hi region that lies outside the region discussed in this work.

‘These are the same data as presented by Negishi et al. (2@0gyer, an extended source cor-
rection has been applied by Kramer et al. (2005) in calagathe integrated intensity, reducing its
value.
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Table 3.3. Line to Total Infrared Flux Ratio in M51

Line 10~* Line/Frir?® Ared(")
[Cn](158 um) 40+ 10 21360
N 11](122 pum) 541 17536
[O1](63 pm) 9+3 17472
[O1](145 pm) 1.0+£0.7 3008
[On1](88 um) 2+1 2976

aAverage spectral line flux divided by the total
infrared flux, as calculated using our&ut maps
for M51. The uncertainties shown are the stan-
dard deviations.

PThe area over which each average is calcu-
lated. The variations reflect the size differences in
our maps between different fine-structure lines.

3.3.2 Line Deficits

In Figure 3.3(a) we show the [T}/ Fir ratio, which varies betweer x 10~* and
100 x 10~* with an averagel0 x 10~*. Typical measurement uncertainties (ex-
cluding calibration errors) in a given pixel ake3%, with the highest measurement
uncertainties (and thus lowest S/N)©f20% found in the pixels on the outermost
edges of the map. There are a few regions along the spiraliarthe north and
southwest of the map where there is a small enhancementmafttbecorresponding
to peaks in the [@] emission. In addition, we see a lower ratio in the centehef t
galaxy, corresponding to a slight deficit of i emission. The average [0/ Frrir
ratio, along with the linef'rr ratio for each of the other far-infrared lines, is shown
in Table 3.3. Not surprisingly, the next strongest rati@athe [Ci1]/ Frr ratio is
the [O11]63/Frr ratio. The emission from these lines accounts for betwe@i’o.

and 0.4% of the total infrared flux in this region of M51.
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Figure 3.3: (a) The [@] emission divided by the total infrared flukirg, in M51.
(b) The sum of the [@] and [O1]63 emission in M51 divided by the total infrared
flux, Frir. (c) The [CiI] emission in M51 divided by the [@63 emission. A
50 cutoff has been applied to all of the spectral line maps. Qastof Frrz are
overlaid on each ratio plot to highlight the major featuréthe galaxy.
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Figure 3.3:continued

The global [Q1]/ Frrig ratio has been measured by numerous surveys of both

nearby galaxies and high-redshift sources to investidetd@i1] deficit. Studies

of the [C1]/ Ly ratio in ultra-luminous infrared galaxies (ULIRGsS) showedidit
when compared to normal galaxies, with values of less tham0—* (e.g., Luhman

et al., 1998, 2003). This is the so-calledi[Cdeficit. Multiplying our [Cil]/ Frrir

ratio by a factor of 1.3 to convefirr to Frr (Gracia-Carpio et al., 2008), we find
that our [CiI]/ Frir range ofi3 x 1074 to 130 x 10~* with an averagé2 x 10~* is in
good agreement with previous studies of thel|(r ratio. Nikola et al. (2001)
previously investigated M51 and found that this ratio vaubetweert0 x 10-% and

140 x 10—, Stacey et al. (1985) found a global value for thel[[CFyy ratio within
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Figure 3.3:continued

the Milky Way of 30 x 10~* and on smaller scales, Stacey et al. (1993) found the
same value for the Orion molecular cloud. Crawford et al8G)Tonducted a study

of six gas-rich galaxies, including M51, and found that thigoris about0 x 10~

for this sample. Malhotra et al. (2001) found ratios of gee#tan20 x 10~* in two-
thirds of their sample of 60 normal star-forming galaxiey] &racia-Carpio et al.
(2011) found a range of values betweer 10~* and100 x 10~* for a sample of

44 AGN and starburst-type galaxies from the SHINING sur@y.smaller scales,
Contursi et al. (2002) investigated NGC 6946 and NGC 1313fandd that the
ratio for these two galaxies &) x 10—, while Contursi et al. (2013) found that

the [Cnl]/ Friy ratio varies between roughly) x 10~* and100 x 10~* for various
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regions within the starburst M82. Kramer et al. (2013) rélyattiscovered a radial
trend in the [Q1]/ Fy ratio in M33, increasing from0 x 10~ in the inner galaxy
to 300 x 10~* at a distance of roughly 4.5 kpc from the center, and thusasing
with decreasing far-infrared flux.

We also compare our results to the empirically derivediidtom Spinoglio
et al. (2012) predicting the global [ luminosity given a galaxy’s total infrared
luminosity. Using our total-infrared luminosity a@f71 x 10'° L., and Equation (33)
from Spinoglio et al. (2012), we calculate a global{fduminosity of 7.5 x 107 L,
and thus a [@]/ Ly ratio of 16 x 10~*. This value is in agreement with the lower
range of our observed values. Thus, we find that even thoug[Cau/ Frr ratio
is smaller (by up to a factor of two) in the nucleus than in tb&t of M51, it is not
as extreme as the low values seen in ULIRGs.

Negishi et al. (2001) calculated the lidgfy ratio for the same far-infared
lines we measured here with PACS. Their sample of galaxnefyding normal,
starburst, and AGN types, shows liigfg ratios consistent with those measured in
M51. Furthermore, our results for M51 are also consistettt thie results Malhotra
et al. (2001) found for their sample of normal galaxies (wetehave increased their
far-infrared flux values by a factor of 1.3 to approximatetthtal infrared flux). We
compare our results to both papers in Table 3.4. Our res@verhge values for
M51 fall within the range of ratios typically found in a vatyeof galaxy types on

unresolved scales.

3.3.3 Heating and Cooling

In Figure 3.3(b) we show a map of (Jg+[O 1]63)/Frir, Which is considered a
proxy for the total heating efficiency,(Tielens & Hollenbach, 1985). The heating
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Table 3.4. LineFrr Ratios in M51 Compared to Previous Global Surveys

Line 10~* Line/Frig
This Work* Negishi et al. (2001) Malhotra et al. (2001)
Average Range

[Cn)(258 um) 40+10 9-100 7-50 2-100
INuj222pum) 5+1 2-10 1-7 0.8-8
[O1](63 pm) 9+3 4-30 4-40 5-30
[O1](145um) 1.0+0.7 0.3-5
[On1](88 um) 2+1 0.9-8 1-10 2-20

2Note that only 5 detections are included; global values for M51 are likelyo&o
lower.

efficiency represents the fraction of energy from the inédies FUV radiation field
that is converted to gas heating through the photoelectiécte divided by the
fraction of its energy deposited in dust grains. This raépresents the heating
efficiency within the context of gas heating in PDR regime=e(s.g., Tielens &
Hollenbach, 1985). A comparison with the [ F'rr ratio shows that adding the
[O1]63 emission enhances some of the structure in the spira.aMa look at this
ratio in more detail in Section 3.4.

The [Ci]/[O 1]63 ratio is also shown in Figure 3.3(c). Cooling via the[C
line is more efficient in lower density, lower temperaturginges, while [Q]63
cooling dominates at higher densities and warmer tempasfdielens & Hollen-
bach, 1985). In this figure, the central region shows a ratieel than the rest of
the galaxy by a factor of.2—4, corresponding to the strong [[63 emission in the
center; however, the ratio remains greater than 1.0 eveyavhlrhere is a visible
increase in the ratio to upward of 6.0 along the inner parhefdastern spiral arm,
spatially coincident with the decreasingifCemission at the outer edge of the nu-

clear region. The low ratio in the center of the galaxy migllicate that the gas is
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warmer and/or more dense, and cooling by the]@3 line becomes more impor-
tant. Typical measurement uncertainties are about 8% hémoisiest pixels lying
around the edge of the map having uncertainties of up #d%.

The ratio of the two [Q] lines, [O1]145/[0O1]63, can probe the temperature
in the range arouné 300 K for optically thin neutral gas because the excitation
energiesAE /k, are 228 K and 325 K above the ground state for theg¢® and
[O1]145 lines, respectively (Tielens & Hollenbach, 1985; Kaah et al., 1999;
Malhotra et al., 2001; Liseau et al., 2006). However, the]3 line can become
optically thick at a lower column density than the (45 line, boosting the ratio of
the two [O1] lines for gas temperatures less thari 000 K (Tielens & Hollenbach,
1985). Using a & cutoff for both the [Q]63 and [O1]145 lines and noting that the
[O1]145 was only mapped along a radial strip (see Figure 3.2yy@asurements of
the ratio reside primarily in the central region of the gglatong with a few pixels
in the inner part of the northwestern spiral arm. In the aerggion the average
ratio is 0.08 with typical measurement uncertainties-09%. Taking the inverse
of this value to obtain a [@63/[O1]145 ratio of12.5 + 5.3 and comparing it with
Figure 4 from Liseau et al. (2006), we find that thel[&B line is either optically
thick with 7" > 200 K andn 2> 103 cm™3 or optically thin and hot witll” ~ 4000 K
and a density of approximately? cm=3.

We can also investigate the diagnostic plotsi(J€[O 1]63)/Frr or ([C1i]

+ [01]63)/Fpan Versus far-infrared color to look at the heating efficiencyrore
depth. Here we take the far-infared colorun®16Q:m, but typically thelRAS
color 60:m/10Qum is used. Previous work has found a correlation between the
heating efficiency and the infared color showing a decreadesating efficiency
with warmer colors, on both global and galactic scales (&lglhotra et al., 2001;

Croxall et al., 2012). This decrease has been attributecatoner dust grains be-
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coming increasingly positively charged when exposed tongter radiation fields,
thus lowering the efficiency of the photoelectric effecthdis also been shown that
there is an even tighter correlation between heating efitgi@and PAH emission,
perhaps indicating that PAHs are the primary contributagas heating rather than
dust grains in regions where |G and [O1]63 are the primary coolants (Croxall
et al., 2012; Lebouteiller et al., 2012). In Figure 3.4 wet gJ€ 11]+[O 1]63)/Frr
as a function of 70m/16Qum (top) and ([Q1]+[O 1]163)/Fpay as a function of color
(bottom). In both cases, each data point corresponds toigekimpour images and
the colors correspond to the four different regions we bthalgalaxy into for our
PDR analysis (see Section 3.4 and Figure 3.6 for more detaNe find that the
heating efficiency as traced by ([G+[O 1]163)/Fr decreases by about a factor
of two with increasing color as found by previous studiesiclvltorresponds to a
lower heating efficiency in the center of the galaxy than i@ &m and interarm
regions. When we trace the heating efficiency byI(J€[O 1163)/Fpan, We find a
variation of approximately 30% across the color space, ne@gent with general
trends found by Lebouteiller et al. (2012) in LMC N11B and gt et al. (2012)
in NGC 1097 and NGC 4559. However, this ratio does not vargiaantly for
the warmer dust, in contrast to the ([i¢+[O 1]63)/Fry ratio.

Our value for the total heating efficiency within PDRs as nueed by ([Cli ]
+ [01]63)/Frr ranges between approximatélyx 10~2 and5 x 1073, The sur-
vey conducted by Malhotra et al. (2001) found a range of \sahetweeri 0—3 and
10~2. Croxall et al. (2012) looked at NGC 1097 and NGC 4559 and dotinat
this proxy for the heating efficiency falls between approaiefy2 x 102 to 1072;
thus, our values for M51 fall within the lower range of thasults. In slightly lower
metallicity environments the ratio is about the samg.af x 102 for NGC 4214

(metallicity of log(O/H}-12 = 8.2; Cormier et al., 2010) an2l x 10~2 in Haro 11
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Figure 3.4: Top: total cooling ([G]+[O 1163) divided by the total infrared flux vs.
the PACS 7@m/16Q:m color. Bottom: total cooling ([@]+[O 1]163) divided by the
PAH emission, represented by the stellar subtracted IRAG8lux, vs. the PACS
70um/16Qum color. In both cases, one data point represents one pikel.pikels
from the nucleus, center, arm, and interarm regions are siowlack, green, red
and blue, respectively. The large yellow circles repretiaminean for each region.
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(metallicity 1/3 solar; Cormier et al., 2012). On small ssalLebouteiller et al.
(2012) investigated the Hregion LMC-N11B (metallicity~1/2 solar), and found
an average value of 5.5 x 1073 in PDRs, but the ratio decreased in regions dom-
inated by ionized gas, a trend they attribute to contanmonadif the total infrared
flux from the ionized gas where [[@ and [O1]63 do not primarily emit.

Looking at the ([QI]+[O 1]63)/PAH ratio, we find an average of 0.01,
which is less than the value of 0.07 in LMC-N11B (Lebouteil¢ al., 2012), as
well as the range of 0.035-0.06 in NGC 1097 and NGC 4559 (drekal., 2012).
Beirao et al. (2012) find that the ([d+[O 1]63)/PAH ratio varies from 0.03 to
0.1 and is approximately 50% lower in the ring of NGC 1097 thmathe nucleus.
However, Croxall et al. (2012) note that for NGC 1097 and N&5% using the
IRAC 8um map as a proxy for the total PAH emission overestimateslfbytal 0%)
the true total emission, estimated from running 8ptzerinfrared Spectrograph
(IRS) spectrum through PAHfit (Smith et al., 2007). As a samdheck for M51, we
run the IRS spectrum for M51 produced by the SINGS team (Kerinet al., 2003),
which is an average extracted from a region approximdi@lyx 35” centered on
the nucleus, through PAHfit. We then measure the total PAéhsity from within
the same region using the IRAC;/8n and compare it to the total calculated by
PAHfit. We find that for the region covered by the IRS spectrthm,IRAC 8m
map overestimates the total PAH intensity by a facto~oB.5. Applying this
correction to the ([G1]+[O 1]63)/PAH ratio in all four regions we investigate here
will bring the data points in Figure 3.4 (bottom) up by a faatd 3.5, and thus in
better agreement with the range of values determined byo{utefiler et al., 2012),
Beirao et al. (2012), and (Croxall et al., 2012). We noté¢ tha PAH map has not
been corrected for the underlying dust continuum, which peayially explain the

discrepancy between the PAH intensity measured by PAHfitlaatmeasured by
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the IRAC 8m map.

3.3.4 lonized Gas
3.3.4.1 lonized Gas Contribution to [Cil ] Emission

To compare our [@] map properly with the theoretical results of Kaufman et al.
(1999, 2006), we need to correct for the fraction ofil[Cemission arising from
ionized gas, as [€] emission can originate in both neutral and ionized gas. We
follow the method of Oberst et al. (2006) and use the diagnoapabilities of the

[N 11]122/[N 111205 and [Q1]/[N 11]205 line ratios. [NI] emission arises entirely
from ionized gas because the ionization potential of isl greater than 13.6 eV.
In addition, the ratio of its two fine-structure lines is a Siéiie probe of the gas
density in Hil regions. The critical densities of the [N122 and [Ni1]205 lines
are 293 and 44 cni, respectively, whe, = 8000 K (commonly adopted for

H 1l regions) (Oberst et al., 2006). Furthermore, at the sampdgature, the [@]

line has a critical density of 46 cm for collisions with electrons (Oberst et al.,
2006), and so the [C]/[N 11]205 ratio is primarily dependent on the abundances
of C* and N. A comparison of the theoretical ratio to the observed ratia
specific electron density will determine the fraction of f@ai] flux coming from
ionized gas. We compute the theoretical curves for the]I®2/[N11]205 and
[Cn]/[N 111205 line ratios as a function of electron density using Isgks phase
abundances of C/H 1.4 x 10~*and N/H= 7.9x 10~° (Savage & Sembach, 1996),
collision strengths for the [N] and [Cii] lines from Hudson & Bell (2004) and
Blum & Pradhan (1992), respectively, and Einstein coeffitidrom Galavis et al.
(1997) and Galavis et al. (1998) for the {iJland [CII] transitions, respectively.

We choose to adopt solar abundances here because Garneit2€04) showed
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that the C and N abundances in M51 are consistent with the galaes within

their uncertainties. We note that while M51 has a slightlyhleir metallicity than
solar (Asplund et al., 2009) and has a slight decrease inlliogyawith increasing

radius (Moustakas et al., 2010; Mentuch Cooper et al., 2@@&)nett et al. (1999)
showed that the C/N abundance ratio is not affected by nmtalgradients in two
nearby spirals, M101 and NGC 2403. Thus, we believe that taliitity gradient

will not strongly affect our results.

To measure the observed [N122/[N11]205 and [Q1]/[N 11]205 line ra-
tios, we convolved our [@] and [N11]122 maps to the resolution of the [N205
map (~17’) and then calculated the ratios. Our IJf205 map only contains a
small number of finite pixels; thus, the resulting ratio mgpge us an estimate
of [N 11]122/[N11]205 and [Ci1]/[N 11]205 (at positions observed in [IN205) that
we can use to estimate the electron density and fraction af] [€nission from
ionized gas in each region. Comparing our observed rati@aah region to the
theoretical curves (Figure 3.5) we find that the fractiorhefiCi1] emission in our
observations coming from ionized gagis 4 0.2, 0.7%5:3, 0.5703, and0.5*)7 for
the nucleus, center, arm and interarm regions, respegiiVable 3.5). Calibration
uncertainties are included and have the effect of shiftihgua ratios up or down,

but the trend from region to region will remain the same.
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Figure 3.5: Comparison of the average observed line ratibedheoretical curves
for each of the four regions we probe in M51. The black sole lfepresents the
theoretical curve for the [N]122/[N11]205 line ratio, while the black dashed line
represents the theoretical curve for the([lIN 11]205 line ratio. The pixels from
the nucleus, center, arm, and interarm regions are showladak, bgreen, red, and
blue, respectively. The solid dots show where the obseMNed122/[N 111205 line
ratios for each region fall on the theoretical curve, thimahg us to determine the
ionized gas density. The diamonds (stars) show the thealétibserved) values of
the [Ci)/[N 11]205 line ratio at the inferred ionized gas density. The rebars on
the observed line ratios include calibration uncertastie
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Table 3.5. [Ni1] Line Ratios and lonized Fraction of [

€Tt

Region Observed neAcm—3) Predicted Observed lonized Fraction
[N11]122/[N 111205 [Culizi#ed/[N 11]205” [C1il158/[N 11]205 of [C ]
Nucleus 0.9703 9gt1o 3.1103 441 0.8102
Center 0.9705 8tg’ 3.1%05 4+1 0.750%5
Arm 0.78+5-28 515 3.2705 6+2 0.5%05
Interarm 0.7670-24 415 3.270% 742 05707

Note. — These are average values for each of the four regamadscalibration uncertainties are included.
aDerived from [N11]122/[N 11]205; see text.

bDerived fromn,. and theoretical prediction of [€]/[N 11]205 ratio in ionized gas; see text.
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3.3.4.2 lonized Gas Characteristics

The fraction of N originating from diffuse ionized gas versus that origingtfrom
Hil regions has been discussed at length in the literature. Afsabdels for Hi
regions by Rubin (1985) and a later model by Rubin et al. (1884w that the ratio
between the two [M] lines, [N11]122/[N11]205, varies from 3 fon, ~ 100 cm 3
to 10 forn, > 10° cm~3. Whenn, < nuiical, the theoretical value for this ratio
is 0.7 (Wright et al., 1991; Bennett et al., 1994). Obseoratiof [N11]122 and
[N 111205 in the Milky Way show that the [N]122/[N 11]205 falls between 1.0 and
1.6 (Wright et al., 1991). Comparison between the obsernedfzeoretical ratios
implies that between 60% and 87% of theI[Nemission in the Milky Way as
measured with th€osmic Background Exploreromes from diffuse gas while the
remainder comes from H regions withn, ~ 100 cm~3. Bennett et al. (1994)
re-examine the data presented in Wright et al. (1991) andNnd122/[N 11]205 =
0.9 4+ 0.1 assuming a constant ratio, but also note that their dataedterkit when
the ratio is allowed to vary. Our observations show thai [N22/[N 11]205 ranges
betweer.76™0 ¢ and0.92703, thus approaching the theoretical lower limit of 0.7,
implying that much of the ionized gas is diffuse. Nonethglesir mean values of
the [N11] line ratios are consistent with those of the Milky Way.

Our values for the fraction of [€@] emission coming from PDRs are lower
than those determined in other nearby galaxies, as welleasouis calculations for
M51. Furthermore, a gradient in this fraction has not presip been observed in
other galaxies and is an important result. Given that weebelihat the Seyfert
nucleus is not the major source of gas excitation in the c€aé® Section 3.4.2),
the high fraction of ionized gas likely indicates that thare more massive stars

per unit volume providing the ionizing photons.
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The [N11]205 line is difficult to detect, and so it is often necessaryely
on the [CiJ/[N 111122 line ratio to determine the ionized gas fraction in tGel]
emission. This ratio requires knowledge about the dendith® gas, which can
sometimes be difficult to obtain. However, in the absenc@&lof]R05 observations
itis often the best way to estimate the ionized gas coniohub the observed [C]
emission. Malhotra et al. (2001) used the[[N 111122 emission and the Galactic
value of the [NI1]122/[N11]205 ratio to estimate that about 50% of the observed
[C 1] emission in their sample of galaxies orginiated in PDRsagneement with
our results for the arm and interarm regions. However, Kraghal. (2005) used
a similar method to determine that 70%—85% of([[&mission comes from PDRs
in M51 and M83. This is a much higher value than what we deteenaising the
[N 111205 line for M51, especially in the center and nuclear ragiovhere we find
that a large fraction of [@] emission is coming from ionized gas. In both cases the
correction was applied globally, but our results demonsttiaat this method may
not accurately correct the observed [{Zemission and thus lead to incorrect results
when comparing observations to PDR models.

The [O111] line can also be used to probe the ionized gas. One diagnos-
tic used for high-redshift galaxies is the ratio IfJQ/[N 11]1122. Ferkinhoff et al.
(2011) showed that this ratio can constrain the hardnedseof/i/ radiation field
as the ionization potentials of N and @re 14.5 and 35 eV, respectively, while the
[N 111122 and [Qn] lines have critical densities of 310 and 510 Ciyrespectively.
This means that the line ratio is relatively constant as &tfan of gas density. If
the emission arises from iHregions, then the ratio gives an indication of the ef-
fective stellar temperature of the ionizing source(s)h# émission comes from an
AGN, particularly from the narrow-line region (NLR), theti@indicates the value

of the ionization parametel]. This parameter represents the photon density of the
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incident radiation field on a molecular cloud divided by tlae density of the cloud
and gives an indication of the amount of dust absorbing thzilog flux (Luhman
et al., 2003; Abel et al., 2009).

In their Figure 1, Ferkinhoff et al. (2011) compare their etved [Oi1]/
[N 111122 line ratio to that predicted for H regions using the model of Rubin
(1985), as well as the ratio predicted for an NLR within an AG$ing the model
of Groves et al. (2004). For their high-redshift galaxy, th@o satisfies either
model as well as a combination of the two. We find that for thelews region
of M51, which represents the area covered by the PACS ppnetas function, the
[O1])/[N n]122 ratio is0.33 + 0.05, while for the somewhat larger ‘center’ region
we measur@.23+0.05. Following the method of Ferkinhoff et al. (2011), we com-
pare our observed ratios to model predictions. Assumingthigaemission is from
an Hii region, our results suggest that the most luminous stalB@(¥acca et al.,
1996) for both the nucleus and center regions. On the othwt, lifave assume that
the emission is from the AGN, our results imply a small iotica parameter of
10~* to 1073, which means the incident ionizing flux is weak. A comparisén
our average [@1]/ Frrr ratio to model predictions of the ratio for AGN and star-
burst galaxies from Abel et al. (2009) shows that our ratidfl is also consistent
with a low value ofU. Furthermore, Satyapal et al. (2004) conducted a survey of
galaxies with low-luminosity nuclei using IRS LWS spectropy, including M51.
They determined that the flux of the [@] line, which is only excited in AGNs
due to the strong ionization potential of© (55 eV), is lower in the nucleus of
M51 than in typical AGNs. This result also indicates weakwatgtin the nucleus
of M51. Thus, we conclude that the Seyfert nucleus in M51 issignificantly

affecting the excitation of the gas.
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3.4 PDR Modeling of Observations

We compare our observed line ratios to the PDR model of Kanfetal. (1999,
2006). This model probes PDRs with two free parameters, lyathe density of
hydrogen nucleip, and the strength of the FUV radiation field incident on thé®D
Gy. Kaufman et al. (1999) consider a density rangé@fcm =3 < n < 10”7 cm 3
and an FUV radiation field range o6—%° < G, < 10°°. Here we look at the inner
part of M51 by carrying out a pixel-by-pixel comparison beem the model and
our observations and consider pixels within four regioasnaly, the “nucleus”, the
“center”, the “arm,” and the “interarm” regions. These mws were distinguished
using flux cutoffs in our total infrared flux map (Figure 3.d)isolate the nucleus
from the rest of the center region and the spiral arms fromiritexarm regions.
Breaking the galaxy down into four distinct subregionswiais to probe the gas in
different environments within the galaxy. These regiorsaurtlined in Figure 3.6
with cutoff maximum fluxes 0.6 x 107 and3.7 x 107> W m~2 sr! for the
interarm and arm regions, respectively. The center regamsists of everything
above3.7 x 107°> W m~2 sr ! except for the central nine pixels which comprise
the nucleus. We note that with a pixel scale 6fid our maps, each pixel is not
independent from its neighbors. In Table 3.6 we list theayeilintegrated intensity

measured in each region for each of the five far-infraredglihat we have observed.
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Figure 3.6: Schematic of the four regions into which we daid51 for our analy-
Sis.
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Table 3.6. Average Intensity of Fine-structure lines byiBeg

Region Integrated Intensity (W m? sr!)

[Cn](158 pum) [N11](122 pm) [O1](63 um) [O1](145 pm) [Om](88 um)
Nucleu¢ (1.44+0.1) x 1078 (3.240.2) x 107 (84+1) x 107 (74+2) x1071%  (1.0£0.1) x 1079
CenteP  (1.14+02) x10™® (1.74£0.4) x 10719 (2.9+0.7) x 1071 (34+1) x 107! (84+2) x 10711
Armg®  (1.2405) x 1071 (1.44+0.9) x 107" (34+1) x 10711 (44+1) x 10711 (84+2) x 10711
Interarntt (5 4+2) x 107! (84+3) x 10712 (1.840.5) x 10711 (3.240.8) x 10711 (1.7+£0.4) x 10710

Note. — Average integrated intensity measured in the foffiergint regions for each of the far-infrared fine-structlimes,

using our maps with acbcut applied. The uncertainties shown are the standard to@va
4The number of pixels included in this measurement is 9 fofivallines.

PThe number of pixels included in this measurement is 13éfef€1i], [N 11]122, and [0]63 lines, 95 for the [@]145 line,

and 93 for the [Q1I] line.

°The number of pixels included in this measurement is 583, 568, 46, and 61 for the [C], [N 11]122, [O1]63, [O1]145,

and [O111] lines, respectively.

4The number of pixels included in this measurement is 607, 394, 38, and 23 for the [@], [N 11]122, [01]63, [01]145,

and [O11] lines, respectively.
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In Figure 3.7(a) we show the [I/[O 1]63 ratio versus the ([G@]+[O 1]63)/Frr
ratio for M51 overlaid on the parameter space defined by bfiesnstant log¢/cm )
(dotted lines) and lag, (solid lines) adapted from plots in Kaufman et al. (1999).
The authors of that paper note that for extragalactic s@utdég recommended that
the observed total infrared flux be reduced by a factor of twadcount for the
(optically thin) infrared continuum flux coming from bothetffront and back sides
of the cloud, whereas the model assumes that emission isconiyng from the
front side of the cloud, just as the fine-structure lines dereHve have applied this
correction to our observed total infrared flux in order to pame it properly with
the PDR model. However, in this plot we have not yet correfbedhe fraction
of [C11] emission arising from ionized gas (see Section 3.3.4 ftail$y. We also
note that thef’r;g we use for our comparison to the Kaufman et al. (1999) model is
equivalent to their bolometric far-infrared flux.

With the exception of the nucleus, all of the data points temdluster
around one locus and approximately one-third of the pixalsolutside of the pa-
rameter space covered by the models. The]J{© 1163 versus ([GI]+[O 1163)/Frrir
parameter space actually provides two possible modelisokitOne is a low=,,
high-n regime, and the other is a regime with more moderate valuelsdih pa-
rameters. We do not display the Iai;, high-z solutions as we can eliminate these
solutions by considering the number of clouds emitting mithur beam. When
we compare the model-predicted I[[Cemission based on the values@§ andn
to our observed [@] emission, we find that we would require a filling factor (i.e.
the number of PDRs) of upward af)?, which is an unreasonably large number
of clouds along the line of sight. This is the same reasongeglby Kramer et al.
(2005) to eliminate the lowr, high-n solution. Thus, for the remaining discussion

we consider only the moderateand G solutions.
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Figure 3.7: Our observed data are overlaid on the PDR modelafrlines of
constant log{/cm~3) (dotted lines) and laog, (solid lines). One data point rep-
resents one pixel. The pixels from the nucleus, center, amd, interarm re-
gions are shown in black, green, red, and blue, respectiya)y{C11]/[O 1163 vs.
([Cn]+[O 1]63)/Frr prior to removing the fraction of [@] emission from ionized
gas. (b) [Q1])/[O 1]63 vs. ([Ci]+[O 1163)/Frir With the [CiI] emission corrected to
remove the fraction originating in ionized gas, and the]g3 emission corrected
for an ensemble of clouds (see text).
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Figure 3.7:continued
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3.4.1 Adjustments to the [Ci] and [O1]63 Lines

A proper comparison to the PDR model of Kaufman et al. (198guires us to
make two adjustments. The first is to remove the fraction af][€mission from
ionized gas, as the model only applies tol[[Gemission from PDRs. We use the
results from Section 3.3.4.1 to correct ouri{Pmap.

The second correction is applied to thel]J&8 map. The Kaufman et al.
(1999) model is a plane-parallel slab that only experierazescident radiation
field on one side, which is the same side from which we obsemisston from
the far-infrared cooling lines. In the case of M51, there @@y clouds within
a given PACS beam, and the irradiated side of an individwalctlis not always

oriented such that it is facing us. Kaufman et al. (1999) icauthat the velocity
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dispersion for such an ensemble of clouds, combined witlagsemption that the
[O1]63 line will become optically thick much faster than eithiee [C11] line or the
total infrared flux, means we observe only1J63 flux emitted from clouds with
their front (lit) sides facing toward us, but we will obserf¢&i1] and total infrared
flux from all clouds. Thus, we only see about half of the to@l]63 emission
from all PDRs within our beam, and as a result we multiply theesved [Q]63
emission by a factor of two for comparison with the PDR model.

The resulting parameter space after theiJ@nd [O1]63 results have been
corrected is shown in Figure 3.7(b), and the values»fand GG are presented in
Table 3.7. Comparing the two panels of Figure 3.7, we canlsdeatter applying
the appropriate corrections to theljCand [O1]63 emission there is a general shift
of pixels to lower values of ([@]+[O 1163)/Frr. In addition, pixels from the center
and nuclear regions have decreased more in}{f®© 1163, as expected. Looking at
Table 3.7, we see an increasernifiby approximately an order of magnitude for all
four regions after we apply our corrections. Likewise d@ggncreases by 1.5.

We use our derived values farandG to determine the range in the surface
temperature of the gas using Figure 1 from Kaufman et al.{L.9Ehe temperatures
for the uncorrected [@] and [O1]63 observations, as well as for the full corrected
case, are given in Table 3.7. In general, the cloud surfao@deatures increase
after the corrections are applied, while there is a decreatamperature from the

central region to the interarm region.

3.4.2 Possible Contamination from the Seyfert Nucleus

The [01]63 emission peaks in the nucleus of M51, and as a resulf/O 1163

is lower in the center than in the rest of the galaxy. In additihe [Oill] line is
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Table 3.7. Properties of the Gas Derived from the PDR Model

Case Region logfcm™3)  logGy T (K)

Uncorrected Nucleus 2.25-2.75 2.0-25 170-320
Center 1.5-2.75 1.0-2.5 70-1070
Arms 1.5-3.0 1.0-2.25 60-820
Interarm 1.5-3.25 0.75-2.25 50-820
Corrected Nucleus 3.5-4.25 3.25-4.0 240-475
Center 2.5-4.0 25-3.5 170-680
Arms 2.0-3.75 1.75-3.0 100-760
Interarm 2.25-3.75 1.5-3.0 80-550

4The uncorrected case includes all of the observed][@mnis-
sion.

PThe corrected case includes onlyijTemission from neutral
gas, and the [@]63 has been increased by a factor of two as de-
scribed in Section 3.4.1.

also brightest in the nucleus and center regions, thusatidighigher densities and
warmer temperatures in the center of the galaxy. This isistarg with the results
of our PDR modeling, but it is also possible that some of thg§® emission from
the nucleus is not arising from starlight but rather fromahbeating. Once the
temperature of the gas behind a shock front has cooled doeloev 5000 K, the
[0 1163 line dominates the cooling for densities below cm—3 (Hollenbach & Mc-
Kee, 1989). If indeed some of the [{®B3 emission did arise from shocks rather than
stellar radiation in PDRs, then this correction would méwat the [C1]/[O 1163 ra-
tio attributable to PDRs would increase in the center of thiexy. Thus, the data
point(s) in Figure 3.7 would shift upward and to the left ie frarameter space, thus
decreasing the gas density, and possibly the valug,ads well, although quanti-
fying this effect would be difficult. As a result, the gradieve observe in density

and radiation field due to PDRs would become less promineertaMb note here
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that some of the total infrared flux may originate in non-PBRsh as H regions.

Reducing this flux would move our data points to the right igure 3.7.

3.4.3 Implications of PDR Model Results

The range of densities, temperatures, and FUV radiatichgteéngths presented in
Table 3.7 agree with the range of temperatures that we olotetime [O1163/[O 1]1145
line ratio if the [O1]63 line is optically thick " = 200 K). In calculating these re-
sults, we have assumed that the corrections we applied tolmarvations of the
fine-structure lines (i.e., removing the [ emission originating from diffuse ion-
ized gas and accounting for [(B3 emission escaping away from our line of sight)
and the total infrared flux (reducing the total observed flyxalfactor of two to
remove emission originating from the back side of or everohdythe cloud) are
correct for comparing our observations to the PDR model. &l@w it is possible
that some of the remainingr;z emission originates from regions other than PDRs
(such as Hi regions or the diffuse ISM), meaning less than half of thaltob-
served flux comes from PDRs. In such a case, the data pointe itCorrected”
panel of Figure 3.7 would shift to the right, thus resultingawer values ot~, and
higher densities. Looking at this figure, we see that we céyreduce the fraction
of Frr originating in PDRs to approximately 1/8 of the total obsetinfrared flux
before our data would no longer be consistent with the PDRaiddhus, our data
and analysis are consistent with at least 12% and at most 5@ arising from
PDRs in M51.

Our values of» andG, are in good agreement with previous extragalactic
surveys. Furthermore, our results agree with resolvedestad individual galaxies.

However, none of these studies show a decreasing trendaddiinsrsuch as we show
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Table 3.8. Properties of the Gas from the PDR Model and Mena Riatios

Region Average Averagé log(n/cm™3) logGy
([C1L] + [01)(63 pm))/Frir  [C11]/[01](63 pim)
Nucleus (5.3+£0.2) x 1073 0.18 £ 0.01 3.75-4.0 3.25-3.75
Center (5.01 £0.05) x 1073 0.60 +£0.01 3.0-3.25 2.75-3.0
Arms (7.35 £ 0.06) x 1073 1.18 £0.01 2.75-3.0 2.25-2.5
Interarm (8.10 +0.09) x 103 1.14 £ 0.02 2.75-3.0  2.25-25

aUncertainties are the standard error for the means. Cabbrancertainties are not in-
cluded.

here, not only because of resolution constraints, but a¢s@lise most previous
work has not looked at variations with region within an indival galaxy. Kramer
et al. (2005) searched within the center of M51, as well agi@sitions in the spiral
arms withISO, however, they were unable to resolve any differences lerivilee
three locations.

We see that the arm and interarm regions have approximaggaime range
of Gy andn despite lower star formation rate surface densities inrnkerarm re-
gion. This may indicate that molecular clouds and star foionaare similar in
the arm and interarm regions, but there are just fewer clpedsinit area in the
interarm regions. To confirm this result, we have calculdteimean values of
[Cn)/[O1]63 and ([Ci]+[O 1163)/Frir for each region and compared them to the
PDR model. The results are summarized in Table 3.8. We alspare these
results with surveys and individual galaxies in Table 3.9.

Finally, we compare our values 6, with those determined using other ap-
proaches. First, assuming that all of our observed infrlitechas been converted
from the impedent FUV flux by dust grains, we can compare therried values

of G, from the PDR model to the observéd;z in M51. To convert the observed
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Table 3.9. Comparison of the PDR Characteristics Measur&tbil to Previous

Studies
Paper Source(s) log(cm™3)  logGy
This work Nucleus 3.75-4.0 3.25-3.75
e Center 3.0-3.25 2.75-3.0
Arms 2.75-3.0 2.25-2.5
e Interarm 2.75-3.0 2.25-25
D) Normal galaxies 2.0-4.0 2.0-4.0
2) AGN, starbursts, normal 2.0-4.5 2.0-4.5
3 NGC 5713 4.2 2.8
4 NGC 4214 3.3-35 2.9-3.0
(5) NGC 6946, NGC 1313 2.0-4.0 2.0-4.0
(6) M83, M51 2.0-4.25 2.5-5.0
(7 NGC 1097, NGC 4559 2.5-3.0 1.7-3.0
(8) M33 (BCLMP 302) 2.5 1.5

References. — (1) Negishi et al. (2001); (2) Malhotra et20();
(3) Lord et al. (1996); (4) Cormier et al. (2010); (5) Contwesal.
(2002); (6) Kramer et al. (2005); (7) Croxall et al. (2018) Mook-
erjea et al. (2011).

integrated intensity of the TIR continuum we follow Kramerag (2005) and cal-
culateGS™ asar 152 /2(1.6 x 1072 erg cnm? s71), where 52 is the observed total
integrated intensity reduced by a factor of two, to consaidy emission from the
front side of the cloud, as described above. We find mean sdbre=5™ of 120,

100, 35, and 15 for the nucleus, center, arm, and interariorregrespectively, in
fairly good agreement with those determined by Kramer et28l05), who found
values of roughly 76, 20, and 15 for the nucleus and two loaatiin the spiral
arms of M51. The ratio of the observed radiation field to thatfthe PDR model,
GP1Gy, gives us a filling factor for the clouds within each beam. el fill-

ing factors of roughly 2%—7%, 10%—20%, 10%—20%, and 4%—8%hf®nucleus,
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center, arm, and interarm regions, respectively. The IdiNeig factor in the inter-
arm region is consistent with our theory that there are fest@uds in this region
than in the spiral arms.

Next, we compare the model-predicted value&pto the value of the FUV
field determined using dust SED modeling by Mentuch Coopat.€2012). They
model the SED using the model of Draine & Li (2007), which paeterizes the
ISRF withU, a scaling factor of the average Milky Way ISRF spectrii,y from
Mathis et al. (1983). We note here that the conversion betweand G, is U =
0.885, (Draine et al., 2007). The ambient ISRF is represented irdtist SED
model byU,;,. In addition, the model has a “PDR” component that represant
stronger radiation field due to massive stars. This comparmnprises a sum of
intensities withU scaling factors ranging betweén,;, and 10Uyw. Mentuch
Cooper et al. (2012) find that the typical ISRF in M5%i5 to 10 times that of the
average value in the Milky Way, and their analysis coverscergral region of the
galaxy where we have mapped our fine-structure lines. Theyddtermined that
the PDR component contributes at most about 2% of the talatian field within
the same region.

Ideally, we would make a direct comparison betwégnmeasured in this
work and the total strength of the radiation field measuretliwthe PDR compo-
nent as measured by the dust SED model. However, this valsenotareported
by Mentuch Cooper et al. (2012). But we do point out that thet 83lED modeling
suggests that only 2% of the dust content is exposed to thegsBEDR component,
whereas we find that at least 12% of the total dust continuumssom originates
in PDRs. This difference may arise due to the different cphoéa PDR in each
model. The Kaufman et al. (1999) picture adopts a PDR as angmnrevithin the

ISM where FUV photons have a significant effect on the chesnistthat region,
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which can include regions with weak (i.e., ambient) valueso(Tielens & Hollen-
bach, 1985). On the other hand, the dust SED model of Draing(107) assumes
that the PDR component is exposed to a radiation field ab@vartibient field, and
thus may overlook some PDRs as defined by the Kaufman et &9)18odel. Our
models produce in some sense an average measuig@fer all regions within a
single PACS beam (including regions with both low and highvR@diation field
strengths), and so perhaps it is not surprising that our umedssalues of, are

larger than the value df ;..

3.5 Conclusions

We present newerschelPACS and SPIRE observations of the grand design spi-
ral galaxy M51 of the important fine-structure linesI[{{158 xm), [N 11](122 and
205 um), [O1](63 pm), [O1](145 pxm), and [O1](88 1m). We measure several
diagnostic ratios, including [C)/ Frr, ([C1I]+[O 1]63)/Frir, [CH]/[O 1163, and
[O1]145/[01]63. We find a [QI]/Frir ratio of 4 x 1072 on average, consistent
with previous results for M51, as well as other nearby ga&suin various sur-
veys and resolved studies. Furthermore, we see a slighitdeftbis ratio in the
central region of M51 when compared to the surrounding enwrent, and the
([Cn]+[O 1]63)/Frr ratio suggests reduced heating efficiency in these cemtral r
gions. We also find that the [N]122/[N 11]205 ratio indicates that diffuse ionized
gas dominates these emission lines.

We divide the disk of M51 into four regions to conduct a pikgHpixel
analysis in each region to investigate possible variatiatisn the properties of the
interstellar gas. We determine that the fraction of ionigad contributing to the

total observed [@] emission is approximately 80% in the nucleus of the galaxy
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and decreases to 50% in the arm and interarm regions. TH&46/[O1]63 ratio
indicates that the [@63 line is optically thick in the inner region of M51. We
correct for both the [@] optical depth and the ionized contribution to thel[{C
emission in our analysis.

We compare our observed line ratios in each region to the PD&ehof
Kaufman et al. (1999) and find that the incident FUV fluxesGge~ 10%2°-10*9,
10%2°-10%7, 101°-10%°, and10'*-10*° for the nucleus, center, arm, and interarm
regions, respectively. The density of hydrogen nuclgijs 103-°-10%2°, 10%5—
1040, 10291037, and10%2°-10*25 cm~3 for the nucleus, center, arm, and interarm
regions, respectively. These derived values are similéndase previously seen in
M51 on larger scales, as well as global results of numerolasiga in surveys such
as Malhotra et al. (2001).

We show for the first time that botk, andn decrease with increasing radius
within M51. Furthermore, we find that the arm and interarmaeg, despite having
different star formation rate surface densities and playgicocesses, show approx-
imately the same incident FUV field and density within theiolecular clouds.
Finally, our data and analysis suggest that PDRs contritetieeen 12% and 50%

of the total infrared emission in M51.
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4.1 Introduction

A comprehensive understanding of the interstellar medil8M] of a galaxy re-
quires a multiwavelength probe of both the gas and dust caegs, as well as
knowledge of the morphological and dynamical features efghlaxy on a global
scale. Galaxies that are nearby provide excellent laboestto study the properties
of the ISM because the current capabilities of infrared arwisllimeter observato-
ries allow us to study them on resolved scales, down to slapdisec (kpc) scales
in some cases. Centaurus A (Cen A; NGC 5128) is an examplesofwch galaxy
in which we can investigate the gas and dust componentslassufea few hundred
parsecs, as itis only.8 + 0.1 Mpc away (Harris et al., 2010).

Cen A (1325"27.6, —43°01'09”) has a unique morphology as it is a giant
elliptical that appears to have swallowed a smaller diskxgaht some point during
its past (e.g. Tubbs, 1980). The disk provides a prominest ldme through the
center, and shows a strong warp, giving it an ‘S’ like shapefedred wavelengths
(Leeuw et al., 2002; Quillen et al., 2006; Weil3 et al., 2008kih et al., 2012).
Cen A is the closest galaxy with an active galactic nucleuSNAand associated
radio jets extending approximately # either direction (e.g. Combi & Romero,
1997; Israel, 1998). It is also rich in gas, both atomicifthnd molecular (k)
hydrogen (Morganti et al., 2008; Struve et al., 2010) as agltarbon monoxide
(CO) as observed in various rotational transitions (Rislét al., 1987; Eckart et al.,
1990; Quillen et al., 1992; Rydbeck et al., 1993; Parkin et2fl12). For a detailed
summary of the physical properties of the galaxy see IsE#g) and Morganti
(2010).

Recently, Parkin et al. (2012) presented new photometsemations at 70,
160, 250, 350 and 500m using the Photodetector Array Camera and Spectrometer
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(PACS; Poglitsch et al., 2010) and the Spectral and Photanietaging Receiver
(SPIRE; Griffin et al., 2010) on thelerschel Space ObservatofRilbratt et al.,
2010). Through dust spectral energy distribution (SED) etioty they determined
aradially decreasing trend in dust temperature from ab@ta 20 K, and combined
the resulting dust map with a gas map (created with L&(3 — 2) observations
from the James Clerk Maxwell Telescope and anrHlap (Struve et al., 2010)) to
produce a gas-to-dust mass ratio map. This ratio also shaadial trend from
Galactic values of roughly 100 up to 275 near the center,dtraributed to local
effects on the ISM from the AGN. Here, we extend the invesitgeof the disk of
Cen A by combining thélerschelPACS photometry with new PACS spectroscopic
observations of important atomic fine structure lines tdprihe neutral and ionized
gas.

Fine-structure lines such as [(158 xm), [N 11](122 and 205:m), [O1](63
and 145.,m) and [Oi11](88 um) (hereafter [GI], [N 11]122, [N 11]205, [O 1163, [O 1]145
and [O1], respectively) play a crucial role in the thermal balantéhe gas in the
ISM by providing a means of gas cooling via photon emissidhemathan colli-
sional de-excitation. The [@] line is a tracer of both neutral and ionized gas as C
is produced by far-ultraviolet (FUV) photons with energgater than 11.26 eV, and
it is the dominant coolant of the aforementioned lines withrainosity of roughly
0.1-1 % that of the far-infrared (FIR) luminosity in typiogdlaxies (e.g. Stacey
et al., 1985, 1993; Malhotra et al., 2001; Gracia-Carpialgt2011; Parkin et al.,
2013). Atomic oxygen has an ionization potential greatantthat of hydrogen
(13.6 eV), thus the two [Q] lines trace neutral gas, while the [N and [O111]
lines trace ionized gas. These lines are predominantlydaniphoton dominated
(photodissociation) regions (PDRs) andiHegions.

A commonly used diagnostic of the heating efficiency of the mathe
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(IC n]+[O 1]63)/ Frir (or sometimes [Q1]/ Frr) line ratio, which represents the
relative contributions of the FUV flux to the heating of gassus dust (Tielens &
Hollenbach, 1985). Observations show that as infraredutotwreases (thus dust
temperature), the heating efficiency decreases becaustugbarains and poly-
cyclic aromatic hydrocarbons (PAHS) that provide free etats for gas heating via
the photoelectric effect, have become too positively obeitg free more electrons
(Malhotra et al., 2001; Brauher et al., 2008; Gracia-Gamgi al., 2011; Croxall
et al., 2012; Braine et al., 2012; Lebouteiller et al., 20C2ntursi et al., 2013;
Parkin et al., 2013). A similar trend called the “jG deficit” was originally ob-
served in ultra-luminous infrared galaxies (ULIRGS), whis a decrease (com-
pared to normal galaxies) in the [ Fyr to as low10~* (e.g. Luhman et al.,
1998, 2003).

To determine physical properties of the gas we need to camptos of our
observed fine structure lines to those predicted by a PDR mblere are a number
of models which explore the characteristics of PDRs suctaa®ishoeck & Black
(1986, 1988), Sternberg & Dalgarno (1989, 1995), Luhman.€t1897), Storzer
et al. (2000), Le Petit et al. (2006) and Rollig et al. (2Q0@)t one of the most
commonly used models was first developed by Tielens & Holehl{1985), con-
sisting of a plane-parallel, semi-infinite slab PDR. The igasharacterized by two
free parameters, the hydrogen nucleus densjtsgnd the strength of the FUV radi-
ation field,G, normalized to the Habing Field,6 x 1072 erg cnt? s~* (Habing,
1968). This model has now been updated by Wolfire et al. (199@l)enbach et al.
(1991), and Kaufman et al. (1999, 2006).

Probes of PDRs and cooling lines in Cen A have previously loaened
out by Unger et al. (2000) and Negishi et al. (2001) using tbed_Wavelength
(LWS) spectrometer on thimfrared Space ObservataryUnger et al. (2000) ob-
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served Cen A at four pointings along the dust lane and fotipd~ 10? and
n ~ 103 cm~3. Using the same observations, Negishi et al. (2001)dipd= 107
andn ~ 10** cm3. In samples of galaxies such as those of Malhotra et al. (2001
and Negishi et al. (2001), global values t&s range from 18to 10*® andn ranges
between 1®and 16-° cm=3. In this paper, we look at the PDR characteristics of
Cen A on more resolved scales (roughly 260 pc at tHerédolution of the JCMT)
in search of radial variations.

The paper is organised as follows. We describe our data gsoagfor the
spectroscopic observations in Section 4.2, and discussgerbservational results
in Section 4.3. In Sections 4.4 and 4.5 we compare our obsengao theoretical

models and discuss their implications, and summarize toik wm Section 4.6.

4.2 Herschel Observations

4.2.1 PACS spectroscopy

The data for the five fine structure lines observed with the PAtStrument were
taken on 2011 July 9 using the unchopping grating scan moedeh Bbservation
consists of a set df x 1 footprints extending eastward along an orientation angle
of 115 east of north. One footprint covers a field-of-view of’43er side and
the footprints are separated by”30The PACS instrument consists of 25 spatial
pixels (‘spaxel’), thus we obtain 25 individual spectra feotprint! The basic
observational details for each line are summarized in Tddlewhile outlines of
our observations are shown overlaid on a map of the totadied flux (see below

for details) in Figure 4.1.

IPACS Observer's Manual (hereafter PACS OM; HERSCHEL-HSDE20832, 2011), avail-
able from the ESAderschelScience Centre.
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Figure 4.1: The total infrared flux calculated using Equatiol for Cen A. The
HerschelPACS footprint for our observations is shown as a white regiawhile
the yellow circle outlines our SPIRE FTS footprint. Uniteam W m~2 sr.

From Level O to Level 2 the PACS spectroscopic observatiompi@cessed
with the standard pipeline for unchopped scans using thedHet Interactive Pro-
cessing Environment (HIPE; Ott, 2010) version 9.2 withloaiion files FM,41.
For details of the pipeline see Parkin et al. (2013) or the PATata Reduction
Guide? Level 1 cubes are exported to PACSman v3.5.2 (Lebouteillat.e2012)
where each individual spectrum is fit with a second orderpatyial and Gaussian
function for the baseline and line, respectively. Lastlg aveate a map by project-

ing the rasters onto a common grid with a pixel scale of 3133 Figure 4.2 we

2Available  for  download from  the ESA Herschel Science Centre.
http://herschel.esac.esa.int/hcss-doc-10.0/inge¥pscsspec:pacspec
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show the final mosaicked observations for thel([[Gss, [N 11]122, [O 1]63, [O 1]145

and [O111]gs fine structure lines.
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Table 4.1.

Basic details of théerschelspectroscopic observations of

Centaurus A

Line Wavelength OBSID Date of Map Size FWHMIntegration
(pem) Observation "%’ @) Time (s)
[O1] 63.184 1342223819 2011 Jul 9 0.%24.0 ~9.3 1886
O] 88.356 1342223817 2011 Jul 9 0.%24.0 ~9.3 3194
[N 1] 121.898 1342223818 2011 Jul 9 0.X24.0 ~10 3198
[O1] 145.525 1342223815 2011 Jul 9 0.X24.0 ~11 5840
[Ci] 157.741 1342223816 2011 Jul 9 0.X2.0 ~11.5 1886
[N1] 205.178 1342204036 2010 Aug 23~ 2’ diameter circle 17 17843

aValues are from the PACS Observer's Manual and the SPIREr@drsé Manual.

upied * 'L —SISayL ‘q’ud
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4.2.2 SPIRE spectroscopy

The SPIRE Fourier Transform Spectrometer observation otaleus A consists
of a single pointing with full Nyquist sampling and high spat resolution. The
205 um line comes from observations using the SPIRE short wagéie(sSW)
bolometer array, consisting of 37 hexagonally arrangedrheters with a combined
total field-of-view of 2.6 (although only bolometers within the central 2.0 are
well calibrated)?

We processed the observation using HIPE v11.0 developagt$ 2652 and
calibration set v10.1 using the standard pipeline (seeatlal. (2013) for details),
then fit the resulting spectral line in each bolometer witima function. Finally, a
map is produced by integrating over each line at a resolwion 16” and with a

12’ pixel scale.

4.2.3 Ancillary Data

We also incorporate previously published PACS photometry0aand 160um
(Parkin et al., 2012). These data have been reprocessegl HHE v9.0 (cali-
bration file set FM,41) and&NAMORPHOSV21 and were set to a final pixel scale
of 1.4 and 2.83 for the 70 and 16(:m maps, respectively. From the same paper
we also make use of the CO(= 3 — 2) observations taken at the JCMT. Lastly,
we make use of th8pitzerMIPS 24 ,m data, reprocessed as described in (Bendo

etal., 2012).

3Hereafter SPIRE OM. Document HERSCHEL-DOC-0798 versidr(2une 2011), is available
from the ESAHerschelScience Centre.
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4.2.4 Final Steps for Analysis

The PACS and SPIRE spectroscopy were convolved to a commoluten match-
ing that of our COf = 3 — 2) observations from the JCMT (1pusing Gaussian
kernels. The MIPS 24m and PACS 70 and 160m maps were convolved to the
same resolution using the appropriate kernels from Anidad €2011). All of our
maps were resampled onto a pixel scale df, 5&ch that each pixel is mostly inde-
pendent. Lastly, we mask out all detections belawih our spetroscopic maps to
ensure robust line ratios.

Calibration uncertainties are 4% for the MIPS 2@ photometr§, 5% for
the PACS 70 and 160m maps (PACS OM). The PACS spectroscopic maps have
30% calibration uncertainties (PACS OM) while the SPIRE FN&p has a 7%
calibration uncertainty (SPIRE OM).

4.3 Results

4.3.1 Morphological Properties

Figure 4.2 shows our PACS and SPIRE spectroscopic mapsatétige resolution
and pixel scale. The [@] emission, tracing both neutral and ionized gas, shows
a smooth decrease overall from near the center of the gata®tyetedge of our
map. There is a curve in the strongest{{Cemission, which is coincident with the
70 pm emission shown in contours. The peak is at the end of thid fiedicated

by the two highest 7@um contours in black), and is a factor of roughly 100 times
higher than the outer part of the map. This peak has also sn@eviously in

the HerschelPACS 160um band as well as the three SPIRE photometric bands

4MIPS Instrument Handbook, available at http://irsa.ipattech.edu/data/SPITZER/docs/mips/
mipsinstrumenthandbook/home/
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at 250, 350 and 50@m and in CO{J = 3 — 2) emission (Parkin et al., 2012).
Furthermore, Quillen et al. (2006) presengtzerinfrared Array Camera (IRAC)
photometry that demonstrate a parallelogram shaped mmggident with our [Q1]
observations. The total flux in our [ map is(4.268+0.002(stat)+1.280(cal)) x
10~ W m~2, over an area of approximately 11200 square arcsecondsvalue
is in fairly good agreement with Unger et al. (2000), who fdatotal flux for their
center and south-east pointings (those which overlap oserghtions) o3.83 x
10~ W m~2 covering a total area of 11100 square arcseconds given BID's
beam. Any disagreement likely is due to the fact that our olagi®ns are not
entirely spatially coincident with theirs.

The [O1]¢3 and [O1]145 maps reveal the distribution of neutral gas, and
they too show a curve downward in emission, as seen in the @nission, with
the intensity falling off radially away from the center regi The total flux in these
linesis(1.17140.002(stat)4-0.351(cal)) x 10~ W m~2 and(1.0064-0.003(stat )+
0.302(cal)) x 107 W m~2 at 63 and 145:m, respectively. Interestingly, the
strongest emission peaks in the innermost region, unligg¢@hi] emission, which
shows a weaker enhancement at the center compared to thip tifetiie curve.
Peaked central emission in [Qy; has also been observed by Parkin et al. (2013)
in the nucleus of M51, where it was attributed to shocks pcedwby the Seyfert 2
nucleus. Cen A has a strong central active galactic nuckgalj, thus itis possible
we see the same type of behaviour in the center as in M51. Ffusther supported
by the fact that while our [@)]45 flux is in good agreement with Unger et al. (2000),
who found a total flux of approximately1 x 10> W m=2 in their center pointing
with I1SO, their [O1]g3 flux is 1.96 x 1071* W m~2 in the center alone, with another
5.1 x 10~ W m~2 in their south-eastern pointing. Thus, a large fractiorheftbtal

[O 1]63 flux likely originates in the nucleus, outside the range af@servations.
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Figure 4.2: The maps of oliterschelPACS and SPIRE spectroscopic observations
of the far-infrared cooling lines at their native resoluati@nd pixel scale. We have
applied a 3 cut to these maps to highlight robust detections. Unitslimages
are W nt2 sr-t. Contours from théderschelPACS 70:m photometric map are
overlaid on top with the levels correspondingter 1076, 1.5 x 1075, 3.0 x 1075,

6.0 x 107% and7.5 x 107> Wm~2sr !,
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Figure 4.2:continued

The [N 11]122, [N 11]205 and [O111] fine structure lines trace ionized gas.
The ionized gas shown by the [N122 and [O111] line emission traces the neutral
gas and dust emission well in the inner half of the map withrspaetections at
greater than adlevel further out. While there is an enhancement near theecen
of the galaxy, the peak of the ionized gas as traced by the][M emission is at
the tip of the curve and is a factor of 2 times greater than thergparts of the
inner curve, and an order of magnitude larger than the owtes pf the map. In

contrast, the peak emission in j@] is coincident with the peak of the [Qg3; and
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Figure 4.2:continued

[O 1]145. There are also a few other peaks of emission, one at the tipecfurve
and a little pocket in the middle of the strip in the south, ethis weakly visible
in the [N 11]122, but not in the maps of neutral gas. The total flux ofi[Q in our
observations i$5.50 + 0.01(stat) & 1.65(cal)) x 10~'> W m~2, while the total flux
in the [N 1], line is 2.014 + 0.004(stat) £ 0.604(cal)) x 107> W m~2. Unger
et al. (2000) find a flux of.2 x 10> W m~2 in [O 1] for the center pointing, and
1.5 x 107 W m~2in [N 1], for their center pointing, and an upper limit in their

south-east pointing of the same flux.
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Figure 4.2:continued

The area covered by our [N].o5 map is different than the other five lines
we present here, as the observations are centered on tlreaswtlthe galaxy. We
see that there is a strong detection across the disk, withmass®n peak that is
roughly a factor of 40 larger than emission detected abodebatow the plane. A
comparison between the 70n contours and the [Ni],05 shows that the 7@m
peak slightly to the northwest of the center is also detertéde ionized gas, and
that the warp in the disk is also visible in the [Nog5 line. The total flux in this

map is(6.42 + 0.07(stat) + 0.45(cal)) x 107> W m~2,
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Figure 4.2:continued

Lastly, in Figure 4.1 we show the total infrared flux of Cen Ahiah is
needed for our comparison of observations with the PDR miad&tction 4.4. We
calculated the total infrared flux usirgpitzerMIPS 24 ym photometry (Bendo
etal., 2012), PACS 70 and 16(n photometry (Parkin et al., 2012), and the empir-

ically determined equation for the total infrared flux (omlimosity) from Galametz

et al. (2013),

FTIR = (2133 + 0.095)V24F24 + (0681 + 0.028)V70F70
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Figure 4.2:continued

This map covers the entire disk of Cen A; however, we only hsa¢gion

overlapping with our spectroscopic maps for our analysis.
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Table 4.2. Total integrated flux for the PACS cooling line€ien A.

Line F (10" WwWm2)?* Ared(d)

[Cu] 4.268 4 0.002 11232
[Ni]i22  0.2014 + 0.0004 9792
[O1]63 1.171 4 0.002 11080
[Oi]45  0.1006 +0.0003 10512
(O] 0.550 = 0.001 10656
[Ni]oos  0.642 +0.007 22752

aTotal integrated flux of each atomic fine
structure line we observed for Cen A. Note
that the uncertainties exclude those due to
calibrations.

PThe area in square arcseconds over which
each total is calculated. The variations re-
flect the number of good pixels included in
the sum.

4.3.2 Line Ratio Diagnostics
4.3.2.1 [C||], [O |]63 and Frir

The [C 1]/ Frir line ratio for Cen A is shown in Figure 4.3 (a). At first glance
there does not appear to be any trend with radius; howevamwbmpared with
the 70um continuum emission overlaid in contours, it appears ther slight
increase with radius ranging from approximat8lyk 102 in the center, td x
1072 in the middle of the strip, and then a decrease in the outdrnegson of
the map, indicating a slight deficit toward the center of théagy. The average
of this ratio across our strip is (5 + 1) x 1073. This ratio is often given by
[C 1]/ Frir, WhereFrr = Frrir/1.3 (Gracia-Carpio et al., 2008) is the far-infrared
flux. Correspondingly, our observations correspond to @eanf3.9 x 1072 to

7.8 x 1072 and an average @6.5 & 1.3) x 1072 for the [C 1]/ Frr line ratio.
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The [C11]/ Frr line ratio has been probed on resolved scales in other galax-
ies, including M82 (103 — 10~2; Contursi et al., 2013), NGC 6946 and NGC 1313
(8 x 1073; Contursi etal., 2002), M5K4(x 10~3; Parkin et al., 2013) and the Orion
Molecular Cloud in the Galaxy3(x 10~3; Stacey et al., 1993). Our observed line
ratio for Cen A is in good agreement with the values in othéaxgas as well as a
previous determination of this line ratio by Negishi et 20Q1) of3.2 x 10~2. On
global scales, the [@] deficit appears when comparing ULIRGs to normal galax-
ies. For example, Luhman et al. (1998) and Luhman et al. (PROBULIRGs have
a [C ]/ Frr line ratio of less thail x 10—, which is an order of magnitude lower
than in normal galaxies (Crawford et al., 1985; Malhotral e2801; Negishi et al.,
2001). Thus, we believe that the deficit observed in Cen Ai®hthe same degree
as in ULIRGs, but is similar to that found in M51 (Parkin et 2013).

The line ratio of ([CII]+[O 1]¢3)/ Frir (Figure 4.3 (b)) gives us an indication
of the heating efficiency in Cen A. The [C] and [O1]¢; lines are the dominant
coolants in the neutral gas of PDRs. Thus, their strenglh tisl how many FUV
photons contribute to gas heating, assuming every fre¢reteproduced via the
photoelectric effect eventually results in the emissioa ¢€ 11] or [O 1]s3 photon.
This value is then divided by the total infrared flux, whicdicates how many FUV
photons result in dust heating if we assume all dust grarasiaited by FUV flux
eventually re-emit infrared continuum emission and thalimg else contributes to
heating the dust grains. Like the [/ Frrir line ratio, the heating efficiency shows
a slight increase with radius, with values ranging frém 1073 to 8 x 10~3 with
an average of6 + 2) x 1073, This suggests the heating efficiency is lower toward
the center of the galaxy where there is a harder FUV flux asateld by the [O11]
emission, which also peaks in the center. Our value for #tis Is consistent with

previous measurements in Cen A. Unger et al. (2000) find sevalld x 1073 in
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Figure 4.3: Maps of the [@]/ Frrir (a), ([C1HTH[O 1]e3)/ Frir (b), [C1H]/ICO(J =
3—2)(c),and COf = 3—2)/Frr (d) line ratios for our observed region of Cen A.
Contours of theHerschelPACS 70um emission are overlaid on top, with the same
contour levels as in Figure 4.2.

their center and south-east regions, but theit r&&olution could not identify the
radial trend that we see here. In other galaxies this rapac#&yly varies between
1.6 x 1072 and 102, such as is found by Malhotra et al. (2001), who studied 60
normal, star forming galaxies on global scales.

We can also look at the heating efficiency as a function ofanefd color,
70um/16Qum (which indicates dust temperature), as shown in the toplpdr-ig-

ure 4.4. Here we have divided our strip into eight radial kassshown by the
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Figure 4.3:continued

schematic in Figure 4.8 (a), and each point represents t@ag® value in each
bin with the standard deviation. The innermost bin (showmeih) has value of
~ 5 x 1073, then we see an increase in the middle bins of up to alfost 03
(shown in blue), then a decrease again in the outermost Aihg trend is em-
phasized in the bottom panel of Figure 4.4, where we show tagblthe heating
efficiency as a function of dust temperature, which was detexd by Parkin et al.
(2012). The innermost bins show the warmest dust. A decri@akeating effi-
ciency with increasing infrared color (and thus dust terapee) has been previ-

ously observed within individual galaxies by Lebouteiligral. (2012) in an Hi
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Figure 4.3:continued

region within the Large Magellanic Cloud, by Croxall et &0(12) in NGC 1097
and NGC 4559, and by Parkin et al. (2013) in M51.

4.3.2.2 Molecular Gas Cooling

CO can also play a role in the cooling budget, as it too coutebto the cooling via

its rotational lines. In Figure 4.3 (d) we show the line r&@iO(J = 3 — 2)/ Fry for

Cen A. This ratio is quite weak, varying from rougltlys x 10~7 t0 4.6 x 10~5, with

an average of2 +1) x 10~°. There does not appear to be any trend with increasing

radius in this line ratio, unlike the other line ratios dissad here. Assuming the
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Figure 4.3:continued

0.00002

CO(J = 3 —2)ICO(J = 1 — 0) ratio is 0.3, typical for the diffuse ISR(Wilson
etal., 2009), these ratios correspond to a C&(1—0)/ Frriy ratio of approximately
8.3x107%t0 5.8 x 1075. The average value of the [Q/CO(J = 1 —0) line ratio is
(2.1+1.3) x 10% across our strip (see Figure 4.3 (c) for a map of the flTO(J =
3 — 2) line ratio), which is lower than that found for a sample @frburst galaxies
and Galactic star forming regions including Cen A, which 36 (Stacey et al.,
1991). One possible region for such a discrepancy is thatdhelation found in

Stacey et al. (1991) is for Galactic star forming regions giothal values averaged

SNote this ratio is calculated when the CO integrated interssare both in units of K kms'. It
becomes 8 when the CO fluxes have been converted to units of ¥ m
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Figure 4.4: The sum of the [@] and [O I]¢; cooling lines divided by the total
infrared flux, Frrir for Cen A. Each data point represents the average valuenaathi
bin, as described below in Section 4.4. Systematic unceigaidue to calibration
are not shown. Top: the ([G]+[O 1]¢3)/ Frir line ratio plotted as a function of
the 7Qum/16Qum color. Bottom: The ([QI]+[O 1]¢3)/ Frr line ratio plotted as a
function of dust temperature.
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over entire galaxies. Our observations fall in betweendles scales, and perhaps
there is more CO emission on the scale of our strip compardge:tiC11] emission.
By converting the CO flux to a molecular hydrogen mass we caoigpare
our various lineFrr ratios with recent results from Gracia-Carpio et al. (2011
These authors investigated the parameter space oflinels. Lrir/Mys for a
subset of the SHINING sample of galaxies. The rdtigr/My» loosely represents
the number of stars formed per unit mass of molecular gas mieotitime. To
convert our CO{ = 3 — 2) integrated intensity to an Hnass, we assume a-¥
factor of (2 £ 1) x 10?° cm2 (K km s71)71, typical for the Milky Way (Strong
et al., 1988), and a CO(= 3 — 2)/CO(J = 1 — 0) ratio of 0.3, appropriate for the
average ISM (Wilson et al., 2009). Since we do not have glotedsurements for
the various fine structure lines, we opt to instead meaburg/ My, for each of the
radial bins (see below) and probe local scales. In Figurevé.plot the linefrrir
ratios vs. thelLrr/Mp, for each of the bins in Cen A. Our results are consistent
with those from Gracia-Carpio et al. (2011) at the low endhefLrr/ My, Scale.
However, we do not probe to high enough scales to see thetdeke effect at

Lrir/Mys 2 80 Ly Mg as shown by Gracia-Carpio et al. (2011).

4.3.2.3 lonized Gas Source

The observed [M1]gs/[N 11]122 line ratio has been used in high redshift sources to
interpret either the strength of the ionization parameéfervhich is the number of
ionizing photons divided by the gas density within the narlioe region of an AGN
(Abel et al., 2009), or the stellar classification of the ygest stars in an H re-
gion, depending on the type of region one is investigatiregKirhoff et al., 2011).
We have taken the average observedi[{J[N I11];22 and plotted it in Figure 4.6 as

a black dotted line, with the shaded region outlining thegeaaf values within cal-
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Figure 4.5: The [Q1I] (top) and [O11] (bottom) line ratios divided by the total
infrared flux, Frir for Cen A, plotted as a function dfrr/My2. Each colored
data point corresponds to a bin as described in Figure 4.8.
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ibration uncertainties. Overlaid on the observed ratiofane predicted line ratios
as a function of stellar temperature from theiHegion models of Rubin (1985)
as shown by the dashed lines. The various colors repredésredit gas densities.
Our results fall within a stellar effective temperature ppeoximately3.45 x 10*
and3.62 x 10* K, which corresponds to stellar classifications of 09.5 o(@&ca
et al., 1996). The dash-dotted lines overlaid on the plotesgnt various narrow
line region models from Groves et al. (2004). Comparing e of our obser-
vations to the coinciding models we see that if the centraNA@as influencing
the surrounding gas out to the limits of our observations,itimization parameter
would range from lo§y = -4 to -3.2, corresponding to a fairly weak AGN. Given
that we are not probing the AGN directly, it is more likely @111 ]ss/[N 11]12 line
ratio is indicating that stars are producing thei legions within our observations,
or perhaps both the AGN and the stars. If the AGN were to douiei partially
to the observed emission it might explain why our observedi[Js/[N 11]122 line
ratio is higher (and thus the stellar classification is e&rkihan is observed in M51

(Parkin et al., 2013).

4.3.3 The contribution of ionized gas to the [Gi] emission

The emission in the [Gi];55 line comes from three sources: dense neutral gas,
ionized gas, and diffuse neutral gas. For us to properlizatihe photodissociation
region model in Section 4.4 to interpret our diagnosticifdirared spectral lines,
we need to isolate the [(T] 55 emission from the dense neutral gas found in PDRs.
The ionized gas contribution can be determined by compaviiegobserved line
ratios, namely the [N1]122/[N 11]205 and [C11]158/[N 11]205 ratios to a theoretical

prediction for each line as a function of electron densityamH 11 region (e.g.
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Figure 4.6: A comparison of the average observed [{3s/[N 11],2, line ratio for
Cen A to predicted line ratios for models of aniHregion as well as a narrow
line region AGN model. The black dotted line represents tloba average over
our observed line ratio, while the shaded region encompabgerange of values
within uncertainty. The dashed lines show the predicteel tatio as a function of
effective stellar temperature (bottom axis) for various dansities using the H
region model of Rubin (1985). The dash-dotted lines repriete predicted line
ratios for the NLR regions as a function of the log of the i@tian parametet/
(top axis) for various gas densities and power law indicesutie model of Groves

et al. (2004).

Oberst et al., 2006; Parkin et al., 2013). To calculate tkellpopulations (and

thus the predicted fluxes) for the two [N transitions we employ the Einstein

coefficients from Galavis et al. (1997) and collision stitisgrom Hudson & Bell

(2004). For the [QI];55 line level populations we use the Einstein coefficients

of Galavis et al. (1998) and collisions strengths of Blum &diran (1992). Due

to the lack of accurate measurements of the gas phase alwaesdainC or N, as

well as the metallicity in Cen A, we adopt Solar gas phase @é&aces and assume
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no metallicity gradient within the region we are investiggt The abundances
we choose are from Savage & Sembach (1996), and are=C/Ht x 10~* and
N/H=7.9 x 1072,

Our observed [NI]122/[N 11]295 line ratio is initially calculated for the small
region of overlap between the observations of the two liné¢e convolve the
[N 11]122 to the resolution of the [Ni]ss (17”) and align the two maps and re-
grid to a common pixel scale. Next, we convert the units of[Mel];,, map to
match those of the [M]y5, Jy beam!, and then calculate the line ratio in each of
the overlapping pixels. We follow the same steps in prodyitie [Ci1]158/[N 11]205
line ratio.

Using theoretical curves of the line ratios as a function letteon den-
sity for an H1l region, we determine the electron density at which our oleser
[N 11]122/[N 11]595 ratio matches that of the theoretical prediction for eacielpiWwe
find a mean electron density of 6.3 ciwith lower and upper limits of 0.8 and
12.3 cn1®. Given that there is little overlap between our {ifhy; map and our
[N 11]120 map, we choose to take the mean observed ratio and standéati@eas
the adopted [Ni]122/[N 11]205 measurement for the full area of our PACS observa-
tions. Thus, we find [N1];22/[N 11]505 = 0.8 + 0.2, and create an [N],0; map that
we can then, in turn, use to create an observenl]fz/[N 11]205 map.

With the electron density known, we then determine the ttézal predic-
tion for the [C1]58/[N 11]595 ratio in the ionized gas. Dividing the predicted ratio
map by our observed ratio map provides us with the fractig@of] emission orig-
inating in Hil regions. This is then subtracted from ourl[G5s map. In Figure 4.7
we show the fraction of [@];55 emission coming from ionized gas along the disk
of Cen A covered by our observations.

For comparison with the PDR model in Section 4.4, we remogdrtction
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Figure 4.7: The fraction of [@],55 emission originating from ionized gas for the
eastern half of the disk of Centaurus A.

of [C 11],55 emission coming from ionized gas, which in general is qute IThe
majority of our map demonstrates a contribution of roughdytd 20%, with the
pixels showing the highest ionized gas contribution fgllat the edge of the map

farthest from the center of the galaxy, where the signaledise is lower.

4.4 PDR modelling

A comparison between observed line ratios and a PDR moa&slis to diagnose

the physical properties of the molecular clouds from whioh fine structure line
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emission originates. Here we choose to use the PDR model ofnéa et al.
(1999, 2006), which has been updated and expanded from tdelrob Tielens
& Hollenbach (1985). This particular model assumes the PD& plane-parallel,
semi-infinite slab and is only parameterized by two freealdds: the hydrogen
gas densityy, and the strength of the impeding far-ultraviolet (FUV)iedbn field
normalized to the Habing field 6 x 1073 erg cnT2 s~!; Habing, 1968)(,. The
model simultaneously treats the thermal balance, chem@aork and radiative
transfer and produces a grid of predicted fine structuresirengths as a function
of n andG(. By comparing observed line ratios to the predicted onesamegtract
the corresponding andGy,.

For our investigation we choose to utilize the line ratiogmaeter space of
[C 11]158/[O 1]63 VS. [C1]158+[O 1]63)/ Frrir. In order to search for radial variations
in the disk of Cen A we have divided our observed line ratio snapo eight bins
of pixels to measure. and Gy. The area of our line ratio maps is displayed in
Figure 4.8 (a), where the bins are color-coded and labelleé. average observed
values in each bin are overlaid on the PDR model grid in Figude(b), with the
error bars incorporating both the measurement and cabirancertainties of the
observations as well as the standard deviation of the daadh bin. We note here
that the total infrared fluxfrr, has been reduced by a factor of two as recom-
mended by Kaufman et al. (1999) to accommodate the facthlatthserved total
flux emits from both the near and far sides of the cloud(s) beeat is optically
thin; however, the model assumes it only emits from the sigg@sed to the source
of FUV flux. The resulting values of, GG, and the temperature at the surface of the
PDR,T, are presented in Table 4.3 under the “Uncorrected” heading

The PDR model assumes the (53 emission originates only in neutral

gas, but as described in Section 4.3.3,[Igss emission can be produced in both
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neutral and ionized gas. Thus, to properly compare our gagens to the model
we need to remove the contribution from the ionized gas. \&fe aéed to make a
correction to the [Q]g3 observations that stems from geometrical effects of many
PDRs in a given observation for extragalactic sources. \WdP&Rs at all orienta-
tions with respect to our line of sight, but observed emissioly escapes from the
lit side of the PDR when the line is optically thick, as is tlase for the [Q]g3 line.
Kaufman et al. (1999) state that as a result of the optichilsktline and various
PDR orientations, we only observe about half of the totallJ§ emission pro-
duced, while the remaining half radiates away from the lihsight. Thus, we opt
to follow this advice and increase our observed]§ flux by a factor of 2, as we
have previously done with M51 (Parkin et al., 2013). We shioafully corrected
line ratios compared to the PDR model in Figure 4.8 (c) andl&b the results in
Table 4.3. We see that with these changes the data pointsiethih and slightly to
the right, corresponding to increases in b6thandn.

As a consistency check, in Figure 4.8 (d) we also show a casganf
our observations with the PDR model parameter space|fl®© 1].45 vs. ([Cn] +
[O 1]63)/ Frrir, Which has the advantage of the optically thini[Q; line. We find
that this parameter space gives consistent solutions ford G, as those derived
from the plot in the bottom left panel of the same figure. Th&ssures us that our
assumption that the [@Qg3 line is optically thick is valid.

We note here that there is a second solution in this paramspgere which
diagnoses the molecular clouds with a weakgr(~ 10° — 10%™)and highern
(~ 10*® — 10*2?5). However, comparing our observed [§integrated intensity to
that predicted by the PDR model based on the second soltiti@second solution
would suggest that there are up to a few thousand PDRs alarigliea of sight,

which, despite the fact that Cen A is almost edge on, seenileebnivithin a 14’
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Figure 4.8: (a): A schematic of the radial bins we divide observed line ratio
maps into. The colors in this image correspond to the datatpan the other
three panels of this figure. (b): A comparison of our obserfeedl uncorrected)
[C 11]/[O 1]63 and ([C11]+[O 1]63)/ Frrir line ratios to the PDR model of Kaufman
et al. (1999) for the eastern half of Centaurus A. The datatpaepresent our
observations, each color corresponding to a radial bin@asisim the top left panel.
The solid lines represent contours of constantdgwhile the dotted lines represent
curves of constant log (c): The same plot as in the top right panel, but here the
[C 1] and [O1]g3 have been corrected as described in the text. (d): Our obderv
[C 1]/[O 1]145 and ([C1]+[O 1]g3)/ Frir line ratios compared to the PDR model.
The lines and data points are the same as in the top right atahbteft panels.
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Table 4.3. Properties of the gas derived from the PDR model

Case Bin  logt/cm™3) logGo T (K)

uncorrectetl 1 (2.25-2. 0 75 (1.5-1.75§05, (120-170§55°
2 (20-2.255)7 (1.5-1.75)0% (140-210:{410
3 (2.25-2. 5:{0 5 (1.5-1. 751832 (120-1701450
4 (25275500 (1.5-1.75Y532 (110-150 470
5 (2.5-2. 75:{ (1.5-1.75§02 (110-1501470
6 (2.5-2.7 0 25 (1.5-1.75)0%  (110-150}3 470
7 (2.5-2. 75:{0 2 (1.5-1.75§ )5 (110-1501470
8 (2.75-3.0§p2 (1.75-2.0§03:  (130-170)%;

corrected 1 (3.0-3.2 0 25 (2.0-2.25) 32 (155—200118
2 (2.75-3. o:tg gg (2.0-2.25Y22  (160-200) %
3 (3.0-3.255)%° (2.0-2.25§0%  (155-200) )
4  (3.0-3. 25:{ (1.75-2.0y05:  (125-160)57
5 (3.0-3. 25:{0 5s  (1.75-2.0y0%  (125-160)3)
6 (3.0-3.2550% (1.75-2.0 025 (125-160 (;’g
7 (3.0-3. 25:{8 gg (2.0-2. 251832 (155-200)59
8 (3.5-3.75)0%° (2.5-2.75)f3 (200-260:{110

Note. — The values reported for 16, log(n/cm=3), and T show the
best fitting range from the model grid in brackets. The lowaits on these
values are calculated by subtracting the lower uncertdnoty the lower
end of the best fitting range, while the upper limits should¢&leulated by
adding the upper uncertainty to the upper end of the besidfitdnge.

4The uncorrected results include all of the observed [€mission.

PThe corrected results include only [ emission from neutral gas, and
the [O1]63 has been increased by a factor of two to account for mltip
PDRs.
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Figure 4.8:continued

beam. A similar argument has been used by Kramer et al. (20@5Parkin et al.
(2013) to infer that this solution is invalid. Thus, we elimate this solution for the

discussion aspects of this paper.

4.5 Discussion

The heating efficiency and [C]/ Frr line ratios found along the strip of Cen A
are consistent with values found in normal, star-formingadpyalaxies as was
discussed above in Section 4.3.2, with average valud§ df 2) x 1072 and ~
(54 1) x 1073, respectively. We also see, for the first time, a slight deseen

efficiency toward the center of the galaxy, which tells usdhbst grains and PAHs
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Figure 4.8:continued

that provide the free electrons for gas heating are likelyob@ng too positively
charged for the photoelectric effect to take place effityerithe most likely cause
of the heating deficiency is the AGN itself, as it generateard hadiation field. We
do see support for this in Figure 4.2 in the (@ and [N 11];5, lines, which show
peaked emission near the edge of our observations towarkttier of the galaxy.
We also see strong [N],g5 emission in the nucleus of the galaxy. In contrast, we
also see the strongest [i}; emission toward the center of the galaxy, indicating
the presence of neutral gas. However, this line can alsodieaitive of gas heating
via shocks (Hollenbach & McKee, 1989).

In Parkin et al. (2012) a radially decreasing trend in bothdhst temper-

ature and the gas-to-dust mass ratio was reported, impsgnee influence on the
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Figure 4.8:continued

surrounding ISM by the central AGN in Cen A. Interestinglyg do not see a radial
trend in the density of hydrogen nuclei,nor the strength of the interstellar radi-
ation field impeding onto the molecular cloud surfaégs within the combined

statistical plus calibration uncertainties (calibratiorcertainties not shown in Fig-
ure 4.8). Even within one standard deviation of the meanevaleach bin, there is
little trend with increasing radius from the center (onlg thutermost bin shows a
significant deviation from the other bins; however, this rhaylue to the low signal-

to-noise in the pixels). Correspondingly, the surface terature of the clouds also
does not show a radial trend, in contrast to the dust temyrerathese results sug-
gest that the physical properties of the molecular cloudses the center in our

observations are not being affected strongly by the AGN.
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One possible explanation for this might be the high inclorabf Cen A
with respect to the line of sight. Cen A has an inclinationaighly 75 (Quillen
et al., 2006) so it is nearly edge on. If we were only diagngsite characteristics
of clouds from the nearest side of the galaxy, we might noeplesany effects
of the AGN on the surrounding clouds. However, while we hai¢he [O1]g3
line is optically thick, [O1]145 is not, and it is unlikely the [G1], and Frrg are
optically thick as well. Thus, it is more likely that any effs the AGN might have
on the surrounding gas are diluted because we are integetirssion over clouds
through the arm and interarm regions as well as any in thaitwcof the AGN
along our line of sight.

Another possibility to explain why the dust, tracing theenparts of giant
molecular clouds (GMCs) and the diffuse ISM, is affected hg AGN but not
the PDR gas, is that the AGN is affecting these regions of 8\ more so than
around the edges of GMCs, where warm PDRs tend to exist dgeémt massive
star formation. This might be plausible if the X-rays proeddy the AGN are
affecting the diffuse ISM more than the PDRs, and an appoéxiaction of the
observed dust continuum is from the diffuse ISM.

We also note that the dust temperatures are colder (20—-3@a() those
in the gas (roughly 100-300 K). This may not be surprisingthes far-infrared
continuum is optically thin and thus we are probing deepertine cloud, whereas
the PDR model only provides us with the temperature of theagdke surface.
Furthermore, Parkin et al. (2012) fit the dust SED betweenntD5®0,m where
the dust grains are more likely to be in thermal equilibriurthdheir surroundings,
while the hotter dust grains would be better representedityimfrared continuum,
such as at 24m map, which is often used as an obscured star formatiorrif@ate

et al., 2005; Calzetti et al., 2007, 2010; Kennicutt et &09).
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4.5.1 Inferred Physical Conditions from PDR Modelling

In Section 4.4 we found that the average value&gtandn across the disk ranged
from ~ 10-7-10" and ~ 10%>7-10%" cm~3, respectively. These results are
consistent with those previously published by Unger etZ8100), who foundr, ~

102 andn ~ 103 cm~3, as well as by Negishi et al. (2001) who fouég = 10*7
andn = 10%! cm™3 for Cen A. The properties of the molecular clouds are also
consistent with those found by large surveys on global scalée 60 galaxies in
the Malhotra et al. (2001) sample sha@’ < G, < 10*° and10?ecm ™3 < n <
10*° cm ™3, while the full sample of Negishi et al. (2001) shows a ranfy2@3 to

10! for bothn andG,, wheren is in units of cnr?.

We also compare our results to those found for other indalidialaxies.
Contursi et al. (2013) investigated the PDR charactesstithin four regions of the
starbust M82. They found that within their central starkarsd disk components,
Go = 2500, n = 900 cm~3, andG,, = 450, n = 220 cm™3, respectively, consistent
with the results for Cen A. Croxall et al. (2012) found valf@sG, andn of 10*"—
10*Y and 1G-°-10*° cm~3 for the Seyfert 1 galaxy NGC 1097 and the spiral galaxy
NGC 4559, while Contursi et al. (2002) found valuestgf andn of 10*°-10"°
and10%°-10° cm~3 for the two spiral galaxies NGC 6946 and NGC 1313. Lastly,
in M33, a nearby spiral, Mookerjea et al. (2011) fidg = 32 andn = 320 cm3.
Thus, Cen A has a lower value f6l, for M82, but a higher value fat7, than M33,
and is in fairly good agreement with the range of value§gandn found in other
sources.

In contrast to the values f@¥, andn found in normal or starbursting galax-
ies, Wilson et al. (2013) investigated the elliptical ggiddGC 4125 and found that

the [C]/[O 1]g3 line ratio is greater than 3—4 (including calibration uriagtties)
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and ([Cu]+[O 1]¢3)/ Frir is greater thar.3 x 10~3. These values would place it
left and upwards in the parameter space in Figure 4.8(b)reégian where only the
low Gy, highn solutions lie (not shown in the figure). We choose to compazed
line ratios for NGC 4125 with our uncorrected results for @elbbecause the [@]
emission from NGC 4125 was not corrected for ionized gasadh it is likely that
NGC 4125 is ionized gas dominated given that only an uppat fon [O | 3 IS
determined but there are significant detections ini[N; and [Ci1]. Furthermore,
Welch et al. (2010) find only an upper limit in CO emission fa684125.

Crocker et al. (2011) studied 12 early type galaxies and daimeir star
forming properties to be similar to other star forming géax Crocker et al. (2012)
studied a subsample of early type galaxies from the ATt'ASurvey (Young et al.,
2011) and found diagnostic CO line ratios in many of thesevgas that were
consistent with those of typical spiral galaxies. Thus, @elikely has a more
normal ISM than NGC 4125 when compared to samples of eldptind lenticular

galaxies, as well as spiral galaxies.

4.5.2 Potential Non-PDR contributions to observed lines

We note that there is a possibility that of thel[Cemission stemming from neutral
gas, some may come from the diffuse ISM rather than from PIMRIsis were the
case, the data points in Figure 4.8 would shift downward arnté left. However,
Unger et al. (2000) looked into this possibility and con@ddhat less than 5%
of the [C 1] emission originated in non-PDR gas within their ISO obaéons of
Cen A. Furthermore, we calculate the ratio of/H | using the maps from Parkin
et al. (2012) and find an average value of roughly 5 througlatea covered by our

spectroscopic strips, suggesting that the gas is molekldldominated.
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In addition, it is possible that not all of the observEgyr emission stems
from PDRs as well; for example, it could come fromiiHegions. Looking at the
right panel of Figure 4.8 we see that we can reduceithg by roughly a factor of
3 before our data become inconsistent with the PDR models,Tatueast 1/6 (the
extra factor of two comes from the fact that we have alreadyced the observed
flux for comparison with the PDR) of the observegi emission in Cen A comes

from PDR gas.

4.5.3 Comparison to M51

Parkin et al. (2013) investigated the same atomic fine stradines in central
~ 2.5" of M51 by dividing the galaxy into four distinct regions: thacleus, center,
arm and interarm regions. They discovered a radial trendtin the fraction of ion-
ized gas (from about 80% in the central region of the galaxyrdim 50% in spiral
arm and interarm regions) as well as in the properties of tbkecalar cloudsn,
Gy andT'. However, they also discovered that in addition to the fadénd, the
molecular clouds in the arm and interarm regions displagegame physical char-
acteristics, despite differing star formation rate swefdensities. We now discuss
the similarities and differences between the propertigb®fiyas in both M51 and
Cen A.

To give any meaning to this comparison we first need to contliéestar for-
mation rate (SFR) and star formation rate surface densikR(H, X(70). We esti-
mate the SFR of Cen A by using the equation derived empiyitgiLi et al. (2013)
that uses the luminosity of théerschelPACS 70um map (their equation (4), with

the calibration constant determined for their combinea@skttas listed in their Ta-

178



Ph.D. Thesis — T. J. Parkin McMaster - Physics & Astronomy

ble 5):
SFR(70) = 1.18 x 107 *3L(70), (4.2)

where the SFR rate is given inJWr~! and the luminosity at 7@m is given in
erg st. With this equation we obtain a total SFR in the region codédrg our
70 um map of approximately 3.7 Myr~!. Li et al. (2013) caution that the SFR
determined with this equation for regions larger than apipnately 200 pc may
be overestimated by up to 50% because Equation 4.2 assuatels(10) is en-
tirely associated with recent star formation activity. Hwer, on scales larger than
200 pc diffuse 7Qum emission may account for half of the observed luminosity.
Each pixel in our 7Q:m map has a ¥2scale, corresponding to a physical size of
roughly 220 pc, at the limit of scale the equation is valid féowever, since we are
summing over the disk to obtain the total SFR, we will conatively assume half
of the 70um is not associated with current star formation, reducireggdbserved
SFR to~ 1.85 Mg yr—.

Next we need to estimate the SFRD for Cen A. Since it is edgevbile
M51 is face on, we want to determine the area of the disk of CdrntAvere face-
on, as well. For simplicity, we assume the disk is circulad ake the radius to
be that of the edge-on disk. Given the warped nature of tHewdéstake two ra-
dius measurements as lower and upper bounds (3,®e8responding to upper and
lower limits on the SFRD oE(70) = 0.014-0.04 M, yr—! kpc~2. For consistency,
we apply the same equation to M51 using only the area coverdlebfine struc-
ture line observations in Parkin et al. (2013), which is fuygt9 kp&. We obtain
a value for the SFR in this region of M51 of 4.85.Mr~*, thus a star formation
rate surface density of 0.05 M, yr=! kpc=2 (again assuming 50% of the 70n

is from recent star formation). In comparison, Kennicu9&) reports a global
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mean SFR density of approximately 0.02 Mr—! kpc=2 for M51, while Kennicutt
et al. (2007) find a range of SFR densities between 0.001 anMQ.yr—! kpc—2

for 257 apertures centred oniHregions within M51. Thus, the range of values for
the SFR density in Cen A is roughly consistent with those éonM51.

With the SFRDs of both galaxies in mind, we can first compaedbating
efficiency as a function of the 70m/160um ratio between the two galaxies. In
Parkin et al. (2013) it was shown that the average value ®htating efficiency
was abouts x 1072 in the arm and interarm regions of M51, then decreased to
3 x 1072 in the nucleus. In Figure 4.4 we see that this ratio is shighitjher in
Cen A than in M51, with a value df x 102 in the bins closest to the AGN, a peak
of 7.5 x 1072 in the middle of the strip, and a value 6fx 102 in the outermost
bins. This implies that M51 has a higher content of chargest grains and PAHs
than in Cen A, which is consistent with the presence of thaiBggnt amount of
ionized gas observed in the central region of M51.

Next, we compare the mean values of thel[gO 1]s3 and ([Cil]+[O 1]63)/ Frrir
line ratios for each of the four regions of M51 with those freach of the radial
bins of Cen A on the PDR model [CJ/[O 1]g3 versus ([C]+[O 1]g3)/ Frrir param-
eter space in Figure 4.9. The values#andG, in Cen A are consistent with those
of the arm and interarm regions of M51 within uncertainteegn for the innermost
bins in our observations. However, the nuclear and centgome of M51 have
slightly higher values forn and G, and a higher ionized gas fraction. This is an
interesting result because both galaxies have activersemgh M51 containing a
Seyfert 2 nucleus (Ho et al., 1997); thus, we might expecilairproperties in their
central regions. We note that we do not have observatioesttlirof the nucleus
of Cen A; however, the result stands even if we ignore theausctegion of M51

because the center region contains molecular clouds vgtiehidensity that are ex-
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Figure 4.9: A comparison of the PDR model results for thealablins of Cen A
with the PDR model results for the four regions in the inngjioe of M51 from
Parkin et al. (2013).

posed to a stronger radiation field than those in Cen A. Tlierdiice might also be
due to the higher fraction of ionized gas in M51 than in CenfAM%1 has a larger
population of massive young stars, they would produce mafe¢ Fadiation and

more H1l regions. Alternatively, the difference could be anothemsamuence of
the high inclination of Cen A. If there is a stronger radiatieeld affecting clouds
near the center of the galaxy, it may be diluted by the weakéaficontributing

along the line of sight. Investigating additional galaxwesh active nuclei could
confirm which is the more likely scenatrio.

The [O]/[N 11]122 line ratio indicates that the youngest stars in Cen A

are hotter (09.5 or O9) than in M51 (BO; Parkin et al., 2013dabon the stellar
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classifications from Vacca et al. (1996). This apparentrdisancy may be due to
lower signal-to-noise in the M51 observations of thei[Q line than in Cen A,
which would indicate that the observed [O)/[N 11];5, ratio in M51 from Parkin
et al. (2013) is a lower limit, bringing the ratio closer t@tlobserved in Cen A. It
is also possible that the observed ratio is a combined effestars and the stronger
AGN in Cen A, thus making the apparent stellar classificagiarlier than it really

is.

4.6 Conclusions

We have presented new spectroscopic observations of treaiaheiliptical galaxy
Centaurus A from thélerschelPACS instrument. These observations focus on im-
portant atomic cooling lines originating from both neutf&l 11](158 xm), [O 1](63
and 145,m)) and ionized gas ([N](122 and 205:m) and [O111](88 zm)) covering
a radial strip on the eastern side of the nucleus of the gdlarxg central aperture
for the 205um line). We divide our observational strip into eight bindiedly to
search for variations in the heating and cooling propedifdbe gas, as well as the
characteristics of the PDR regions in the disk.

We find that the heating efficiency in the disk, representethby([C 1] +
[O 1]¢3)/ Frrir line ratio, shows a slight increase with increasing radiasf4 x 103
to 8 x 1073, consistent with values determined in galaxies on globales; as
well as on resolved scales in other individual galaxies.tfarmore, the slightly
suppressed heating efficiency suggests a harder radiagidrirfithe region, likely
from the AGN at the center.

A comparison beween a PDR model and our observations retredlthe

strength of the FUV radiation field incident on the PDR swfacanges from-
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107-10*" and the hydrogen gas density ranges freni0%7°—10%" cm=3, in
agreement with typical values in other star forming galaiecluding M82, which
has a central starburst) and distinct from the ellipticdgaNGC 4125. However,
we do not see a significant radial trend in eitheor G, in contrast to M51. Fur-
thermore, while the results from the PDR modelling for Cengkea with those for
the arm and interarm regions in M51, the central region of Btadws higher values
for n andG,. Observations of the nucleus of Cen A in the important finecstire
lines may reveal a similar trend; however, we point out thathie central region
of M51 up to 70% of the [G1] emission originates in diffuse ionized gas while in
Cen A this fraction is only 10—-20%, thus this may partiallpkn the differences
between the two galaxies. The differences may also ariserasudt of the high
inclination of Cen A diluting any effects the AGN may have ¢w tsurrounding
ISM.

We conclude that the disk of Cen A exhibits properties in itsleaular
clouds that are similar to other normal disk galaxies, desfs unusual morpho-

logical characteristics.
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Chapter 5

Summary & Future Work

In this thesis | have utilised the unprecedented sensitant resolution of theler-
schel Space Observatgorgesigned to probe the cold interstellar medium (ISM)
from roughly 55 to 672:m using both photometric and spectroscopic instruments.
Our goal was to search for local variations within the ISMwb tcontrasting envi-
ronments, namely the nearby galaxies Centaurus A (Cen A)Exid In addition, |
strived to contribute to the overall understanding of tHea$ of an active galactic
nucleus (AGN) to the neighbouring ISM. Lastly, | wanted t@cdcterise the na-
ture of the disk of Cen A to establish if it warrants the ‘pearildesignation it has
received in its morphological classification.

In Chapter 2 | focused on the cold gas and dust in Cen A uldieigchel
PACS and SPIRE observations of the dust continuum at 70, 280, 350 and
500 um. | combined these data with observations of the £&( 3 — 2) transi-
tion from the HARP-B instrument on the James Clerk Maxwelé$eope to obtain
measurements of the molecular gas content of the warped dskg a modified
blackbody | modelled the dust spectral energy distribu{®BD) on a pixel-by-

pixel basis with theHerschelphotometry and found a radial decrease in both the
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dust temperature, varying from 30 K down to 20 K, as well agitid mass distribu-
tion. Furthermore, | found a similar radial distributionthre total gas distribution.
Most interestingly, however, when | created a map of thetgatist mass ratio |
found a radial trend in this as well. While the average valteuhd of 103 + 8 is
consistent with that of the Milky Way, the region in the vigynof the AGN had
a gas-to-dust ratio of almost 275. Eliminating a gradienthm metallicity or the
CO(J = 3 —2)ICO(J = 1 — 0) ratio as possible explanations for this trend, | con-
cluded that the AGN is removing dust from the surrounding 8&dust sputtering
by a hard X-ray radiation field or dust expulsion by the jetbug, in the case of
Cen A | have found that indeed the AGN does have an effect onefghbouring
regions.

Next, | turned to the grand-design spiral galaxy M51 andgmessiHerschel
spectroscopy of the centrals’ x 2.5 of the disk in Chapter 3. These observations
targeted the important far-infrared fine-structure lir@s [(158 um), [N 11](122 &
205um), [O1](63 & 145 um) and [O111](88 zm), which are the dominant contribu-
tors to the global gas cooling budget in both neutral andseshphases, particularly
in photon dominated (photodissociation) regions (PDRS) ldni regions. | sub-
divided our maps into four distinct regions, namely the rusl (which contains
a Seyfert 2 nucleus), centre, arm and interarm regions,ackdor trends in the
physical characteristics of the gas. | determined for tisétiime that there is a radial
trend in the contribution to the [€](158 xm) emission from ionised gas, from 80%
in the nucleus down to about 50% in the arm and interarm regibarthermore, |
found a slight suppression in the heating efficiency in theleus compared to the
other regions, as shown by a decrease in thel {{C58 ym)+[O1](63 xm))/Frr ra-
tio with increasing 7Qum/160um colour. A comparison between our spectroscopy

and a PDR model revealed a decreasing trend in the strengfie ddr-ultraviolet
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radiation field,G, and density of hydrogen nuclei, as a function of increasing
radius (or region). For the first time | also show that thergaglifference inz, and
n between the arm and interarm regions, despite having €iffestar formation rate
densities. This in turn, indicates that there is no diffeeem the molecular cloud
properties between those in the spiral arms of M51, and tho#ee interarm re-
gions. Again | have shown that an active nucleus affectsSMih the surrounding
region.

Lastly, in Chapter 4 | examine a radial strip of the eastethdidhe disk in
Cen A in the same cooling lines | investigated in M51. | diddke strip into eight
bins to deduce any radial trends in the gas component of fedS| found in M51
in Chapter 2. | found that there is a slight trend with incinegsadius in the heating
efficiency, as it is reduced near the nucleus by about a fafttwo compared to
larger radii. | also determined that, unlike M51, the majoaf the [C11](158 ;zm)
emission originates in neutral gas. Futhermore, | also dolmgerve any significant
radial changes in the values@f andn. However, the most significant result of this
investigation is that the values 6f, andn are more consistent with normal spiral
galaxies than elliptical galaxies. Thus, while Cen A is adgpelliptical galaxy on
global scales, its disk exhibits properties of a spiral gglaith an active nucleus.

There are a few implications of the results of this thesishenevolution of
the ISM in general. A reduction in the heating efficiency hasrbattributed to the
dust grains and polycyclic aromatic hydrocarbons becortaogositively charged
to efficiently free electrons, which in turn, contribute tasgheating (Tielens &
Hollenbach, 1985; Croxall et al., 2012; Lebouteiller ef 2012). | observe such a
decrease in the nuclei of both M51 and Cen A, though in Cen A dightly less
obvious. This would imply that the active nuclei of both stes are impacting the

heating and cooling processes in the gas, which ultimatélyead to a reduction
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in the gas’s ability to cool enough to form molecular cored #re next generation
of stars.

My results in Chapter 3 and Chapter 4 demonstrate that mialeclouds
possess similar properties regardless of whether theynaifgei arms or interarm
regions. Ultimately, this result would imply that the reasbe spiral arms appear
more prominent in disk galaxies is simply due to an increasthé number of
molecular clouds producing young stars that, in turn, ¢ouate to heating the gas
and dust. Perhaps molecular clouds are also very similaatiare in all galaxies
producing stars, and this is something | can look into by yhgl other nearby

galaxies.

5.0.1 Future Work

To further solidify our conclusions that active galactichail directly affect the sur-
rounding ISM, 1 would like to extend our investigation to etmearby galaxies. In
particular, it would be ideal to probe sources with varyifgMluminosities to see
if their impact on the ISM changes with luminosity. A couplepotential options
are NGC 4151 and NGC 1068. Both of these galaxies have be@amvelswith
Herschelas part of the Very Nearby Galaxies Survey. In addition, lehabtained
CO(J = 3—2) observations from the JCMT, revealing detections in £&(3 —2)
for NGC 1068, but interestingly, | only determined an uppenitlfor NGC 4151.
A previous study of NGC 1068 by Spinoglio et al. (2012) usesl $PIRE FTS
instrument to study the CO ladder and determined there is-eayXlominated re-
gion likely influenced by the AGN. We can expand on this workuidy probe the
surrounding ISM. NGC 4151 is an interesting target becauselevnot observe

CO(J = 3 — 2), thus suggesting there is very little warm molecular gas imow-
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ever, it has been detected in CO€ 1 — 0) (Dumas et al., 2010). It has a Seyfert 1
nucleus (Ulrich, 2000) and is classified as a barred spieaMalcouleurs et al.,
1991). Thus, this galaxy would give us yet another uniqueppmsstive on AGN
impact on the ISM.

Another potential direction we can take is to expand our P&dron mod-
elling to other galaxies to further characterise the mdieatioud properties. One
way to definitively explain the subtle differences we seavieen Cen A and M51
is to investigate a target that is fully edge on, such as NG 88is galaxy is clas-
sified as an SAb morphological type (de Vaucouleurs et aB1),%nd is located
about 9.6 Mpc away (Strickland et al., 2004), giving us theaagpatial resolution
as M51. Itis believed to be a close analogue to the Milky Way, i&s orientation
allows for in-depth studies of the disk and the halo (van deritK1984; Scoville
et al., 1993; Whaley et al., 2009). It has also been well stidi numerous wave-
lengths (e.g. Scoville et al., 1993; Whaley et al., 2009nBha & Xilouris, 2011;
Hodges-Kluck & Bregman, 2013). Recently, Bregman et all@G&tudied the gas
in the halo 5 kpc above the plane and determined from its ircatylthat it was
from the disk via a galactic fountain. These properties mi#e interesting target
for conducting further PDR analysis.

We have spectroscopic observations of a radial strip alowghalf of the
disk of NGC 891 in the same important cooling lines as we hasegresented for
M51 and Cen A from PACS and SPIRE. A similar analysis into N®C 8ould aid
in interpreting our results in Chapters 3 and 4, and detegnfiie slight difference
in G, andn between the two galaxies is an inclination effect.

Lastly, | can propose to observe Cen A with the Atacama Largienétre
Array (ALMA) to aid in contraining our PDR model results. ALMwill be able to

observe Cen A at unprecedented resolution in the submilieangiving us access
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to the CO(¢ = 3 — 2) line and its adjacent dust continuum on spatial scales of
less than 1.0-1"4ALMA Primer, 2012), corresponding to physical scales afkle
than approximately 26 pc at the distance of Cen A. At theskescae can resolve
individual giant molecular clouds with masses larger thamghly 10* M., and
possibly resolve the nucleus, which is still point-sourike in a 2.4 x 6” beam
(Espada et al., 2009).

It is crucial to take advantage of infrared and submilliraetbservations
of nearby galaxies to help us fully understand the life cyafie¢he ISM and the
impact of star formation on its host molecular cloud. Nowt tha Herschel Space
Observatoryhas ended its observing lifetime, we need to fully explog tata
it has produced and continue to probe the local propertigheofiust and gas in
nearby galaxies. If we can understand the evolution of thew® can improve our
understanding on galaxy evolution as a whole. This thesgphesented important

results that aid in bringing us closer to this goal.
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