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Public Abstract

The finite size of the nucleus shifts the bound-state energy of electrons (or
muons) in atoms. Although these effects had been captured through a large
number of nuclear-model independent “nuclear moments” closely related
to the extent of the nucleus in the past, they introduce large uncertainties
into theoretical predictions, which hinders testing fundamental subatomic
processes in spectroscopic measurements. In this work it is shown that
there is a more manageable number of parameters that control these effects
because the above moments always appear in specific combinations. This
allows for trading these combinations for differences between experimental
values and their theoretically expected ones that assume the nucleus to have
no size, which is the key in making predictions for atomic transitions that
do not suffer from the large nuclear errors. A large set of such predictions
are made for Hydrogen and the principles are applied to its muonic cousin
as well.
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Abstract

This work details how to use the Point-Particle Effective Field Theory
(PPEFT) framework to make predictions for the nuclear-size contributions
to spectroscopic transitions of atoms without the overbearing large uncer-
tainties generally associated with such effects. After a lightning review of
Quantum Field Theories, Effective Field Theories and their model-building
algorithms, the backbones of the PPEFT formalism are laid down by con-
sidering the low-energy effective theories of lumps. Then, by drawing an
analogy between a certain type of lumps and a freely propagating point-
particle we build a PPEFT for nuclei, which we gradually couple to gauge
and fermionic fields. We find that the consequences of having a nucleus in
our theory are captured by a set of new near-nucleus boundary conditions
its action implies for the surrounding fields, set up on a Gaussian spherical
boundary with arbitrary radius, €. Afterwards, we use this formalism to
derive the effects of the finite size of the nucleus on bound-state energies
in terms of Renormalization Group (RG)-invariant parameters that char-
acterize the running of the PPEFT couplings in €, implied by these new
boundary conditions in order to keep physical quantities independent of
this fictitious scale. Surprisingly, when comparing to formulae from the
literature that express these same energy shifts in terms of nuclear mo-
ments there always appear to be fewer RG-invariants than moments. By
fitting these handful of parameters using experimental data we then reduce
the errors in nuclear-size effect predictions for other transitions by writing
them in terms of differences between spectroscopic measurements and their
corresponding energy differences predicted by those bound-state Quantum
Electrodynamics calculations that assume nuclei to be point-like. Finally,
we apply this algorithm to the systems: jHe™, p3He™, H, and pH, where
we make such predictions.
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Chapter 1

Introduction

1.1 Objective and Outline of Thesis

The main objectives of this thesis are to show that when applying the re-
cently developed Point-Particle Effective Field Theory (PPEFT) framework
[1]-[Z0] to atomic systems the effects of nuclear-size on the energy levels of
the orbiting leptons are controlled by fewer parameters than naively ex-
pected from other calculations; and to leverage this fact in making predic-
tions for such effects in spectroscopic measurements of the spinless Helium
ion (3He™), muonic spinless Helium ion (u3He™), Hydrogen (H) and muonic
Hydrogen, pH.

To this end, three publications will be presented and the thesis will be
organized as follows. Since PPEFT is an Effective Field Theory (EFT) we
will begin by reviewing the bare minimum of concepts required to appreci-
ate the differences between Quantum Field Theories (QFTs) and Effective
Field Theories (EFTSs), including their general model building procedure.
Afterwards, we will develop an effective theory of lumps, which we will use
to describe nuclei and build up an effective theory of atoms, commenting
on the intricacies that arise, which will be addressed in detail in the main
text. This will be followed by a brief introduction to the history and current
status of finite-size effects in atomic energy levels. As such, the discussion
presented in this chapter is aimed to introduce our formalism with enough
technicality and clarity that the reader would feel comfortable in jumping
right into reading the culminated works.

The second chapter presents the first paper, which details the construc-
tion of a PPEFT for atomic systems. In our formalism we model spinless
nuclei as charged lumps of size R ~ 1fm, mass, M and charge Ze with its
only low-energy field being its centre-of-mass coordinates, y*(s) where s is
an arbitrary parameter along the nuclear world-line. The orbiting leptons
are taken to be Dirac fermions, W(x) of mass, m and charge (—e) bound
to the nucleus by an electromagnetic field, A*(x) at orbits of size of the
leptonic Bohr radii, ay ~ (mZa)™!, where o := €?/4n is the fine-structure
constant. The effects of the nucleus on the surrounding fields are shown
to be a set of alternative near-origin boundary conditions for the fields in
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question and consistency of these new boundary conditions with the large-
r normalizability condition of the leptonic bound-states are shown to lead
to nuclear-size related energy shifts. This paper presents how the leading
such effect — known as the proton charge radius term — can be captured
through a single parameter in the PPEFT formalism. Additionally, the
procedure necessary to obtain subleading size-related energy shifts using a
set of parameters is outlined and these are explicitly matched to the lead-
ing and subleading nuclear-size predictions of some simpler nuclear models
(i.e. UV completions in the field theory language).

In the third chapter, the second paper incorporates subleading interac-
tions between the same nucleus and its surrounding fields to investigate in
detail how the subleading nuclear-size effects can be captured in a PPEFT.
This is achieved by taking into account higher-order operators in the nuclear
action that arise suppressed by an additional power of R/ay ~ (mRZ«)
with respect to those responsible for the charge-radius term of the first
paper. The importance of this paper cannot be overstated, as it reveals
that despite the inclusion of these new interactions, no new effective pa-
rameters appear, rather the one responsible for the leading energy shift
becomes more refined. We show in detail that comparing the size-related
energy shifts written in terms of our effective parameter with that writ-
ten as a function of the popular nuclear moments reveals that it is only
ever certain linear combinations of these nuclear moments that enter en-
ergy shifts. Building on this finding, linear combinations of spectroscopic
measurements of electronic and muonic atoms with spinless nuclei are de-
vised in which to the accuracy of the first subleading finite-size effects these
shifts either cancel, or can be written in terms of differences between ex-
perimental values of transitions and those theoretical contributions of their
associated energy shifts that assume a point-like nucleus.

The fourth chapter constitutes the bulk of the thesis, presenting the
paper that describes the algorithm used to extend the atomic PPEFT to
include sources with arbitrary quantum-mechanical spin through the addi-
tion of a set of classically anti-commuting low-energy degrees of freedom,
€"(s) to the nuclear action; thereby making it applicable to a much wider
array of systems. To make the application of the PPEFT clear the rest
of this paper focuses on the bound-states of atomic and muonic Hydrogen,
and we find that to the precision of current experiments in these systems (1
kHz and 1073 meV respectively) we only need to introduce a single new pa-
rameter in order to be able to account for spin-dependent finite-size effects.
We then apply our previous techniques to fit the existing two parameters
of the problem and find that in atomic Hydrogen it is possible to use these
fitted values to compute the finite-size contributions to a number of pre-
viously measured transitions, which could potentially be improved in the
future and act as a testing ground for fundamental theory. On the other
hand, due to the extremely high precision of muonic hydrogen measure-
ments and the large mass of the muon we see that in this system both
further spin-independent and spin-dependent subleading finite-size effects
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need to be captured in the PPEFT in order to be able to make predictions
similar to those in atomic Hydrogen.

Finally, in the last chapter the main lessons from reading the atomic
physics story through the PPEFT lens are summarized and a good number
of possible directions for future research are discussed.

Note that throughout the entire thesis the spacetime metric is assumed
to be flat with mostly positive entries 7, = diag(—, +, +, +) and the units
are assumed to be natural, c = h = k; = 1, unless otherwise stated.

1.2 Of QFTs and EFTs

In this section we recap what we mean by an EFT, as it is vital to under-
stand the emergence of this class of theories going forward.

First, the phenomena of decoupling is introduced through a few exam-
ples, followed by a hitch-hiker’s guide to the general model-building proce-
dures of field theories. Second, the mathematical description of QFT's, path
integrals are introduced and we combine this description with the essence
of decoupling to show how EFTs emerge via Wilsonian renormalization.
Lastly, the key differences between QFTs and EFTs in terms of their con-
struction and predictive powers are summarized and are used as a segue
into the effective theory of lumps.

1.2.1 The principle of decoupling

Let us begin by thinking about a multi-tiered cake with each layer boasting
a different flavour. As we sample this cake tier by tier from the bottom
up we notice that each level tastes different. Although we do not eat the
whole of any one layer we can safely assume that the layers are homogeneous
inasmuch that one flavour can only be found in a single level. Then, in order
to appreciate any given one of the levels we do not need to know much if
anything at all about other layers and flavours. As we munch on, there
are various things we can notice: the texture of sponginess or creaminess;
the overall taste such as sweet or savoury; the particular taste of chocolate
or strawberry; and if we have a really fine palette probably most of the
ingredients too. However, in order to appreciate any given layer of the cake
we do not need to know anything about the others. We will now argue that
this image of a cake is not so different from the world as we know it.

In this analogy, the various levels of the cake correspond to the differ-
ent length-scales that can be physically probed one way or another, and
the flavours represent the different physics needed to describe the given
level. At the largest distances mankind can probe (say, the bottom layer
of the cake) lies the observable universe, exhibiting some random struc-
ture. Zooming in on these structures corresponds to climbing up the cake’s
layers, and as we do this we start to see emergence of smaller structures
such as galaxy superclusters (the second tier). Zooming in on these we no-
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tice galaxy clusters (third tier), then galaxies (fourth tier and so on), solar
systems, stars, planets, continents and oceans, landscapes, cities, neigh-
bourhoods, houses, people, dogs, insects, tissues, cells, atoms and finally
quarks and other fundamental particles. Each of these structures tend to
come with their own set of unique physical laws that help describe them
and their interactions at the given length scale; this is what the flavours
represent. At any given length scale, these physical laws can go from cap-
turing very simple to very complex phenomena; this is the texture and
flavour profile of the levels. What is surprising however is that just like
appreciating the different levels of the cake in our example did not require
prior knowledge of what all the other layers contain, we do not need to
know what all these physical laws are and how they interplay with each
other in order to make reliable predictions and describe the world at a
given length scale. For example, in order to accurately describe projectile
motion on Earth we do not need to know how our planet orbits the Sun
nor that everything is made of atoms.

This ubiquitous phenomenon of Nature, whereby the sets of laws that
provide precise descriptions of the world separate and become distinct de-
pending on the length scales probed is known as decoupling. It is a uniquely
interesting and useful feature of the universe as it allows for the construction
of testable physical laws — effective theories — compartmentalized through
the distance ranges over which they apply without prior knowledge of what
is happening at all the other length scales.

As a more everyday example of decoupling, imagine driving in a very flat
region (much like the Canadian Prairies) at night. At first, an extremely
dim, tiny source of light somewhere very far away becomes observable. As
time passes, the light seems to become brighter and its source bigger. Some
time later the distance to the source becomes small enough that what was
initially believed to be a single object splits into two distinct beams that
approach at what seems to be the same speed. After some more time passes
and once the light sources are very close it becomes clear that what was
initially thought to be one single object — at first with one and later with
two sources of light — had actually been two motorcycles travelling close
together all along. The point is that at each step of separation from the
motorbikes the effective description of the light source changes.

On a more physical note, two of the last century’s most cherished theo-
ries demonstrate decoupling in a beautiful way. On the one hand, General
Relativity (GR) describes the physics of very massive and large-scale ob-
jects interacting under gravity; it conceives of the universe as an inherently
4-dimensional spacetime which curves under the influence of matter. GR
is absolutely vital in describing how gravitation works in regions where
the gravitational force is strong, such as at the orbital distance of Mercury
from the Sun or near inspiralling binary systems that produce gravitational
waves, yet in regions where gravity is much weaker such as on the surface
of the Earth, the Newtonian description of gravity is perfectly sufficient
to predict how apples fall from trees. Furthermore, GR is supposed to be
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superseded by a quantum description of gravity in regions of ultra-strong
gravitational forces such as inside black holes or ultra-short distances and
even though a working theory of such a formalism does not yet exist, it
is clear that it should match onto GR in some limit. In this sense, GR
decouples from quantum gravity and in turn Newtonian gravity decouples
from GR as the gravitational force becomes weaker and weaker.

On the other hand, QFT governs the interactions of subatomic, rela-
tivistic particles. At the time of writing, this formalism is believed to be
the language in which the very short-distance laws of the world had been
written and the foundation of this belief is the immense success of theories
such as the Standard Model (SM) of particle physics and Quantum Elec-
trodynamics (QED), extensively tested at colliders and in precision atomic
spectroscopy experiments. However, even at distance scales probed today
there is phenomenological evidence for Beyond the Standard Model (BSM)
physics such as dark matter, neutrino masses, etc., which indicate that the
SM is not a complete story either, rather it is the theory obtained at some
length scales as a decoupled effective description of the underlying theory
of BSM. As an example of decoupling in the Standard Model consider the
theory of weak interactions. The theory that describes weak decays at very
short distances (equivalently, high-energies) is the full electroweak sector
of SM with its symmetry breaking properties, in which these processes are
mediated by the W and Z vector bosons. Nevertheless, on larger distance
scales (i.e. at energies below the masses of these particles) weak phenom-
ena had been very effectively described by 4-Fermi interactions, making
powerful predictions for proton- and radioactive (-decay long before the
Standard Model came to life. Decoupling in QED can be seen from the
fact that in order to accurately predict the energy levels of the Hydrogen
atom today one needs to use the full Dirac equation with its full QFT de-
scription, whereas in the early days it was sufficient to use the quantum
mechanics of the non-relativistic (or large-distance) version of the Dirac
description, the Schrédinger equation.

The general lesson to be learned here is that depending on the length
scale a certain set of objects (be they fields, planets or others) are observed,
or equivalently the energies at which their interactions are tested, the ef-
fective description of their interplay changes and becomes a theory unto
itself. This is the phenomenon of decoupling.

1.2.2 The QFT LEGO and Predictive Power

Having described a few qualitative examples of theories decoupling from
each other into effective descriptions at different scales, it is now time to
elaborate on this process and make it more precise by studying its mathe-
matical foundations. The first step towards this purpose is to discuss how
theories are generated in the first place.

Based on empirical evidence, almost every QFT starts with a dimen-
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sionless, Lorentz-invariant, local action,

Slta(), 064 (z)] = / &z Llga(z), 0u(z)]. (L1)

where L is the Lagrangian (density) of the theory and ¢,(x) denotes a
general set of fields. The action contains information about the dynamics
and the interactions of the fields, which correspond to physical processes of
the particles associated with these fields — such as propagation, scattering,
etc. — calculable through Feynman diagrams once the fields have been
quantized. These diagrams can be obtained from the generating functional
of a QFT, which in very simple terms is merely the functional integral
over the exponential of the action as we will define it below shortly. What
is important for now is the observation that actions are the fundamental
objects one needs to find in order to compute any observables and at a
basic level there are three main ingredients that need to be combined in
order to build them.

The first ingredient is known as the field content of the theory. It is the
collection of the types of fields and corresponding particles such as scalars,
fermions, vector bosons, etc. that the QFT should contain. In a very
simple, yet abstract way these fields, ¢,(x) can be thought of as different
types of LEGO bricks that are available to the model builder.

Second, the underlying symmetries of the theory (and their possible
spontaneous- or explicit breaking), such as C, P, T, Z,,, etc. invariance
and gauge symmetries like SU.(3) x SU,(2) x U, (1) need to be defined un-
der whose transformations the theory will remain invariant. At the same
time the representations such as fundamental, adjoint, conjugate, etc. of
the fields under these symmetries, i.e. how they behave under the symme-
try transformations need to be chosen. Along with locality and Lorentz-
invariance, imposing the symmetries is extremely restrictive, as it confines
the possible combinations of the fields to structures that remain invariant
under all symmetry transformations. These structures can be divided into
three groups: kinetic terms, recognized by single spacetime derivatives act-
ing on the fields ~ 0¢,(z); mass terms, which are quadratic in a given
field and contain no derivatives ~ ¢,(x)¢,(x); and interaction terms mix-
ing more than two fields with or without derivatives ~ ¢, (z)dy(x)dc(z).
Incidentally, the invariance of these objects under the symmetries means
that the action built from them will transform in the trivial representa-
tion of all the symmetries and will have a vanishing variation under their
transformations, 0Ssm. = 0, leading to conserved currents. Following the
analogy above, the set of symmetries under which the action needs to be
invariant is like the set of instructions that come with the LEGO, outlining
where each piece should go in order to be able to build something bigger.

Although establishing the field content, the symmetries and the repre-
sentations is a restrictive process there are still infinitely many operators
that can be formed that satisfy the above transformation criteria. As such,
the last ingredient of building a QFT is cherry-picking those structures
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that have desirable properties for a given theory. These qualities include
particular interaction channels that feed certain types of processes, and
renormalizability, which will be introduced momentarily. The final set of
chosen interactions is entirely motivated by what combinations the model-
builder thinks will accurately describe the physical system under study.
Further tangling the LEGO analogy, although the pieces themselves and
even their combinations are very versatile and can be combined in a huge
number of ways, to build a QFT it is sufficient to chose only a handful of
all the possibilities.

With the action in hand, the generating functional of a theory is defined
as,

200 = / D! Sn00ul [ 2 Ju(@)u(0), (1.2)

where J, () is known as a current term that sources a particle of type a at
spacetime point x, and D¢, is known as the functional measure of the fields.
Functional derivatives of this object can be related to physical observables
such as correlation functions, decay rates, cross-sections and others and as
such it is often referred to as the “Holy Grail” of a QFT, since once it is
known in a closed form the observables fall right out.

Unfortunately, the generating functional only has a closed form for very
few types of actions (we will call these parts of S “integrable” in the future),
of which most notable are those of free theories where particles are only
allowed to move around without affecting each other in any way, meaning
that nothing interesting ever happens in these theories. The possibility of
a closed expression for the generating functional of these theories lies in
the fact that the only structures available to the model-builder from the
previous paragraphs are the kinetic and mass terms, both of which are at
most quadratic in the fields and as such lead to Gaussian integrals over the
dummy integration variable, ¢,(x). In a little bit more detail what happens
is that by integrating by parts we can bring the action into the form

S0[6us D6a] = / A2 6 () Ada(2), (1.3)

where Sy is the free-field action and A is an operator, and this schematically
leads to a generating functional proportional to the root of the inverse of
the determinant of the operator A,

Z[Ja) = / Dyl Vo10adtata@da(@)} o | [det(A) " (1.4)

We emphasize this because it will be an important point later when we
look at the low-energy effective theory of lumps.

Of more phenomenological importance are interacting theories, where
particles are allowed to talk to each other through the various channels en-
coded by the interaction terms of the action, although in most models these
features spoil the integrability of the theory in the sense that the generating
functional cannot be obtained in a closed form. However, not all is lost; if

7
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the interactions between the particles can be assumed to be weak, it is pos-
sible to split the total action into two parts, S = So[pa, 0da] + Sint[da, OPd]
and evolve the field operators in the interaction picture around the inte-
grable part of the theory, Syl¢a,0¢,] and treat the non-integrable parts,
Sint [Pa, Od4) as perturbations, allowing for the calculation of observables to
arbitrarily high accuracy.

These calculations are carried out with the machinery of Feynman di-
agrams and they get increasingly more challenging as one includes higher
and higher orders in the interactions of the perturbation. In addition to
the computational obstacles posed by loops of virtual particles in these dia-
grams, they often also lead to infinities, which need to be regulated. Large-
distance (a.k.a. low energy, a.k.a. infrared or IR) divergences can be often
taken care of using infrared regulators such as the size of atomic spacing
in a lattice or the low-energy sensitivity of detectors, while short-distance
(a.k.a. high-energy, a.k.a ultraviolet or UV) divergences are usually dealt
with using renormalization techniques, whereby infinities are removed from
physical observables, such as the masses of particles for example. Dealing
with these pathologies through renormalization is closely related to the
renormalizability of a theory.

In essence, renormalizability refers to how hard one has to work in or-
der to make sense of all these infinities and it is determined by analyzing
the superficial degree of divergence of a theory’s Feynman diagrams to see
how many of them fundamentally diverge. Under this umbrella, QFTs are
divided into 3 categories: super-renormalizable theories, where interaction
vertices reduce the divergence of diagrams; renormalizable theories, where
vertices do not improve nor do they worsen the divergences of graphs and
so only the types and number of external legs and the spacetime dimension
of the theory matter for the divergence of any given diagram; and non-
renormalizable theories, where interaction vertices increase the degree of
divergence and so all amplitudes start to diverge if a sufficiently high num-
ber of the interaction terms are included. For super-renormalizable and
renormalizable theories, one can measure a finite number of physical pa-
rameters through experiments and make predictions for observables to all
orders in perturbation theory, provided that the loops do not pose a math-
ematical challenge. Although for non-renormalizable theories one formally
needs to measure an infinite number of parameters to be able to make such
predictions, to any given order in perturbation theory these theories still
have predictive power, provided there is a sufficient number of measure-
ments that the finite-number of parameters appearing to that order can
be fixed. This is an important point, because all EFTs will technically be
non-renormalizable as will be explained in the next section.

The general model-building algorithm for QFTs should now be clear.
First the field content is established, then the theory’s symmetries are laid
down and representations are chosen. This is followed by picking desirable
interactions between the fields that obey all the symmetries and to ensure
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appropriate predictive power often only the renormalizable interactions are
included in the model’s action. As an example, imagine constructing ¢*
theory from scratch. The field content is a single, real scalar field, ¢(x)
of mass, mg, with only local interactions, and the symmetries comprise
Lorentz-invariance and Zs symmetry of the fields, i.e. the action should
be invariant under ¢ — —¢. After a little thought one realizes that the
only possible, renormalizable theory that can be built with these criteria is
given by,

1 1 A
S == [ 4t 50,0)0°0) + JmEe? + 5" (1)

where A\ is the dimensionless coupling constant of the interaction, assumed
to be small for the purposes of perturbation theory.

1.2.3 Wilsonian Actions and EFT's

A common theme in the above examples of decoupling was the emergence of
the effective theory as a large-distance limit of some other underlying theory
— known as the UV completion — whose domain of validity encompasses
shorter distance scales.

The QFT's built using the procedure outlined in the previous section are
all UV complete in the sense that although they are not necessarily expected
to be valid at arbitrarily short distances where new physics may come
into play (known as the cut-off of the theory, A), they are assumed to be
accurate and indisputably correct down to those scales. This is because by
freely choosing the field content, the representations and the interactions,
and turning a blind eye to everything else one explicitly excludes all other
possible explanations of the system in a given distance regime. This is
one of the crucial differences between EFTs and QFTs as will be explained
shortly.

The emergence of an effective field theory can be understood through
the renormalization group arguments developed by Wilson [I1]. Starting
on familiar ground, first let us build a QF T with high-energy cut-off, A and
generating functional,

Z[Ja] _ /D¢a6i50+i5int+ifd4$Ja($)¢a(I) (1.6)

that is hypothesized to accurately describe the physics of a given system
down to distance scales much shorter than what is accessible to the current
generation of experiments running at energies, F/. Notice that as prescribed
above we have split the action into an integrable part, Sp[¢p,, 0¢,] and an
interaction part, Sin[¢., 0d,] that comprises of all the selected interaction
terms.

To make contact with the experiments looking to find evidence that
supports this particular model one needs to know what it looks like at the
typical energy scales of said experiments, £ < A which can be worked out
by coarse-graining the theory. This process starts with splitting the fields
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into low-energy modes, ¢! (z) that are still accessible by the experiments
and high-energy ones, ¢" () that are not, such that ¢,(x) = ¢! (z) + ¢"(z).
Doing so divides the measure, D¢, — D¢, D¢ and also complicates the
originally simple-looking action as it gets cluttered with all sorts of high-
and low-energy field interactions. In general, the action resulting from this
mode-separation is of the form

Sol6as 0a] + Stnldas 6] = { So[6h, 0k] + Shgl6), 6] }+
+ { Sh16%, 005 + Siul6h, 001} + Suixloh, 64,001,001, (17)

where terms combine in such a way that the original form of the action
(with integrable and interaction parts) appears for both the low- and high-
energy modes separately (enclosed in braces) with additional interactions
between these two types of modes, collected in Sy;. Although the func-
tional measure now runs over the field configurations of both energy modes,
the experiment is only able to excite the low-energy components of the
fields, meaning that the current term for the high-energy modes can be
turned off and set to zero. As a result of these artificial splittings, the
generating functional morphs into

Sl 18! ; 4 1 -ch_ -ch . .
Z[Ja] = / Z )¢laezs()+lsint+z f d x‘]‘l ($)¢a($) / DQSZ@ISO +lSint+7’Sm1X7
f D <Z53 eisgﬂ‘sil;tﬂsmix

_ [ D itk Tt @ { / D (" eis!-"} ,
/ (9%) I D(8y) e

7 h 7 h ) mix
_ 5@ S0 +1Si+i [ d*2a(2) 65 (7) J Dyt (1.8)
= a f 'D¢26i5(])“ '

Y

where in the second line unity had been written in a funny way as the path
integral over the integrable-theory action of the dummy variable, ¢!'. The
reason for doing so is that after a simple relabelling of the dummy high-
energy modes in the denominator, the braces on the third line enclose the
expectation value of the operator that is the exponential of S}, + Syix on
the interacting vacuum state, |{2) such that

b iSH 1SR +iSmix
{f@(bae 0 %X e‘ ;m } _ <€i5{;ﬂ+i5mix>g’ (1.9)
| D et

which can be evaluated to arbitrary order in perturbation theory using
Feynman diagrams. Simultaneously, the functional integral over the integrable-
theory action in the numerator of unity (i.e. the square bracket on the sec-
ond line) can be evaluated to a constant by the definition of integrability
and in the above case this had been absorbed into the functional measure
of the low-energy modes on the third line, D¢! — Do, .

Notice that it is only the high-energy modes that are integrated out in
this way, while the low-energy modes are held fixed. What this means is

10
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that the low-energy parts in the braces coming from S, factorize from
the expectation value, while the high-energy modes are contracted, lead-
ing to calculable loops, whose results are finite. In this way, the oper-
ator e*mix containing the interactions between the low- and high-energy
modes effectively introduces higher and higher powers of ¢, (x) and 0¢! (x)
on the external legs of the calculated Feynman diagrams, generating all
the possible interactions of these modes allowed by the initial symmetries
imposed on the QFT. After the high-energy mode contributions are evalu-
ated, these newly generated interactions gain non-zero coefficients and can
be resummed into exponentials, leading to the generating functional of the
effective low-energy theory,

ZJ,) = /,D(b; eiSefr[%vad)bvaa@w”‘]+ifd4:vJa(Z)¢L(x), (1.10)

where Se @, 0., 00¢., - - - ] is the effective action that contains all possible
interactions between the low-energy fields and their derivatives. There
is more to the renormalization group story as detailed in [I1] and many
standard texts on QFT such as [12, [13] 14] but for the purposes of this
discussion the above cartoon should suffice.

From a model-building perspective, constructing such a low-energy ef-
fective action is only marginally different from constructing a UV-complete
QFT. The initial step is again to come up with a field content that is most
likely to describe the physical system at the energy scales probed, followed
by imposing symmetries and choosing representations. However, instead of
cherry-picking any particularly appealing interactions like for a QFT, in an
EFT all of the possible interactions between the fields and their derivatives
are kept, making these theories necessarily non-renormalizable.

Of course, as to any good rule, there are exceptions to this one too [15].
First, total derivatives result in boundary terms that can be ignored given
that the spacetime has no boundaries, and the fields remain finite near
infinity and hide no topological surprises there and so writing these down
is unnecessary. Second, we are only obliged to include at most (Nyp — 1)
of Nigp interactions related to each other through integrations by parts as
these contribute to any processes in exactly the same way and including
more of them than necessary only redefines the coefficients of the related
terms. Lastly, we don’t need to write down terms that are proportional to
the field equations because these can be removed by field redefinitions.

In summary then, although EFTs naturally emerge as low-energy de-
scriptions of given high-energy theories and these can be calculated in de-
tail using the coarse-graining procedure outlined above, it is also possible
to build EFTs provided the low-energy field content, representations and
symmetries are known. This proceeds much the same way as the model-
building algorithm for QFTs, however instead of a fixed set of interactions,
all terms that are non-removable in the sense of the exceptions just listed
must be included in the action. One then puts this polished low-energy
action into a generating functional such that the theory is described in the

11
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form (1.10). Note that the inclusion of all possible interactions forces EFTs
to be non-renormalizable, however not all interactions in the effective the-
ory are equally relevant for experiments, and in fact to a given precision
only a certain number of them matter, as we will now argue.

1.2.4 Dimensional Analysis and the Robustness of
EFTs

The easiest way to understand why not all EFT interactions are created
equal is to carry out dimensional analysis on the Lagrangian of the effective
model,

Eeff:£0+Zcz’oi[¢aaa¢aa"']a (111)

as opposed to working directly with its action, where £, is the integrable
part of the Lagrangian containing the canonically normalized single deriva-
tives and the mass terms of the fields, ¢; are coupling constants and O; are
local functional operators of the fields and their derivatives. When working
in natural units, every quantity is assigned a mass (or equivalently energy)
dimension: the mass dimension of a mass is of course, [m] = 1; distances
have [dx] = —1; derivatives, 9, ~ d/dz* have [0,] = +1 (this inverse rela-
tionship is why long distances can also be interpreted as small energies and
vice versa); as previously mentioned, the action in these units needs to be
dimensionless, i.e. [S] = 0; and last but not least, using the fact that the
action is the integral of the Lagrangian density, S = [ d*z £ one finds that
[L£] = 4. Then, using the canonically normalized kinetic terms it is also
possible to determine the mass-dimensions of the fields, ¢,(x); for example
the kinetic term for a real scalar field is %@gb@“gb which implies [¢(z)] = 1,
while that of a Dirac fermion is V@W¥ leading to [¥(x)] = 3/2.

Having found the dimensions of all the fields in this way, it becomes
possible to work out the dimensionality of the operators, O; and through
these also that of the coupling constants, [¢;] = 4 — [O;]. For all of these ¢;
the natural mass scale is the UV cutoff, A, which can be explicitly factorized
in order to trade them for dimensionless couplings, g;,

¢; = A0, (1.12)

while for the fields the natural energy scale is that of the experiment, £ < A
which excites them and produces their particles and so can be traded for
dimensionless fields, ¢,(z) as

¢a(x) = E[%]qga(x) ) (1.13)

Similarly, the derivatives acting on the fields in a given operator of £ pro-
duce factors of the experimental energy as well, because they tend to cre-
ate plane-wave like configurations of the fields, ¢,(x) ~ €** such that
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0¢q(x) ~ koy(x) where |k| ~ E. Finally, this allows for writing all the
operators in £ in terms of dimensionless operators,

Oil¢a, 0, - - -] := E910; [¢,] - (1.14)

Having traded all the couplings and fields for dimensionless ones and
explicitly written the powers of the cut-off and the experimental energy
scales in £ one can further trade the spacetime segment of the experiment
for its Fourier space equivalent in terms of the experimental energy such

that [ d*z ~ (2];?4, which grants writing the action schematically as,

S — / A4 Lo ~ Go(2)ba() {1 n (mg) Sopnss + (%)2 5} +

[0i]—4
+ Y (5) #0da (115

)

where S, is the spin of the field, ¢,(z) and n € N° is an integer. The
benefit of writing the action in this form is that it makes transparent that
the effective interactions can be organized as a power series of the small,
dimensionless quantity, F/A < 1 and as such is essentially a multipole
expansion of operators where more complicated terms come suppressed by
increasing powers of F/A.

Organizing Seg this way divides the interactions into three categories
depending on how they behave in the low-energy limit that is as £ — 0.
Terms in effective actions accompanied by a negative power of F such as
the mass terms and interactions with [O;] < 4 become increasingly more
important at lower energies and are called relevant; those interactions that
appear independently from the E/A ratio and so have [O;] = 4 are known
as marginal and may or may not become important depending on their
quantum corrections; and lastly there are the irrelevant terms in Seg, which
have [O;] > 4 and are interactions that matter less and less as E is dialled
down.

Thinking about these irrelevant operators naively we can realize that
these are the interactions responsible for the non-renormalizability of EFTs
because higher-order irrelevant operators contain increasingly more powers
of the fields, which lead to increasingly more loops, always raising the
superficial degree of divergence of any Feynman graphs they contribute to.
However, this is no cause for alarm because thanks to the robustness of the
effective action through the expansion in £/A < 1, to a given experimental
accuracy with which observables of the theory can be probed it is only ever
a finite number of effective interactions that contribute, and given enough
measurements their couplings can be fit, retaining the predictive power of

EFTs.

In this section we have applied dimensional analysis to establish that
EFT actions are essentially multipole expansions of local functionals of field

13
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operators, where higher-dimensional operators are suppressed by increas-
ing powers of the small ratio, F/A < 1 between the large UV cut-off, A
and the energy scale available to experiments, F. Furthermore, this anal-
ysis has helped us understand why the inclusion of all allowed interactions
between the low-energy fields and their derivatives allowed by the symme-
tries makes EFTs non-renormalizable, but has also revealed that due to
the robust expansion of Seg in powers of E/A < 1, to a given accuracy
of experimental probes it is sufficient to include the effects of only a finite
number of effective operators. Then, by finding enough measurements to
fit the couplings of these interactions with sufficient accuracy, EFTs can
become efficient machines for grinding out predictions for a given energy
regime of experiments.

This brings our short discussion of EFT methods to a close. We have
found that in order to build an EFT one needs a high-energy scale, A and
a low-energy scale, F/ with which the theory is probed in experiments and
these scales need to be well separated such that £ < A. Establishing
a suitable low-energy field content, symmetries and representations then
allows us to construct the most general, Lorentz-invariant effective local
action by writing down all possible non-removable interactions between
the fields and their derivatives that are allowed by the symmetries. Such
an action comes in the form of a multipole expansion of the operators where
terms of successive dimensions are suppressed by increasing powers of the
ratio, £/A < 1, which makes the EFT robust in the sense that to any given
experimental accuracy it is only a finite number of the effective interactions
that play a role. In the next section we will use what we had learned here
to find effective low-energy descriptions for compact objects.

1.3 The PPEFT Framework

Now you might say, “Wow! Good for us that we can build such effective
theories thanks to decoupling and all, but what does this have to do with
atoms and nuclear physics?”.

The point is that to a large extent modern measurements of atomic
spectra rely on a considerable amount of guesswork, because although the
experiments are precise enough that nuclear effects need to be taken into
account, there is no reliable UV theory for nuclei that predicts these effects.
This necessitates modelling the nucleus in various ways, which introduces
unwanted errors (we will say more about this in the coming sections).

Therefore, it would be really great if we could parameterize the effects
of the nucleus without having to develop a working UV theory of nuclei
and this is where EF'Ts can help, since they are specially designed to hide
our ignorance of UV physics by using an appropriate low-energy description
that systematically includes its effects to any desired experimental accuracy.

Atomic systems occupy a special place among EFTs in that there is an
omnipresent, heavy, charged object of typical nuclear-scale size, R ~ 1fm
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in the theory that generates a background for the dynamics of all other
particles, which is experimentally sampled at the much larger scale of the
orbiting, bound fermion’s Bohr radius, a; ~ (mZa)™' > R, where m is the
lepton mass, Z is the atomic number and « the fine-structure constantﬂ
The good thing about the EFT formalism is that we need not understand
how this object got there, meaning that a full second-quantized treatment
of the nucleus is overkill since we are not interested in its creation nor its
possible destruction. It suffices to know what the low-energy degrees of
freedom and the symmetries of the nucleus are to form a working EFT of
atoms with an action organized into a multipole expansion of operators in
powers of R/ag.

In the proceeding sections then, we will briefly explore the effective
theory of lumps following [15], because as we will see later they serve as
the perfect candidates for what a nucleus is supposed to be, especially
once they are coupled to the electromagnetic gauge field. We will begin by
exploring what the low-energy degrees of freedom of such lumps can be and
then look at what their presence implies for the other fields in the theory
they are coupled to.

1.3.1 Lumps and Their Low-energy Degrees of Free-
dom

Background field configurations (a.k.a. “lumps” or “central objects”) nat-
urally emerge in field theories as solutions to field equations that localize
the energy density in some way, known as solitons. Usual examples of such
solutions are one-dimensional kinks, domain walls and vortices. The wis-
dom of these examples is that the general picture we should have in mind
is that a given field in the UV theory is subjected to interactions that alter
the minimum-energy configurations for the field in some way.

To keep the discussion somewhat general, imagine building a renor-
malizable QFT as prescribed in the previous sections with Lagrangian
L[¢q,0¢,] that has the corresponding Hamiltonian,

H= /d“xq'sa (L) — L, (1.16)

8 (8t¢a)
and varying the fields results in the field equations
oL oL oL
—— =9, — =0. 1.17
=0 (ome) - 7% ()

For later convenience let us also note the equation the derivative of the

'In terms of the earlier discussion of EFTs, R corresponds to the high-energy cut-off
where we no longer trust the description of the nucleus as a single charged particle, and
ap is related to the low energies at which the experiment runs.
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fields obey by differentiating this equation,

oL oL oL
Onsgn = 0= [a < (ma)) c’m]’

{ (%bgzz%)) o (a@asf;acgap%)) %
- <a(ay¢f)8ﬁ(6p¢a)) 00, = (%) } (Outs),  (1.18)

where we have first commuted the partial derivatives on the first term
and then used the fact that £ only depends on the fields and their first
derivatives when acting on it with 9, and applying the chain rule. Lastly,
let us note that the field theory we had written down was invariant under
spacetime translations and so are the resulting equations of motion, which
will become important momentarily.

Now, to minimize H we could proceed in one of two ways: we could
try to find solutions to that minimize the energy everywhere; or we
could require them to minimize the energy on some boundary.

The first class of solutions corresponds to constant field configurations,
¢q(x) = v much like the vacuum expectation values of fields in scenarios
containing spontaneous symmetry breaking, while the second one involves
some non-trivial distribution of energy density in spacetime, ¢,(x) = p,(x).
Pondering the implications of this second class a little more, we can realize
that having a lump somewhere in the system is precisely such a solution
with the two caveats: the surface we wish to minimize the energy on lies
at infinity so that the lump exists somewhere in the bulk; and the energy
is localized to a single region, say, a spatial ball By of radius R.

The consequences of having translation-invariant equations of motion
are that the solutions to these equations will depend on constants that
describe where most of the energy is localized. Then, similarly to how
rolling around the gutter of Mexican hat potentials does not change the
vacuum expectation value of the fields, spacetime translations do not alter
the profile of lump solutions but change these constants instead, which can
therefore be thought of as the centre-of-mass coordinates, y* of the lumps,
now written as ¢, = p,(y — ).

Having found the solutions that minimize the energy of the system
in this way we can now consider small fluctuations around it to develop
the quantum theory and so we split the field into its classical background
function plus small oscillations around it, ¢, () = . (y — ) + ¢a(z), where
qba /v < 1. Taylor-expanding the Lagrangian in the small variable qba( )
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and its derivative then gives,

£ [t b0+ 80)] = Llow 060l + b | 5o | + (@) |55
Pa

2., 50,5,
1 |-~ [0°C . . oL
T {¢3 [&bzh 26u(00%4) | gmyatasn) .
00060 | gt 40 [0, 82(000). 06,7, 000
p 00,0100 T O 1w elO00): a0 (000

(1.19)

where the ¢, subscript means that all quantities in the accompanying brack-
ets are evaluated on the background solution, ¢,(y — ). Integrating by
parts on the third term E| reveals,

(0 a) {%1 o Pa L%ﬂ - ~Pa {6,, (a(gf%)) - gﬂ%, (1.20)

a

that the linear terms of qga and its derivative combine such that the coeffi-
cient of ¢, becomes the equations of motion of ¢, (y — ), i.e. and
so vanish in £, pushing the appearance of the oscillations qga to quadratic
order in the action.

By rewriting the mixed nga(&,qga) term in ([1.19)) using

264(006a) {W} S {qu [W] %}

- oL
-, | —=
Pa O {<a¢a>a<ay¢a>

and dropping the total derivative, and integrating by parts on the two-
derivative-term, (0,¢,)(0,¢,) of the same expression, the quadratic piece
in £ can be brought into the following symmetric form,

] . (1.21)

5 ) 7 1 825 a2£
0Ol Pa; 004)Pa =00 { —5 | O | a7 | T O 0
GaOpa; Opald ¢ { 2 ( {(5%)3(&/%)} oo {8(81,%)8(@%)} %p
82£ 82£ )
Dot o [25] Vi o

where the equality defines the O|p,, 0p,| operator that depends on the
classical background configuration as the expression enclosed in braces on
the right-hand side and this is used to quantize the fluctuations, ¢, (x).
Now comes the important point: we can split the fluctuations into
modes that oscillate in the directions of the centre-of-mass coordinates of

2We can do this with impunity because £ appears under a spacetime integral in the
action, S and we assume boundary terms to vanish.
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the lump, translating it in these directions such that gg,w = Y09, and
ones that are orthogonal to these directions. The utility of this decompo-
sition lies in the fact that by virtue of @70 are zero-modes of the
operator O[p,,dp,| and as a result cannot be coarse-grained out of the
theory when we test it at the low-energy regimes accessible to experiments
that correspond to spatial scales, dexp.

To see this, imagine that to leading order the ggf’b terms can be ignored
in the action, which means that the path-integral can, in principle, be
evaluated since it only involves Gaussian integrals in this case. However,
as we had seen in the result of these integrals involves the inverse
of the determinant of the operator &[¢,, dp,|, which diverges if the zero
modes are also included, and hence these modes cannot be integrated over
and remain in the theory at lower energies as well.

Through these general considerations we see that effective theories in-
volving lumps can be built by conceiving of the low-energy degrees of free-
dom of these background configurations such as the centre-of-mass coor-
dinates, spin, etc. as fields in their own rights that interact with their
surroundings. These surviving interactions come from couplings between
the original fields in the high-energy theory, of which one has been as-
sumed to be in its classical background configuration that asymptotically
minimizes the system’s Hamiltonian, localizing the energy to a region, Bp,
and then integrating out all fluctuations around these solutions that are
orthogonal to the low-energy degrees of freedom describing their energy-
distribution. The physics of such backgrounds can then be probed at scales,
Qexp > R, which warrants a multipole expansion of their effective action,
where higher-order operators are systematically suppressed by increasing
powers of R/aey, once the symmetries of the low-energy theory have been
established.

As the name “Point-Particle Effective Field Theory” suggests, we will
be concentrating on the special class of such lumps that are one-dimensional
in the low-energy theory and so behave as point-like objectEE|. These kinds
of background solutions trace out a curve in spacetime, P : s — y*(s) —
known as the world-line — that can be described by a single parameter, s
mapping R to the target space M* through the centre-of-mass coordinates,
yH(s).

In essence then, what we will mean by a PPEFT is this: there exists a
localized (to a ball, B of radius R) blob of energy somewhere in spacetime,
whose interactions with its environment (at the experimental scale, Gey, >
R) can be captured by assuming it to be a one-dimensional object with
world-line, P parameterized by a single variable s and a low-energy field
content of centre-of-mass coordinates, y*(s) and other integral degrees of
freedom such as spin, £#(s) coupling the bulk fields (i.e. the ones still in the
path-integral) to its world-line through generic EFT interactions organized
into a series of R/aexp.

3As opposed to multi-dimensional ones such as strings, membranes, etc.
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1.3.2 Implications of Lumps

Having found the low-energy degrees of freedom of a background solution,
we are now ready to explore what the consequences of having such a solution
are. For this discussion we will assume that the symmetries of the theory
are known, which allows us to write the general low-energy effective action
for a free blob as,

Spo = /ds Lyolypt(S), Ypt (), -+ -], (1.23)

where y,(s) is a general set of low-energy fields that by the arguments
of the previous section will always include the centre-of-mass coordinates,
y*(s), the overdot represents differentiation with respect to the world-line
parameter, s and the ellipses contain possible higher derivatives of these
fields.

In cases where L, is not too complicated it is now possible to figure
out what physical parameters of the lump the lowest-order coefficients in
L, stand for by deriving the constraints on this theory. This proceeds
[16, 17, 18] by finding the conjugate momenta for the internal degrees of
freedom defined as,
0L,
8ypt ’
and then attempting to rearrange the result to find the velocities, yut(s)
as functions of these momenta. When this procedure fails, we obtain pri-
mary constraints that the theory has to obey, and it is in these primary
constraints that one may easily relate the EF'T couplings to physical param-
eters, such as mass for example. We will see this procedure more explicitly
in the next section where we look at the physics of a free, scalar lump with
no additional internal degrees of freedom apart from the centre-of-mass
coordinates, y*(s).

A freely propagating blob is not too exciting on its own so to get some
more interesting phenomena we introduce a general set of external fields,
¢q(x) into the bulk of the theory via the bulk action,

Sy = /d4x£5[¢a,8¢a,---]. (1.25)

Here, if we want to consider a particular QFT, the bulk Lagrangian, £,
can be a function of the fields and their first-derivatives only; but if we
would rather have an EFT, S5 can be an effective action depending on
the fields and all their derivatives. Now, to couple these new fields to the
lump, we write down the most general PPEFT action consistent with the
symmetries to a given order in the ratio R/aey, by building interaction
terms between the low-energy fields of the lump, the bulk fields, and all
the possible derivatives of these. The lump action therefore modifies to an
interacting one,

plt) = (1.24)

Sp:/d3£p[yptaypta¢a7a¢a7”']9 (126)
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where the bulk fields, ¢,(x) and their derivatives are evaluated on the
world-line of the blob. The physical significance of some of the effective
couplings in this interacting lump action can also be revealed by finding its
Hamiltonian,

H = g - pW — L, (1.27)

for example the magnetic moment of an atom can be identified in this way,
as will be shown in the appendices of Chapter [4

Notice that Sy and S, describe different sectors of the theory and so
need to be combined to form the full theory with the complete action,

S:SP+SB:/d4x£B[¢aaa¢a]+/dSEp[yptaypta¢a>6¢aa'"]7

:/d4${ﬁs[¢a,a¢a]+/d5(54($—y)ﬁp[ypt>ypt>¢a’a¢a""]}’
(1.28)

where in the second line we have introduced a 4-dimensional delta-function
to place the two actions on the same footing; or said another way, to embed
the lump world-line in the target-space of the bulk theory.

To see how the presence of the background solution affects the physics
of the bulk fields in a simple setting, let us assume that £, only depends
on the bulk fields but not their derivatives and require the total action to
remain stationary under variations with respect to these fields, §5/d¢, = 0.
This procedure leads to

S [ foc, (8£B> %
wa—/ﬁx{a% 9 (o) * [ 0 ”am} 0. (1.29)

and consequently gives rise to the equations of motion,

oL, 0Ly 4 oL,
8“(8(8;@@))_8¢a+/d86(x_y)0(ba’ (1.30)

which contains our artificially introduced 4-dimensional delta-function. This
can be further simplified by imposing a set of conditions on the centre-of-
mass coordinates, namely by assuming the blob’s world-line to be param-
eterized using proper time, 7 we can set —y? = —g, 4" = 1, then we can
boost to the rest-frame of the lump, which yields ¢ = ¢ with all higher
derivatives vanishing and finally we can translate the background solution
such that most of its energy is concentrated near the origin, which leads
to y* = 70}. The idea behind these manipulations is that we can now get
rid of the world-line integral in and turn the interactions between
the bulk fields and the centre-of-mass coordinates of the lump into specific
components of the fields interacting at the origin,

oL oL oL
a B — B 53 2
MQ@M)6%+@Wh

(1.31)

yr=T6}
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Next, we turn to solving these equations to see what kind of fields can
live outside the lump. When we exclude the origin from the problem, the
field equations reduce to the usual equations of motion for the fields,

0L, \ 0L,
o (sai) ~ 50 132

which are usually some sort of first- or second-order differential equations
that are generally solved by mode-expansions of the form,

Bult1,0,6) = D e V(0.0){ R es (1) + ZRas() ], (133)
B

where [ is a set of quantum numbers that completely identify the state
and its energy, wg, V. (0, ¢) is a set of angular functions appropriate for the
field, L is a set of accompanying angular momentum labeld}, and €, and 2,
are the integration constants multiplying the near-origin convergent radial
solution, R . (r) and the near-origin divergent radial solution, R ()
respectively.

Now, with our feet securely planted on the completely general solution
to the equations of motion in the form (1.33), we can dive into finding the
specific solutions that obey the full equation in , including the origin.
This is achieved by imposing an adequate set of boundary conditions on
the field that determine the integration constants %, and Z,. We have
previously required that fields fall-off sufficiently fast in the r — oo limit
that they remain finite and we can certainly stand by this requirement and
impose it as a boundary condition at large-r. This will generally either
kill the near-origin convergent solution by setting 4, = 0 or turn into
a constraint on the ratio of the integration constants, Z,/%,. Another
popular choice for boundary conditions, which is certainly familiar from
lectures on quantum mechanics is boundedness at the origin, i.e. also
requiring the solutions in to be finite in the r — 0 limit. We have
shown in previous work [I, 2] that such a condition cannot be the correct
one for non-relativistic Schrodinger fields moving in a 1/r% potential or for
charged, relativistic scalar fields moving in a Coulomb potential because
both radial solutions can diverge in these scenarios. This suggests that we
should also find an alternative for the general case now at hand.

So what condition should we impose and where? This is where the delta-
function term derived from the lump action comes in, since one learns early
on that to deal with such potentials one needs to integrate the equation
they are involved in. Then, integrating over a ball, B, of vanishingly

4For example, in three spatial dimensions ), (6, ¢) are the scalar spherical harmonics
for energy eigenstates of scalar fields obeying the Laplace equation, spinor spherical
harmonics for fermions obeying the Dirac equation with a central field, etc. and the
accompanying labels are: {l,l,} with orbital angular momentum quantum number !
and projection I, for the scalars; and {4, j,,w} with total angular momentum (orbital
plus spin) quantum number, j, its projection j, and the state’s parity, w = =+ for the
spin-half fields.
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small radius, € (see Fig. for an illustration) and so dropping all but the
spatial-derivative and delta-function terms yields,

oL oL
d*z 0; — )= [ &z s
/BE "o (awa)) / o (8(@-%))
B PR 0Ly
= [ o (awa))

o o [( 0L 1 (oL, B
— /d QZG |:<8(8r¢a)) - Arre2 (a¢a):|y“i66‘ —O, (134)

where in the first equality we have used Gauss’ theorem to trade the volume
integral over B, to one on its surface, 0B, with unit normal vector, n
(taken to be r in the second equality as is appropriate for a sphere), and
on the third line we have assumed that the value of the field inside B, is
approximately equal to its value on the boundary such that ¢,(€) = ¢,(0).
Since the size of the Gaussian surface we have integrated over was arbitrary,

we must have that
0Ly 1 oL,
(a(ar¢a)> r=c  4me? (8¢a)

is the new near-source boundary condition we must impose on the fields.
Notice that the left-hand side of contains contributions from those
terms in the bulk action S that required integrations by parts on the
field when finding its equations of motion and the right-hand side only
involves terms from the lump-action, .S,. As such, this condition relates the
integration constants of to the effective couplings appearing in S,
and its consistency with the large-r boundary conditions fully determines
the solution to . Hence, it is only through these alternative near-
source boundary conditions that the bulk fields learn about the presence of
the lump in the theory and their knowledge of the background is reflected
in the values of their integration constants.

All is not as well as it seems however, because there are two blatant
problems with the above procedure, which we will address now.

_ acp
r—e 04

(1.35)

sl
y#760
r=e

Boundary Action

First, we had obtained from S5, a delta-function potential, which is not only
ill-defined in three dimensions, it also forces us to evaluate the bulk fields at
the origin; a region that exists inside the lump of size, R and so is a regime
where we trust neither our effective description of this background solution
nor the bulk field solutions valid external to R anymore. How then, can we
make sense of the derivation of ?

A better argument has been developed in our earlier work [I] where
we have first encountered this issue and we recount here the discoveries
made there. Notice that the real implication of S, is a condition on the
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Gaussian surface, 0B, that relates the terms from the bulk action that
contained spatial-derivatives of the fields to values of the fields themselves,
both evaluated at » = e. This suggests that what we are really after is some
data on this boundary that determines the fields and their derivatives on
0B, in a way that leads to the correct behaviour of the bulk fields outside
of the source as inferred from S,,.

However, fixing the values of the fields and their derivatives on 0B, is
risky business because these values need to be consistent with similar ones
on other boundaries in the problem and they also depend on any possible
sources outside of this surface not just the ones enclosed in it. This suggests
that we should impose this data in a dynamical way that is allowed to
change depending on the positions of all the sources and boundaries of the
problem and this is precisely what can be achieved by an action principle.
Motivated by this line of argument we introduce in place of S, an effective
boundary action, S,s. — with new, effective boundary couplings — whose
sole purpose is to yield boundary conditions on 9B, that give rise to physics
consistent with the presence of the lump under variation with respect to
the fields. This boundary action can then be written as,

Susci= [ At [ 90 Lo st a(e) - (1.36)

where L, is defined to have the same functional derivative under variations
of ¢, as L, but with different effective couplings and all bulk fields evaluated
at r = ¢, and the ellipses represent higher derivatives of the lump fields.

Then, the total action is again given by two parts, S = Sz + 5,5 and as
far as the region exterior to B, is concerned there is a physical boundary at
0B.. The fields that correctly take the effects of the lump into account can
be found by requiring stationarity of the action Sz with respect to variations
of the fields also satisfying the conditions obtained by requiring stationarity
of the boundary action with respect to such variations. The variation of
terms in S with respect to the fields that involve integrations by parts
yield additional contributions to the boundary conditions not explicitly in
Sys. through their boundary terms, which now don’t all vanish thanks to
the physical boundary, 0B,, that is to say,

oL oL
oS d*r —=2 9 (§ 0) = — d*z0, [ —=2_ 1§ o
3/ T ) 0% / g “(a@m)) ¢

+ /dt/ d*Q, 625%6%63 7 (1.37)

The term on the second line combines with S,5  under variation, yielding,
0Ly 0Ly

<au¢>a)> R a@}

0Ly 3£636} ,

2
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and requiring stationarity of the action under such variations, .5/0¢, = 0
forces the two terms on the right-hand side of the second equality to vanish
separately, since they are on disjoint domains of the theory and so the fields
must satisfy both

B oL 0L | 9Ls OLys,
0=0, (8(@%)) 90, and 0= 50,00) + 96, r:e’ (1.39)

leading to the usual bulk field equations of motion and the boundary con-
ditions on 0B, needed for them to correctly take into account the presence
of the background solution.

This way of thinking about the problem has the added benefit that it
avoids the evaluation of the fields inside the region where the microscopic
details of the lump background solution become important, excluding in
particular the origin, where parts of the bulk solutions diverge. In
this sense, S, and its delta-function serve merely as a computational crutch
that lets us identify the correct local interactions between the lump and
the bulk fields that need to be translated into S,z in order to capture the
correct physics far away from the blob. Nevertheless, the couplings of the
two actions, S, and Sy, can be matched to one anothelﬂ by calculating
the same physical observables at dey, > R from both, if this should be
required.

This is a nicer story, but the question of where we should impose these
conditions, 7.e. what radius, € we should choose for the surface on which
we define Sy, still remains, since this was arbitrarily introduced into the
theory. In order to escape sensitivity to boundary effects and have a well-
controlled operator expansion in the usual sense of EFTs, we will choose
€ > R as this will allow us to organize our lump-bulk interactions as a
series in R/e. To avoid similar issues with the observables calculated at
Qexp We also choose € K Gexp.

Therefore, when we talk about PPEFT and its action what we really
mean is that there exists a lump of size R probed at a scale ey, surrounded
by a spherical shell of size € that obeys R < € < dex, on which we set
up a boundary action whose variation combined with the boundary terms
coming from the bulk action yield the boundary conditions required for the
bulk fields to learn how they should behave around the given background
solution; a condition inferred from the point-particle action, .S,.

Renormalization

The other issue that arises from is that since both the fields and
their derivatives are evaluated at the fictitious scale, €, rearranging the
equations to find the integration constants as functions of the PPEFT —
or more precisely boundary action — couplings we find that these constants

5In the simple cases we will consider the point-particle couplings, ¢; will be dimen-
sional reductions of the boundary action couplings, ¢; such that the two are related by
¢ = c;/4me?.
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also explicitly depend on €. This is a problem because physical quantities of
interest often depend on the integration constants of the solutions in
and so by proxy appear to be functions of the unphysical parameter, e.
This would imply that observable quantities, such as the energies of atomic
bound-states for example change, depending on what radius we choose
for the imaginary boundary, dB.. Clearly this is completely absurd and
unacceptable from a physical point of view and therefore it is imperative
that we keep the integration constants independent of this artificial scale;
the only question is how?

The way out is to realize that the e-dependence of €, and &, is merely
an illusion because any explicit terms of € that may appear when we write
them as functions of the PPEFT couplings using get cancelled by
implicit e-dependences of these effective coupling constants. In this sense,
the lump-bulk couplings exhibit a classical version of the renormalization
group flow familiar from QFTs [12, 13, 14], in which the values of the
coupling constants change depending on the size of 0B..

To find meaningful values of the integration constants then, we can an-
alyze this RG-flow by rearranging the newly discovered near-source bound-
ary conditions such as or for the coupling constants instead of

the integration ones, and differentiating these with the operator e%, while
keeping %, and Z, fixed in the sense that
d d
. — e— = 0. 1.4
e Ede@L 0 (1.40)

Following this differentiation we integrate the result in order to tease out
constants known as RG-invariants that pin-point which curve in the space
of couplings our theory evolves on, but do not flow themselves. Comparing
the result of the integration — written in terms of the RG-invariants —
with the original e-dependent function of the couplings we had started
with (by rearranging conditions such as and (L.39)) we find that
the integration constants are actually only functions of the RG-invariant
constants but not the fictitious scale, e.

In this way, observables are saved from the threat of ever becoming
functions of the unphysical quantity, € and they turn out out to be func-
tions of the RG-invariant parameters themselves; a phenomenon known
as dimensional transmutation. These constants are then possible to fit
experimentally and using these fitted values it becomes possible to make
predictions for other measurements, which we will heavily exploit when we
look at atomic systems in Chapters [3] and [

To summarize, in this section we have discovered that the main impli-
cations of lump solutions lie in the boundary conditions they impose on the
external fields on a Gaussian sphere of radius, R < € < @eyp in the form
of . Figure illustrates these relevant scales in the problem and
we should always have this image in the back of our mind going forward
when we talk about EFTs of lumps. Strictly speaking these boundary
conditions emerge in the form of from an effective boundary ac-
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Figure 1.1: This picture shows the three relevant scales in an effective
theory of lumps: R the size of the blob where its energy is concentrated; e
where the boundary conditions the lump implies for the bulk fields is set
up; and aeyp the scale at which experiments probe the lump. These scales
obey R < € < aeyp and the fuzzy blob in the middle represents the lump
that can be the result of very complicated physics.

tion Sz, that allows these boundary conditions to change in a dynamical
way in response to the presence of all sources pertaining to the fields, and
whose construction relies on inferring the correct local interactions between
the blob background and the bulk fields from the effective one-dimensional
point-particle action, S, which is relatively easy to build. Furthermore, we
have found that the coupling constants of these actions need to run in the
renormalization group sense in order to keep observables that depend on
the integration constants of physical, and through dimensional trans-
mutation these observables turn out to depend only on the RG-invariant
parameters of this running. With these general ideas in mind we will now
move onto finding the PPEFT of real atomic systems.

1.4 PPEFT for Atoms

So far we have seen that at low energies certain fields can develop back-
ground solutions that concentrate some energy to a centre-of-mass posi-
tion, y*(s) in a ball of radius, R. We have christened these solutions
“lumps/blobs” and found through general arguments that when they are
probed at experimental scales of aeyp, they interact with their surroundings
through their low-energy degrees of freedom such as the coordinate fields,
y*(s), their spinﬂ ¢"(s) and other internal degrees of freedom and these
interactions can be conveniently captured by an effective action organized

SFor simplicity of presentation we assume this nuclear spin, £#(s) to be zero for now.
However, a major part of this thesis presented in Chapter (] exhaustively discusses the
inclusion of spinning nuclei in the PPEFT formalism and we comment on where this
will be relevant at certain places in what follows.
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into a multipole expansion of operators where higher-order interactions are
suppressed by increasing powers of the ratio R/de, < 1. This action
can then be used to construct a similar boundary action that dynamically
imposes the necessary boundary conditions on the fields external to these
backgrounds to allow them to adjust their behaviour to be consistent with
the presence of such lumps.

In this section, we will explore the PPEFT for a simple class of blobs
that have no low-energy degrees of freedom other than their centre-of-mass
coordinates, y*(s) and will see that it is possible to conceive of such a
theory as describing an atomic system with a spinless nucleus. We will
proceed starting with the theory of a free lump (in what follows the names
“lump /blob/nucleus/background solution” will be used interchangeably)
and use it to infer the symmetries obeyed by such simple objects and then
couple our blob to an electromagnetic field, which will allow us to demon-
strate how the above formalism works in the familiar setting of electro-
statics. In the last section we will further complement this system with
fermionic bulk fields and see how these fields learn about the presence of
the nucleus.

1.4.1 Relativistic, Free, Scalar Particle and Symme-
tries

Let us begin by studying a freely propagating, possibly relativistic spinless
point-particle; a system well-studied in the gravitational literature [19, 20|
21]. The action for such a system is given by

Sp,O == /dS £p,0 == —/dS —y2M7 (141)

where ¢ = 1,,0"y" and as before, s is a parameter along the particle’s
world-line, while y*(s) are the particle’s centre-of-mass coordinates, the
overdot means differentiation with respect to the world-line parameter and
M is a constant that will turn out to be the mass of the particle. This
is a good starting point for us because a spinless nucleus has size, R ~
1fm and when viewed from afar, say from a scale acq, > R it appears
to be exactly such a particle and so has a low-energy effective description
akin to this system: its field-content consists of only the centre-of-mass
coordinates, y*(s); and its only physically observable characteristic is its
mass. Therefore, by studying the properties of this system we can learn
surprisingly much about what the PPEFT corresponding to a nuclear lump
should be like and can — in addition to the field content — also establish its
symmetry properties.

The first symmetry that is readily apparent in this action is that of
translation invariance. Moving the particle over by a constant, a* means
translating its centre-of-mass coordinates such that y'*(s) = y*(s) + a*
and this leaves the theory invariant thanks to the action only depending
on the derivative y'# = g*. The emergence of this may seem surprising
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but recall from our earlier discussion of lumps that we had started with
a translation-invariant action before we integrated out the high-energy de-
grees of freedom. Once the blob had come to life, this symmetry was broken,
because moving the lump around corresponded to physically distinct set-
ups, leading to the translation-invariance of the high-energy theory becom-
ing non-linearly realized as shifts in the coordinate fields, y*(s). To respect
this symmetry, it then had to be true that the fields y*(s) only appear
differentiated, i.e. through ¢* in the effective actions for point-particles.

Another closely related and equally transparent symmetry of S, is
Lorentz invariance, which can be seen by the contraction of all spacetime
indices. This symmetry is inherited from the high-energy theory of the
point-particle and is the unbroken subgroup of the full Poincaré group
in the low-energy lump theory, SO*(1,3) c ISO*(1,3). Again, a simple
way to see that this symmetry survives the point-particle limit is that it
is linearly realized on the low-energy degrees of freedom, since both the
centre-of-mass coordinates, y*(s) — A*,y”(s) and spin, £#(s) — A*,E¥(s)
transform in the fundamental representation of the group, where A*, is a
proper, orthochronous Lorentz transformation.

The action of the other parts of the Lorentz group i.e. parity and time-
reversal also leave this action invariant. This can be seen from the fact that
the four-vectorial quantity ¢* that changes under these transformations as

P {y - 9 T:{y.(; - (1.42)
v = =y y o — v,

only appears contracted with another four-vectorial quantity — namely it-

self, y# — that transforms the same way, leaving the resulting quantity

invariant. Then, by the CPT-theorem the PPEFT action that is symmet-

ric under P and T will also have to be symmetric under charge conjugation,

C once the point-particle becomes charged under some gauge field.

A less obvious symmetry of the action of the free scalar particle is repa-
rameterization invariance. This is the symmetry whereby choosing a dif-
ferent parameter to describe the trajectory of the particle the action is left
unchanged and looks the same as in the old variable. This transformation
is effected by taking s — f(s) for some arbitrary, well-behaved function,
f(s) and is most easily seen by explicitly writing out the transformation,

af ol dy e 2
dsy/—1? —>df( df =df df (1.43)

The last quality of the low—energy effective description of the nucleus we
can extract from the action of the point-particle comes from the interpre-
tation of the constant, M. To find what this parameter corresponds to we
need to derive the constraints on the theory, and as we have advertised in
the previous section this proceeds by way of finding the conjugate momenta

to y* given by .
8,Cp7() yu

Pu = e M 7 (1.44)
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and then trying to rearrange this result to find the velocity, y* as a func-
tion of p#. We run into an obstacle during this last manipulation due to
the presence of the square-root, which necessitates calculating p* = p,p*"
instead,

p?=—M? (1.45)

from which ¢* disappears, preventing us from writing it as function of p*.
The result then is the constraint p? + M? = 0, which is no other than
the correct dispersion relation for a relativistic particle, provided that the
parameter M is associated with the mass of the particle. Since this last
condition is a constraint, the free point-particle is forced to move on its
mass-shell, as is worthy of a real particle. Furthermore, since M is a real
quantity, we learn that the action has to be hermitian if it is to describe a

unitary systemﬂ

In summary, by studying the symmetry properties of the action of a
relativistic scalar point-particle we have learned that the PPEFT action
describing a nucleus has to be hermitian; translation and Lorentz-invariant;
unaffected separately under P, T and consequently C transformations; and
unchanged by reparameterizations of the world-line. Going forward, this
will be a basic set of symmetries that we require from the low-energy actions
of our one-dimensional lump.

1.4.2 Coupling to the photon

Next, we look at how a point-like-appearing object in our theory with the
PPEFT properties just established couples to a U(1) gauge field. The rea-
son for investigating this is twofold: it shows us how gauge symmetries
can be incorporated into the PPEFT formalism, which is of practical im-
portance to us since although atoms are neutral objects overall, nuclei are
a collection of strongly bound neutrons and protons and therefore corre-
spond to charged background solutions; and also reveals how the presence
of a charged one-dimensional lump affects the surrounding electromagnetic
gauge field through the near-nucleus boundary conditions it implies for this
field.

Now then, let us imagine that there is a U(1) gauge field, A*(x) that
lives in the bulk and that our point-particle is charged under this field with
a total charge of (). The dynamics of such a gauge field are described by
the usual Maxwell action,

1
Sw=—7 / d'z F,, F*, (1.46)
where F),, = 0,A, — 0, A, is the anti-symmetric field-strength tensor. As

usual, this bulk action is invariant under gauge transformations of the form
At(x) — AM(x) + O*h(x) for an arbitrary scalar function, h(z) and this

"This condition can be relaxed depending on the physical situation, such as is the
case when studying systems with sinks or sources of probability [8].
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means that under such transformations the change in the Lagrangian can
at most be a total derivative, since these leave the action and consequently
the physics unchanged.

Recall, that for a PPEFT, S,, alone cannot be the whole story since
it only describes the dynamics present in the bulk but says nothing about
the existence of the lump and hence the total action of a charged lump
with a U(1) gauge field will have to include an appropriate point-particle
contribution as well in the form of the coupled nuclear action, S, ,. If
the point-particle was uncharged under the U(1) group, the total action
would be S = S, + 5,0; an example of a boring free theory where nothing
ever happens. The question to ask then is: what is S, ./, the action for a
one-dimensional lump charged under a U(1) group?

We can answer this using the model-building procedure developed in
the earlier sections since we know that the low-energy field content is
{y*(s), A*(x)} and the symmetries are gauge invariance and the symme-
tries of a nuclear PPEFT we had inferred from S,,. Then, following our
algorithm for building EFTs we find that the action for a charged spinless
blob of size, R probed at a length scale, aey, > R is

S == [as{V=PM - Qi) 4} (14D

where the bulk field, A*(z) is evaluated on the world-line, ) is a coupling
constant that turns out to be the charge of the lumpﬂ and the ellipses encode
possible higher-dimensional operators suppressed by increasing powers of
the ratio, R/aey, that act as sources for the rest of the terms in a multipole
expansion of the vector—potentia]ﬂ

Note that S, ,, is gauge-invariant, which can be easily established by
looking at the last term under a gauge transformation with JA*(x) =
O"h(x), resulting in

_=Q [dassnt),

=5 (@ [wsiram) = [asirone) i
(1.48)

which evaluates to a constant without physical significance.

The moral of this exercise then is that lumps can be charged under
gauge fields by introducing gauge-invariant interactions between the low-
energy degrees of freedom of the blob and the electromagnetic field, A*(x)
and its various derivatives, evaluated on the world-line of the point-particle,
just as we had claimed in the last section.

80ne way to assert this is again by finding the constraints on the theory, which work
out to be P2 + M? = 0, where P{ = p* — QA*; the usual dispersion relation for a
charged, relativistic scalar particle provided that M is interpreted as its mass and @ as
its charge.

9For instance, as we will see later a lump with spin can interact with A#(x) through
a term Sp, D ¢b&*EVF,, that sources a magnetic-dipole field, where b is proportional to
the blob’s magnetic moment and as before, £#(s) is the spin of the lump.
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Now that we know how to couple the gauge field to the point-particle,
we can investigate how the charged lump affects the vector potential, i.e.
what kind of potentials does the total action give rise to at the length scales
of our experimental probes, aey, that are much larger than the inherent size
of the blob, R. In order to do this we need to work out the equations of
motion for the gauge field as derived from S = S, + Sp u,

1
Sz—/d% {ZF’“’FW /ds (x/—yM Qu"A, )54(x— )},
(1.49)
where we have inserted a 4-dimensional delta-function to place S,, and S,
under the same integral. Varying with respect to A*(z) leads to the field
equation

0, F"" = 9,0" A — OA” = Q / ds 6" (x —y), (1.50)

which can be simplified by exercising our freedom to choose Coulomb gauge
i.e. to set 0,A" = 0, assuming the solutions to be time-independent (and
so YA = 0 and 9°9"h(z) = 0) and utilizing the symmetries of the system
to parameterize the nuclear world-line via its proper time, 7 such that
y> = —1, then boost to the point-particle’s rest frame (this sets g* = d))
and finally translate the nucleus to the origin (which further picks out

y* = 70} ), which all come together to yield
V2AY = —Q646° (x). (1.51)

Following our procedure for finding the nuclear influence on the external
fields we look for a solution to this differential equation away from the origin
first, which turns out to be a sum over all angular momentum and radial
modes allowed by the Laplace equation, VZA® = 0 [22],

(r,0,0) = Z Z Y (0, 0){ Gr' + D (1.52)

=0 l,=-I

where ¢7,, and ¥, are the integration constants of the near-origin con-
vergent and divergent parts of the solution respectively, [ is the angular
momentum quantum number and [, is its projection, while Y/Z(Q, ¢) are
the usual scalar spherical harmonics.

Although, this is the general form of the solution to (1.51]), it is not
the solution, since specifying the result completely requires fixing the in-
tegration constants and this is achieved by choosing boundary conditions
on various surfaces. As we had discussed before we require there to be
a boundary condition at » — oo that asks the fields to remain finite in
this limit, and imposing this large-r boundary condition on A%(r, 6, ¢) sets
€1, = 0 for all of the angular momentum modes.

As we have learned from the last section the appropriate next step is
integrating over a ball, B, of small radius, € that obeys R < € < texp
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which by using Gauss’s theorem leads us to

/ BPrVv2AY = / d’zn- VA = / d?Q, €20, A°
Be 0B.

= =) (t+ 1)%,gze‘f/d292 V) =-Q,

0L,

r=e

— @&@z = %5@7053270 , (153)
where n is the unit normal vector of the surface 0B, that we have taken to
be t for the spherically symmetric Gaussian pillbox of our choosing. Hence,
by integrating the delta-function piece in to find an alternative near-
origin boundary condition to boundedness we fix the second integration
constant, which in turn yields the specific, spherically symmetric, time-

independent solution to (1.51),
Q

A%r) = o (1.54)

which we recognize as the electromagnetic potential of a spherically sym-
metric charge-distribution with total associated charge, (). For our PPEFT
of a charged nucleus this is no other than the Coulomb-field of the nucleus
with ) = Ze, where Z is the atomic number and e is the electric charge
unit.

The same field can be derived by using the boundary action,

Sos. i / dt / d2Q, QA% (e) (1.55)

in place of Sy, where Q is an effective coupling related to but not the
same as (). Varying the total action we find,

55 = 6(Sys + Spmns) = —% / diz F, 6™ + / dt / 420, Q5 A,
- / diz (AN F,, + / Bz Fl 0 A + / dt / 420, Q5 A,
/ diz (A" F, + / dt / 420, 2 [FOTJrQ] §A?

/dt/dQQge |

from which we can read off the boundary condition for A°(€) to be ,

SA7,
(1.56)

For| =00A,| —0.A =04 =-Q. (1.57)
Now using the bulk solution from (1.52)) with 4;,, = 0 we get,
Y U+ 1272V (0,6) = Q, (1.58)

1l
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from which we obtain,
D, = G100, 0V 4TEQ, (1.59)

by realizing that there is no angular-dependence on the right-hand side,
and equating this to our earlier result from ((1.53)) also reveals,

A Q
Q= Pl (1.60)
and with this boundary coupling we recover the Coulomb field in (|1.54)).
The most important take-away from finding the solution to is that
the presence of the charged lump contributed to the gauge field equations
of motion a delta-function potential, which eventually lead to a boundary
condition on the Gaussian sphere of radius e. This condition related the
remaining integration constants %, to the coupling constant, Q) in Sy,
and this is how the exact solution to (|1.51)) was found to be (|1.54). We
have also seen that we can avoid talking about what happens at the origin
by introducing the boundary action, S,z , with new effective couplings
that upon variation lead to boundary conditions akin to those coming from
integrating the equations of motion with the delta-function potential, and
more importantly, when properly treated lead to the same specific external
fields through a simple relation between the coupling of S, ,, and Sys_ -

In this section then, we have seen how to couple lump solutions to U(1)
gauge fields via introducing gauge-invariant interactions on the world-line
of the lump between the low-energy degrees of freedom of the blob and the
gauge field, A*(z) and its derivatives. We have also shown that the effect
of the presence of the charged lump in the theory on A#(x) is to induce a
boundary condition on a Gaussian sphere of radius R < € < aexp near the
origin that helps determine the specific solution to its field equations. It
is only through this boundary condition that the bulk field learned about
the existence of the lump and as argued before this turns out to be true for
other types of external fields as we will now show for fermions.

1.4.3 Coupling to the Electron

Now that we can create charged lumps we are in a good position to start
studying atoms, because we can now create electromagnetically bound-
states between the blob and other oppositely charged fields. Of particular
interest to us is when these orbiting particles are Dirac fermions, ¥(z) of
mass m and charge (—e) such as electrons and muons that interact with
the nucleus at the scales of their Bohr radii, aeyp, := ap ~ (mZa)™!, where
« := e%/4r is the fine-structure constant and ay > R.

Chalking up everything we have learned in the previous sections we see
that atoms can be described in our newly developed formalism by a PPEFT
with field content {A*(z), VU(x),y"(s),£"(s),- -}, where the ellipses rep-
resent other possible internal nuclear degrees of freedom. Furthermore,
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the symmetries of such a bound system comprise of Poincaré-, gauge- and
reparameterization-invariance, C, P and T conservation and hermiticity;
and the effective action of the nucleus can be systematically organized into
a multipole expansion of operators between the low-energy fields allowed
by these symmetries with higher-order terms suppressed by increasing pow-
ers of the ratio, R/az ~ (mRZa) and resolving increasingly finer nuclear
details. In fact, the utility of the PPEFT formalism lies precisely in this
statement, because it shows that the nuclear-size-related effects can be ef-
ficiently tracked by a robust low-energy effective action whose implications
are simple (relative to the increasingly difficult QED calculations, which we
will discuss in the later sections) boundary conditions that can be imposed
in a first-quantized language on the fermion fields, instead of having to rely
on complicated processes involving their second-quantized versions.

In the last section we have worked out how the presence of the nu-
cleus affects the gauge field and found that A*(z) learns about its presence
through a near-nucleus boundary condition that helps determine what kind
of electromagnetic potential arises around such a background. In detail, this
condition related the PPEFT couplings to the integration constants that
arose in the solutions to the Maxwell equations; specifying them to yield
the correct A*(z) around the charged blob. The final piece of the puzzle in
describing atoms as a PPEFT is throwing the fermion field at this system
and finding their bound-state solutions along with their new near-nucleus
boundary conditions.

First, let us introduce the charged fermions to the bulk of the theory
via the action,

Spoar = —/d‘*aﬁ [D+m] v, (1.61)

where the slash denotes contraction with the Dirac gamma matrices @ =
0, with D,V (z) = [0, + teA,(x)]¥(x) the covariant derivative for a
field of charge (—e) that minimally couples the electron to the photon,
and where U = Wf(i7%) is the Dirac conjugate to the field, ¥(x). The
combination of the free dynamics of the Maxwell field described by S,, and
this minimally coupled Dirac action form the renormalizable bulk theory
of Quantum Electrodynamics (QED),

1 —
SB :SD,A1+SNI :SQED = —/d4$ {ZFMVFMV—‘—\I; [lp_‘_m} \I]}, (162)

central to the modern theory of atoms.

So much for the bulk, but what about the nucleus? As before, to include
the presence of the nuclear background configuration we need to couple its
low-energy degrees of freedom to the bulk fields in a way that preserves all
the symmetries we have mentioned above and form the low-energy effective
action, S, opp. The most general Poincaré-, gauge- and reparameterization-
invariant, hermitian, C, P, T conserving action we can write down for the
theory of a charged spinless nucleus with field content {y*(s), A*(x), ¥(x)}
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is then
Sparn = — / ds { M= - (Ze)i A,
4T [CS\/—QQ v icvy'“’yu} U } . (1.63)

where ¢, and ¢, are effective couplings of dimension, (length)? and the
ellipses denote interactions with higher-dimensional couplings that — thanks
to the robustness of EFTs — are suppressed by more powers of R/a; than
those written. The total action of this system is then given by the sum of
SQED and Sp,QEDJ

S = Sopp + Sposn = — /d4a: {%FWFW + 0 [P +m] v
/d554 x — <Mﬁ
+U [cs\/—_y? + icvg)“’yu] U+ ) }, (1.64)

where we have again introduced a 4-dimensional delta-function to place all
contributions on the same footing.

Again, to see what new near-nucleus boundary conditions the charged
central object imposes on the bulk fields thereby asserting its presence,
we need to find their equations of motion and we start with that of the
gauge-field,

0, F"" = (Ze) /ds Mz —y)y” —iely" V. (1.65)

The second term here, ieU~*¥ comes from the interaction between the
fermionic and the gauge fields and so should be accounted for in a pertur-
bative second-quantized treatment of the fields with the use of Feynman
graphs. Put another way, we wish to include the first term coming from the
nucleus in the interaction-picture evolution of the gauge-field, i.e. use it to
determine the classical solution around which A*(z) is quantized, while we
retain its coupling to the electron field as a dynamic interaction that allows
for processes that change particle number, which gives rise to radiation-field
components, A ,(z) in the solutions (c.f. the discussion below (L.4)). The
position-space solution to in the nuclear rest-frame placed at the ori-
gin at zeroth-order in the radiation field is then given by the Coulomb-field
familiar from (|1.54))
Ze
4grr’
and so not much changes due to the inclusion of the electrons as far as this
field is concerned.

On the other hand, varying the total action with respect to ¥ to find
the equations of motion for ¥ yields,

(D +m]| v +/ds §*(z — [CSM—FZCUQ %} =0, (1.67)

A(r) = (1.66)
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which can be simplified to
[lﬁ + m} U+ 53(x) [cs — icv’yo} U =0, (1.68)

by parameterizing the lump’s world-line with proper-time, boosting to the
nuclear rest-frame and translating it to the origin, as is our go-to procedure
by now.

For atomic applications we are interested in bound-state solutions to
these equations, which are energy eigenstates with the standard unitary
time-evolution factor, W(t,x) = e “h)(x), where w is the energy of the
state and for these solutions the equations of motion become,

[—i7° (w — eAg) +7'0; + iey' A; + m] ¥(x)
+0%(x) [es —ic,y’] Y(x) = 0. (1.69)
Away from the effects of the nucleus reduces to
[—i7° (w — eAg) +7°0; + ie' A; + m] ¥(x) = 0, (1.70)
which for central potentials such as the one in is solved by the ansatz

23],
ne0.0)= (M0 el ) o

where n = 1,2,--- is the principal quantum number, j = 1/2,3/2,---
is the total angular momentum quantum number with projection j, =
—j,—j+1,---,ij—1,j, 1l =j—w/2and ' = j 4+ w/2 are the orbital
angular momentum quantum numbers, while @ = 4 is the state’s parity
quantum number. The spinor harmonics, €2j;; - are defined in terms of the
scalar spherical harmonics as,

H@j.+3
Q. = “V s V.1 (0, 9) (1.72)
T ey, 00 ) |
2041 i+ \D

while the radial solutions specific to the Coulomb potential sourced by the
spinless nucleus in ({1.66)) work out to be,

fose(r) = Vi F 0 e-pﬂ{%,wp*l M= (%) M

+ Diwp ¢! {M:s - (%) M4] },

Gusee(r) = —vim —w e {00 Mo+ (2) Mo

+ Diop™ {Ms + (%) M4} } :

36



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

where € and ¥;. are integration constants and the functions M; are
given in terms of confluent hypergeometric functionﬂ/\/l (B,7; 2) == 1F1[B;7; 2]
with different arguments:

M, :M(C%b,P) ’ M :M<a+1vbap) )

My =M (d,V;p), My:=M(d+1,V;p). (1.74)
The various parameters appearing in ((1.73) and ([1.74)) are defined by
A Z
a=(-"2 d=— (<+ﬂ), bi=1+2(, IV =1-2
K K
Z
c:=R— am7 p:=2kr, K:=vVm?2—w? (=18 - (Za)?,
K
(1.75)
where £ is the Dirac quantum number, defined by
1
R=7F (j + 5) for parity + states. (1.76)

The completely general solution to ((1.68)) with potential (1.66) away from
the origin is then,

n—

J

W)=Y > Y D e = o(r,60,0), (1.77)

j=1je=—jw=t

NI

where we have now also affixed the quantum numbers to the mode-energy,
Note that this form of the solution assumes the standard representation
of the Dirac gamma matrices [23], 24],

o (1 0 . (0 o
’y— 'L(O _1 7’}/— ] —O'i 0 ) (178)

with the fifth gamma matrix defined as 5 := —i7?y1y243 = — ( 01 )

and its related matrices given by

o (0 1 . (a0
757——2(_1 o ) WY =71y i ) (1.79)

while the Lorentz-algebra generators are defined as y** := —ﬁ [v*,7"], ex-
plicitly written as,

Oi_z 0 o ij_lijk a* 0

7_2(0.1 0)77_26 0 O.k ) (180)

10T hese are discussed in more detail and generality in the appendices of Chapter and
are defined as the series 171 [3;7; 2] := Y i0p 1,(([37))“ 2, where (a); = ala+1) - (a+i—1)
with (a)g := 1 are the Pochhammer symbols.
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where 1 is the 2 x 2 identity matrix and the ¢¢ are the usual Pauli matrices,

Ux:(?é>,ay:(?_0i>,az:<é_01>. (1.81)

All of the mode-functions in ((1.77) obey the equation (|1.68)) indepen-
dently and since they all couple to the nucleus differently through their

angular momenta they must also individually satisfy their own set of large-
r and near-nucleus boundary conditions. In the r — oo limit any bound-
state mode with fixed quantum numbers {n, j, j., @} must be normalizable,
which translates to the following constraint on their integration constant

ratios,
B (@m) T +2(] T[~¢ ~ (Zaw/x)]
G =20 T'[¢— (Zaw/k)] ~

arising purely from the need for the combination of radial functions in
to be well-behaved in this limit.

For later use we note that the standard near-nucleus condition that is
normally imposed — appropriate only for truly point-like nuclei — is finite-
ness at the origin, which demands the near-nucleus divergent solutions in
1.73) to be killed by setting Z; , = 0. Consistency of this condition with
1.82)) leads to the Dirac-Coulomb energy levels,

(1.82)

m

D __ I{gj ?
T e (1.83)

with

_ 2
/{D’:mZa and N —n 1_2(n |R])(Za)

R n?(C+I[R)

found as the locations of the poles of the mode-energy dependent Gamma
function in the denominator of , which show that the point-like ener-
gies of the Dirac-Coulomb modes are actually degenerate in their parity and
7. quantum numbers. This is important because as we will see in the com-
ing chapters these are the values we will perturb around by assuming the
nucleus to have a finite size, and these perturbations break the degeneracy
in w.

Proceeding with our program, we next have to find the alternative
boundary conditions for the modes ;. (x) near the nucleus by integrat-
ing over a ball, B, of radius, € satisfying R < € < az. By ignoring
all but the derivative and delta-function terms this calculation gives

(1.84)

[t {r-vi) = [ doneyp = [ @020 = e ine i),
Cs . Cy
2 i’ 4e?

— [emefr- Jute = [ @B, =0

(1.85)

4re
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where on the second line we have assumed that inside B, the value of the
field is approximately equal to its value on the boundary such that v (e) ~
¥ (0). Since our choice of a Gaussian surface was completely arbitrary we
have also defined the matrix operator B, := [y"+c,/4me? —i7 ¢, /4me?] that
encodes the near-source boundary conditions on the Gaussian pillbox, 0B,
in a compact way

052 Cv2 —10" Q. ili w( )fn w(r> >
Be Sy = 4me? 7«47re . 8= ! = 07
77Z) 77z (E) ( o 47r52 + 47Te2 ) ( ZQJIIJZ*W(Q Qb) gn]w(r>
(1.86)

where in the first equality we have made use of the explicit representation
in eqs. ([1.78)) through (1.80) and used (1.71]) for the form of the mode-

functions.

Since we would like to avoid evaluating W(z) at the origin, where its
solutions external to the boundary 0B, are no longer valid and we do not
trust our low-energy effective description of the nucleus, we can arrive at
the same boundary condition for this mode and others by defining the
boundary action,

Suscarni= [ dt [ E0ETc {——w 2} W), (187)

where ¢, and ¢, are new effective couplings. Notice that this definition does
not contain the 4" term and to obtain that piece we need to realize that for
¥ to really be the conjugate field to U we need the bulk derivative term in
Sp.osp to have a symmetric form which we obtain by the replacement

SD,M — Sz;l;& = _/ B m

- + m
where the arrows indicate the direction of differentiation, because upon
variation with respect to ¥ the derivative acting on this field will yield

58 > 5{/014@%\1/} = /d%%(v“ (60) w) ~ /d% ) gxy
_ / d'a (57) 2y w) - / d'z (67) gqf
— /dt/d2§22 e (57) %7@) - /d4:c (57) gqf (1.89)

where n* is the unit normal vector to the spherical Gaussian surface, 9B, of
our choosing; containing the 7" term we are after. With this new symmetric
set-up the total PPEFT action becomes S = S), + Sp a.eym + Sos..0sp and

takes the form
1
S_—/d‘*g; {4FWF“”+\II E—g—i—m \1:}

/dt/d2§226 \I/[ i& 0} o, (1.90)
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and varying it with respect to ¥ leads to
55y = — /d% (6T) [ +m] ¥
+%/dt/d292 e (00) [y + ¢ —ie,n°] w.  (1.91)

Requiring the action to be stationary under such variations forces the two
terms on the right-hand side to vanish separately since they live on different
domains of the theory, giving us the far-field (that is excluding the origin)
equations of motion familiar from (|1.68)

(D +m] ¥(z) =0, (1.92)
and the boundary condition,

Cs — Cy —10"

BV (x) = ( ot e+ é, ) U(z) =0, (1.93)
which both individually vanish for the different Dirac-Coulomb modes.
Lastly, notice that the forms of the two boundary conditions in (|1.86))
and are so similar that calculating the same physical quantities from
both will result in the identification ¢, = c,/4me?, é, = c,/4me>.

The alternative near-nucleus boundary condition in written using
the explicit representation of the Dirac matrices suggests that for every
bound-state mode we could obtain two conditions relating the integration
constant ratio %;./%;~ present in the radial solutions of ; one for
the top and one for the bottom component of . However, notice
that if the matrix encoding these boundary conditions, B, is invertible it
is possible to multiply by this inverse and this would enforce the
radial solutions to be trivial. Then, to avoid such solutions B, must be
non-invertible, 7.e. it has to have a vanishing determinant, which in the
standard gamma matrix representation can be read off from to be,

det(B,) = (& — &) (65 +¢,) — 1 = 0. (1.94)

This relationship between the coupling constants informs us that the two
conditions obtained from the top and bottom components of are in
fact not independent and so it is enough to take into account either one of
them.

Now, we could use to find %, /%j in terms of the coupling
constants ¢, ¢,, and the fictitious scale, e. We would then need to find
how the coupling constants run in this parameter in order to keep the
integration constant ratio physical, depending on at most the RG-invariant
parameters of this coupling flow. Then, we would perturb around
the Dirac-Coulomb energies of to find the energy shift associated
with the new value of %;,/%,. acquired through the new near-nucleus
boundary condition in , and would be able to write this energy shift
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also as a function of the RG-invariant parameters, which we could in turn
fit using experimental data to make predictions for the same energy shift in
other levels. This is precisely the topic of the papers presented in the rest
of the thesis and so we will not prod this problem any further at present.

In this section, we have seen that lumps of size R that have no other
internal degrees of freedom than their centre-of-mass coordinates, y*(s) can
be effectively described as point-particles at the large experimental scales,
aexp > R. Capitalizing on this analogy we have explored the symmetry
properties of such blobs by looking at the well-studied action of the rela-
tivistic free particle and found that the PPEFT action of such simple blobs
must be Poincaré- and reparameterization-invariant, separately C, P and
T conserving and hermitian. We then charged these blobs under a U(1)
gauge field by appending the PPEFT action with gauge-invariant interac-
tions between the low-energy degrees of freedom of the lump and the gauge
field, A#(z) that preserve all the other symmetries of the theory and found
the alternative near-source boundary conditions for the field implied by
the presence of the lump. This condition picked out the specific allowed
solution around the lump by relating the integration constants appearing
in the solutions to the field equations of A*(z) to the PPEFT couplings
of the lump action. Lastly, we have introduced fermions into the theory
and found the near-nucleus boundary conditions the charged blob implied
for them and outlined what we intend to do with these conditions in the
presented work to turn them into physical predictions for energy shifts of
leptonic bound-states related to the finite size of the nucleus.

1.5 Nuclear-Size Effects in Atomic Bound-
States

In the previous section we have seen that atoms can be described as theories
that involve a charged lump (namely, the nucleus) of size R ~ 1fm giving
rise to a Coulomb potential with which it binds oppositely charged fermions
to itself at scales of the Bohr radii of these fermions, az ~ (mZa)™!.
The influence of this background solution on the fermions in addition to
the Coulomb potential it sources for them can be captured through a
boundary action that is a result of a multipole expansion in powers of
R/ay ~ (mRZa) of the ever-more intricate interactions between the low-
energy degrees of freedom of the nucleus and the surrounding bulk fields.
Varying the total action with respect to the fermion fields reveals that the
presence of the nucleus asserts a new set of near-source boundary condi-
tions on these fields that relates the integration constants in the solutions
to their equations of motion to the couplings of the boundary action and
thereby takes into account the finite size of the nucleus. This is apparent in
two ways: the couplings of the effective action come with increasing powers
of (mRZa) and so trading them for the integration constants introduces
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terms in the physical observables that are also expanded in powers of this
combination; and the standard boundary condition that the new one re-
places assumes a point-like nucleus and so deviating from such a condition
takes into account that the nucleus had a finite size. It is worth empha-
sizing this point again: PPEFT provides a low-energy effective description
of nuclei that systematically computes the finite-size effects of these objects
on physical observables in a first-quantized language.

So far so good, but before we dive into exploring how this works in
detail it is worthwhile to recount how such effects have been calculated in
the past and explain why our way of computing them is useful. In order to
do this we will take a short detour to marvel at the beauty and success of
QED and by extension the Standard Model and then study the history of
finite-size effects on atomic spectroscopy.

1.5.1 The success of QED

Quantum Electrodynamics is the renormalizable QFT of an electromagnet-
ically interacting fermion field, W(z) with action presented in the previous
section in (1.62), repeated here for convenience,

Saqpp = — /d% {%FWF‘“’ + U [P+ m] \1;} : (1.95)

with F),, the field strength of the electromagnetic gauge field, A*(x). It
is one of the most successful theories of modern physics and one of the
roots of its success lies in its renormalizability, since it means that there
is a finite number of Feynman diagrams that lead to infinities, which can
therefore all be absorbed into the physical mass, m of the fermion and the
photon-fermion coupling, (—e), a.k.a. the charge of the fermion. The facts
that it has such few parameters and that we are well-suited to construct
experiments that can probe its predictions are added bonuses that also
contributed to the hype around this theory. By measuring these quantities
in the laboratory one can make — in principle arbitrarily — accurate pre-
dictions for the consequences of all sorts of matter-light interactions, such
as the cross-sections for scattering processes, the anomalous magnetic mo-
ments of leptons, atomic bound-state energies and many more, and these
calculations can be found in most standard textbooks on the subject of
QFT [12, 13, 14} 23, 4],

One could argue that the study of QED began with the birth of Quan-
tum Mechanics (QM), because at low-energies where the excitations of the
fermion fields are non-relativistic particles QM emerges as an effective the-
ory of QED through an expansion of the Dirac fields in v/¢ < 1, where v
is the velocity of the fermion and ¢ the speed of light [23]. This effective
theory of QED has taught us many surprising features of Nature, starting
with an accurate model of the quantization of atomic bound-states and ex-
plaining the spectrum of the Hydrogen atom using the Bohr model. Since
that early golden era the theory of bound-states as described by QM had
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been overtaken by the more superior theory of QED, which was able to
explain the famous Lamb shift of the QP% and 25 1 states due to vacuum
polarization using the QFT framework. After the QFT revolution both
the experimental and theoretical fields of bound-states had undergone an
impressive evolution as a result of which people today can predict and mea-
sure energy levels with such unprecedented precision that their calculations
need to rely on the full theory of the Standard Model] For a review of
the modern treatment of atomic bound-states see [25] as an example.

However, with high precision comes big responsibility; at the high-
energy frontier, due to this unparalleled accuracy of modern laser spec-
troscopy techniques atomic bound-states have become the testing ground
for fundamental theories. The exciting aspect of these experiments is that
as technology progresses and physical quantities are measured to ever-
increasing precision, any deviations from QED and the Standard Model
would signal that our understanding of Nature is somehow incomplete,
opening the door to the wildest dreams of model-builders. However, so far
any inconsistencies between bound-state QED and experiments have been
resolved either by invoking the full machinery of the Standard Model and /or
by finding more accurate values for the natural constants, such as the fine-
structure constant, o or the Rydberg constant, Ry. In this sense, QED
and the Standard Model have withstood the tests of time and live on to
make valuable predictions that can either be proven wrong by experiments,
which would no doubt please many Beyond the Standard Model theorists;
or proven right, bringing everyone who has ever understood QED the joy
of knowing that we can accurately describe some aspect of Nature to a new
decimal place.

This gleeful outlook is overshadowed by the fact that our understanding
of the strong interactions that make up nuclei is — ironically — rather weak.
There are no ab initio calculations that people can perform that would
accurately describe nuclei and yield testable predictions for the structure
of such objects. This is a major roadblock in using atomic spectroscopy
as a test of fundamental physics because at the experimental level of pre-
cision attainable today the effects of nuclear forces and substructures are
measurable and important. Without such predictions people are forced to
model nuclei in various ways, introducing parameters that in turn need to
be fit using experimental data. In and of itself this would not be a problem,
however as we will show in the next section there is a large amount of these
parameters and there are far fewer measurements that can be used to fit
them to the accuracy required to test the predictions of fundamental the-
ory. This mismatch between parameters and accurate measurements leads
to large uncertainties associated with these nuclear structure contributions
to the extent that their uncertainties cloud the effects we would like to

1 Ag far as “low” energies are concerned QED is a great theory, however we know
that it is the full theory of the Standard Model that rules particle physics and as exper-
imentalists become able to probe energy levels to higher-and-higher accuracies the full
machinery of this UV completion to QED becomes necessary to take into account.
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measure. Let us now look at just how dire this situation is.

1.5.2 Moments...Moments Everywhere!

For the longest time, only numerical studies possessed the computational
power necessary to incorporate nuclear-substructure effects — such as those
related to the finite sizes of nuclei — into atomic energy shift calculations,
because closed forms for such phenomena exist only in a few cases. This
was problematic because the calculation of such effects rested in the hands
of a few select groups of physicists, who themselves always had to commit
to specific nuclear models (not necessarily the same one between the various
teams) and their calculations involved the nuclear structure to all orders in
small quantities such as «, making it impossible to discern at what orders
in these quantities the effects of finite size played a role. The nuclear
models devised and used consisted of specific charge- and magnetization-
distributions p.(x) and p,,(x) that in our conventions we normalize as

Ze = /dgxlpc(xl), py = /d3x'pm(x'), (1.96)

where the integrals run over the expanse of these distributions and py is
the size of the nuclear magnetic moment with the nuclear g-factor included
(and so is not simply the nuclear magneton for Hydrogen for example).

Naturally, this was quite upsetting and people were hard at work to
find some way to characterize these nuclear-structure contributions with-
out relying on any given model. The first such model-independent param-
eterization of a finite-size effect was written down by Karplus, Klein and
Schwinger for Hydrogen in [26], where the energy shift of the n.S 1 state due
to the finite size of the nucleus was written as,

2
GBS, ~ = (Za) mi )., (1.97)
where m, = mM/(m + M) is the reduced mass with m the leptonic and
M the nuclear masses respectively and (r?), is what is known as a nuclear
charge moment that in today’s folklore is referred to as the charge-radius
squared. The importance of this result was to show that nuclear-size effects
can be captured in terms of such nuclear moments as (r?)., which are
defined to be weighted integrals over p.(x) and p,,(x) and in our conventions
are given by

1 1
(o= o [0 = [, (199)
where (r*),, is the k'™ magnetic moment of the nucleus.
Followed by the calculation in [26] another exception to the model-
specific computations was produced by Zemach in [27], where he had writ-
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ten@ the nuclear-size correction to the hyperfine splitting of nS 1 levels of
Hydrogen as,

SELg |~ [(%)%(%)1 (~2)m,(Z0) (Fem,  (1.99)

including a weighted integral over the convolution of the charge and mag-
netization distributions known today as the first Zemach moment. These
Zemach-type convoluted integrals are given in terms of the charge and
magnetization distributions by

1
pn(Ze)

and can be generalized to include any pair of distributions with appropriate
changes to the denominator.

Finally, inspired by these calculations some 20 years later Friar system-
atically categorized spin-independent finite-size effects in [28], through an
impressive calculation of third-order perturbation theory for low-Z atoms,
controlled by the small parameter (Za) < 1 as a function of such model-
independent nuclear moments and showed that to accurately capture finite-
size related energy shifts to a given order in this parameter it is sufficient
to include only a certain number (rapidly increasing with factors of Za) of
these nuclear moments. In our conventions his result out to and including
terms proportional to (Za)® (but ignoring higher-order contributions) for
the positive-parity nS 1 states reads,

<Tk>cm — /d3x/ / d3y/ |X/ o y/|kpc(xl)pm<y/)’ (1100)

3

SEL, > 2 (Z0) {<r2>c A (Z0) (e — (22| LD

n3

L 2y, <Hn_1 L, Britdn-9 <ln [M] >>]

4n?

<T4>c
10n?

(r2), <<r2 In [M} > + (r?), {Hn_l toy— 4”32 k }) ] }

(1.101)

+m2(Za)? Ié\IR + I?R () (r D+ () (1) +

+

[GVRI

for the negative parity nP% states reads,

21 1
P n—(Za)‘lmf {5(204)2<r2>c +

nP /o 3Ind

1

E (Za)2m3<r4>c} , (1.102)

12Zemach’s original paper presented this effect for the ground-state of Hydrogen and
without any reduced mass factors. Here we are paraphrasing his result based on [25] to
include such reduced mass factors and generalize it to arbitrary nS% states of Hydrogen.
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and for the nP% state is given by,

SEM, =~ <E> (Za)m2(r) (1.103)
nPs/y r c: :

Here, H,, are the harmonic numbers defined as H,, := Y _,_, 1/k, v is Euler’s
constant, and INR JNR JREL TREL are parametric integrals that contain
further moments. Although the particular forms of these integrals can be
found in [2§], their only contribution to our current discussion is that they
yield previously unwritten moments and so we do not repeat them here but
rather make the conservative assumption that they each contribute only a
single insofar unmentioned moment to the energy shift, (5E}f51/2.

Note that these results are purely quantum mechanical and as such do
not yet take into account nuclear polarizabilities, non-trivial nuclear recoi]ﬁ
and effects of second-quantization such as vacuum polarization and self-
energy corrections. For a long time these effects were included in bound-
state QED calculations as perturbations around these above results that
appeared suppressed by extra powers of a (without Z) due to loop processes
[25], 29], 30], and as such did not result in any new nuclear moments. Then,
because for our discussion only the astounding number of these moments
matters, we do not discuss these contributions here in detail, but will do so
in Chapters[3|and [4 when we compare our RG-invariants to these moments.
This old-fashioned approach then predicts there to be upward of a total of
14 nuclear moments that need to be experimentally determined in order to
accurately predict finite-size energy shifts at order (Za)®.

In more modern approaches that dominate the recent literature [31]
32, 33, 34] nuclear-structure effects are calculated in one fell-swoop using
all the bells and whistles of bound-state QED. This momentum-space ap-
proach uses diagrammatic techniques to compute Feynman diagrams that
exchange two or more Coulomb photons (these are particular types of
graphs whose all-order sum results in the dominant Coulomb interaction of
the atomic system) between the nucleus and the orbiting lepton and then
artificially splits the resulting integrals into elastic and inelastic parts. The
elastic contributions assume the nucleus to remain unexcited during the
Coulomb exchange and constitute the parts of the nuclear-structure shifts
that are traditionally referred to as finite-size effects such as those of
and , and eqs. through ; certain recoil corrections; and
mixtures of the two. On the other hand, the inelastic parts of the structure
effects take into account nuclear polarizability by summing over the excited
nuclear states. The reason this splitting between the two types of correc-
tions is arbitrary is that as can be seen from the discussion of these effects
for deuterium in [35] 34] some inelastic contributions are also related to cer-

3By “non-trivial nuclear recoil” we mean contributions other than those that arise
as a result of the replacement of the lepton mass, m by its reduces mass, m,.. It should
be noted though that [28] does include a contribution for the leading such non-trivial
effect.
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tain weighted integrals of charge distributions and as such should always
be considered together.

Then, in our work here we will adopt the results of this more modern
approach and following [34], 36l 25] we write the spin-independent energy
shifts that take into account finite-size effects along with their recoil- and
polarizability corrections for n.S 1 states out to and including terms of order

(Za)s

~ 2 Jmd 1

S~ 5(Z0) 3{<r2>c—§mr<2a><r3>§f —<Za>2<r2>clﬂn1+v—;

9 m,(Za) (r)e
t T 3+1In [ - ] + In[(re.)] (Za) 53
2 Z
- ( n1+7——+2+1 {M}Hnwm])”,
3 n
(1.104)
where (r®)¢f is an effective radius that takes into account the inelastic

contributions of the two-photon Coulomb exchangd™] and (re,), (re,) are
again other nuclear moments, whose definitions from [34] we do not repeat
here as they do not qualitatively contribute to our discussion.

It is important to note that [34] primarily focuses on deuterium but
makes several useful comments for other nuclei such as atomic- and muonic-
Hydrogen. It turns out that these latter systems are special in that the af
polarizability corrections to their finite-size effects vanish, which is not true
for other nuclei such as deuterium, and the form of these corrections can
be found in [34]. We do not write these here for two reasons: the systems
we will be interested in in this thesis are 3He™, ydHe", H and pH and as
we have just mentioned for the latter two these correctlons vanish, while
for the former two they turn out to be too small to contribute to current
experiments; and these effects turn out to depend on the principal quantum
number the same way as do the other finite-size effects, which means that
we could group them together into effective moments the same way we had
done so for (r®)¢f. At the same time, the polarizability contributions to

cc*
nP% and nP% states in the systems of interest to us are also too small and

as such the finite-size effects in these states preserve their form from
and (L.103).

Similarly, the spin-dependent finite-size effects have also been calculated
for Hydrogen using this more modern approach and they have been written
in terms of momentum-space integrals over the proton form-factors in [37],

MThere is a cancellation between the original (r®).. term in (1.101) (known as the
Friar moment) and a certain part of the polarizability [35] but since the inelastic contri-
butions at this order depend on the lepton quantum numbers the same way as the elastic

contributions they can be combined to define the effective nuclear moment, (r3)eff.
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and a position-space equivalent has been recently presented in [38] to be

s5tt = () 2520 (2 L oy Z0) ) + (20 )

X {—% +y+ H, o +1n [2(Za)m<rp”>} + 4<T2>m2} } T

n (r2)en
(1.105)

with the ellipses standing for terms of (Z«a)7 or higher and where (r,,) is
again some moment from [38] whose definition does not add to our discus-
sion and so we do not repeat it here.

As we can see, although these more compact photon-exchange calcu-
lations depend on fewer model-independent nuclear parameters, they still
require upward of 8 nuclear moments to be fitted experimentally in order
to be able to predict finite-size effects at order (Z«)®. The issue with this
is that accurate enough measurements for fitting these parameters accu-
rately enough not to introduce large uncertainties in the predictions are
few and far between with only 3 available in H [25] 39, [40] and only 2 in
pH [41] for example. What makes matters worse is that fitting the (r?)..
term of using the more precise measurements of muonic atoms of
the past decade [42] has initially lead to a different value than the one sug-
gested by CODATA derived from experiments using electrons [43]. This
became known as the proton charge radius puzzle — for some recent reviews
see for example [44] [45] [46] — and has ignited a lively reevaluation of all
the effects of bound-state QED as well as the proposition of many Beyond
the Standard Model Physics models. However, it must be noted that as
new electronic experiments seemed to start yielding results conforming to
the muonic measurements, the CODATA group recently has adjusted their
recommended value for the proton charge radius [47].

1.5.3 How PPEFT Can Help

All in all, we see that while using nuclear moments is certainly a viable way
for characterizing finite-size effects, the large number of these moments that
need to be inferred experimentally due to a lack of first-principles calcu-
lations makes using them somewhat unreliable when it comes to nuclear
errors. It would be great then, if we could reduce the number of these pa-
rameters, preferably to such an extent that the few accurate measurements
we have would be enough to fit them in such a way that their implied pre-
dictions would be unclouded by the large uncertainties of nuclear structure.

This is where EFT methods, and in particular the above developed
PPEFT formalism can help. As we had seen, we can describe atoms as
a system of a lump of size, R ~ 1fm, mass, M and charge Ze binding
fermions, ¥(x) of mass, m and charge (—e) to itself through electromag-
netic interactions mediated by a U(1) gauge field, A*(x) at orbits of size,
as ~ (mZa)~'. This theory contains as a bulk action, the dynamics of
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QED and a one-dimensional effective action that contains all possible in-
teractions between the low-energy degrees of freedom of the nucleus and
the bulk fields that are hermitian and symmetric under Poincaré-, gauge-,
reparameterization-, C-, P- and T-transformations. Through the magic of
EFTs such an effective action comes organized into a multipole expansion of
operators where higher-order operators are suppressed by increasing pow-
ers of the small ratio, R/az ~ (mRZa); and through it the nucleus affects
the surrounding bulk fields only through a set of new near-nucleus bound-
ary conditions that tie its effective couplings to the integration constants
of the solutions to the bulk field equations of motion. Since the effective
nuclear action appears as an expansion in powers of (mRZ«) it is clear
that the effective couplings of this action are related to the finite size of
the nucleus, and by writing physical observables in terms of the integration
constants and using the implied near-source boundary conditions to trade
these constants for the effective couplings, we can capture the effects of
finite nuclear-size on the observables of interest.

Of particular importance for bound-states are the energies of the or-
biting leptons. Writing shifts of these levels in terms of the integration
constants of the bulk fields and then trading these constants for the cou-
plings as outlined in the previous sections will introduce a dependence of
this observable not just on the PPEFT couplings but also the fictitious
scale, ¢ where the new boundary conditions are set up. Then, to ensure
that the bound-state energies remain physical the effective couplings will
rush to the rescue and assume an implicit dependence on € that is exactly
right to cancel these apparent dependences. The running of the couplings
will then turn out to be characterized by a handful of RG-invariant param-
eters, which will therefore enter physical observables through dimensional
transmutation. By inspection we will then be able to relate these RG-
invariant scales to the nuclear moments of the previous section and see
that it is only ever certain combinations of the many moments shown that
enter into energy shifts and so they depend on fewer parameters than when
written in terms of nuclear moments.

Since the nuclear-size dependent energy shifts turn out to depend on
only a few parameters it will be possible to devise linear combinations of
spectroscopic measurements from which the finite-size effects cancel to the
accuracy we will work. Alternatively, it becomes possible to fit these hand-
ful of parameters and use them to make predictions for the finite-size energy
shifts of other transitions, which therefore only depend on the precision of
the experimental data we had used for the fitting and the accuracy of the
theoretical contributions to these measurements that assume a point-like
nucleus. As such, by designing more accurate experiments and calculating
point-like bound-state QED effects to higher precision will only improve our
predictions over time, diminishing the large nuclear-structure uncertainties
of the past.

In summary, PPEFT revels that nuclear-size contributions to energy
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shifts are governed by fewer parameters than naively believed, which plays
to the benefit of reducing the large uncertainties associated with these
effects that have been stumping the progress of tests of fundamental theory
in ultra-precise spectroscopic measurements. On this note, let us now dive
in and see how all of this works out in detail.
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Summary

In this paper we continue the initiated efforts in [II, 2] to apply the PPEFT
framework to various systems. While the motivation for studying the
Schrodinger equation with a 1/r% potential in [1I] and the equations of
motion of a charged relativistic scalar field in a Coulomb potential in [2]
were purely technical, in this paper we apply PPEFT to our first physi-
cally well-motivated system: atoms. This is made possible by the fact that
nuclei are charged, heavy, compact objects of size R ~ 1 fm that lend them-
selves well to a PPEFT treatment since from the scales of atomic orbits,
as ~ (mZa)~! they appear to be point-like objects and can therefore be
described through the effective theory of one-dimensional lumps we have
developed above in Section [1.4, On the other hand, the bulk of the theory
contains (for the first time for us) a fermionic field, ¥(z) with mass, m and
charge, (—e) bound to this nucleus through the effects of a U(1) gauge field,
AH(x), whose dynamics are assumed to be described by the QED action of
, as is appropriate in modern treatments of atomic bound-states.

In such an EFT, general nuclei correspond to background solutions with
mass, M, charge, Ze, magnetic dipole moment, p, and higher-order elec-
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tromagnetic moments, interacting with their surroundings only through
their centre-of-mass coordinates, y*(s), their spin, {#(s), and other in-
ternal degrees of freedom. Their trajectory in spacetime is given by a
one-dimensional path that maps R to M*, P : s — y¥(s), where s is an
arbitrary parameter along the nuclear world-line. The effective low-energy
action, S, of such a nucleus contains the most general interactions between
its low-energy degrees of freedom and the surrounding bulk fields that are
hermitian and allowed by Poincaré-, gauge-, reparameterization-, C-, P-
and T-transformations, and comes organized into a multipole expansion of
operators with higher-order terms suppressed by increasing powers of the
small ratio, R/ap ~ (mRZ«a) and resolving ever-finer nuclear-size related
details.

Since in [1I, 2] we had already observed that the presence of the nucleus
induces alternative near-source boundary conditions for the bulk fields and
have already treated the electromagnetic field under the assumptions that
the source only has charge but no other multipole moments, our current
purpose is to understand how the presence of a nucleus with similar restric-
tions affects the fermion field and what new fermionic boundary conditions
its existence leads to. Therefore, in this paper we take the nucleus to have
zero spin, £#(s) = 0 and no other electromagnetic properties other than
its charge, which restricts our attention to systems such as 3He™ and other
Hydrogen-like systems with doubly magic nuclei.

To a large extent we have already summarized the set-up of this paper in
our discussion of coupling a scalar nucleus to fermions in Section [1.4.3] The
electromagnetic field sourced by the nucleus is found to be the Coulomb
field in ({1.66|), while the solution to the Dirac-equation with this potential
is given by with the radial functions written in (|1.73)). The large-r
boundary condition on these modes turns out to be by normalizabil-
ity, while the traditional near-nucleus boundary condition of boundedness
at the origin forces %;, = 0, yielding the Dirac-Coulomb energies, w, of
(1.83). The alternative boundary conditions that emerge due to the pres-
ence of the nucleus are given in and these introduce a perturbation
around wp, related to finite-nuclear size that can be calculated from
by taking w = wp, + dw, while keeping %;,/€j- # 0. We concentrate on
such energy shifts of the j = 1/2 states as these are located closest to the
nucleus and feel the effects of its finite size the most.

We use the boundary conditions in to find this ratio of integration
constants as a function of the effective fermion-nucleus couplings. This
inadvertently introduces a dependence on the fictitious parameter, ¢ — the
radius of the boundary on which the alternative boundary conditions have
been set up — of the energy shift. Then to keep this energy perturbation
physical we analyze as if it was a running equation that told us how
the PPEFT couplings have to depend on € in order to achieve this.

In this paper, instead of using the RG-invariant parameters to charac-
terize the running and then trading the apparent e-dependence of %, /6
for a dependence on these parameters, we write it as a function of “effective
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moments”, §;, f; in a double series expansion of €/ag ~ meZa and (Za)?,
using g1 /f14 = (Za) (g1 + G2(meZa) + §3(Za)? + - -] and a similar ex-
pression for the negative-parity modes in the boundary condition.

Lastly, we compare our leading energy shift result written as a function
of these effective moments to that written in terms of nuclear moments,
namely the shift in (1.101]) and find that (1 + 2g;)e* = (r?)./3 and also
compare our predictions for subleading effects in terms of g;, fl to those
made by specific nuclear models.
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1 Introduction

Nature is full of examples where small but massive compact objects (of linear size R) inter-
act with and control the motions of lighter neighbours within a much larger surrounding
domain (of size a > R). Examples include nuclei and atoms, stars and solar systems as well
as legions of others. For such systems familiar arguments (such as the multipole expansion)
show that only a few features of the compact object are often relevant to understanding
motions in their larger environment. This simplicity usually emerges once observables are
expanded in powers of small ratios like R/a.

Effective field theories [1-4] are the natural language for exploiting this kind of sim-
plicity, though these are usually only formulated in a second-quantized language with all
species of particles represented by their respective quantum field. For instance two-body
contact interactions between two species of particles in a fully second-quantized framework
would be represented in terms of their respective fields by terms like g(¢*¢)(x*x) in an
effective Lagrangian.

Our companion papers [5, 6] explore how to formulate such effective theories using
instead a first-quantized language for the heavy compact object, reserving the second-
quantized language for the lighter particles with which it interacts.! In this mixed first-
quantized /second-quantized (one-two) language, if the heavy (x) particle is in a position
eigenstate situated at x = 0 then the two-body contact interaction mentioned above instead
has the form g(¢*1) §3(z). This kind of formulation would be appropriate when the mass
of the compact object is sufficiently large. In such situations all information about the
source enters observables through the boundary conditions that are implied for the light
fields at the position of the heavy compact object; boundary conditions that are completely
determined by the source’s first-quantized effective action.

This type of one-two formulation can have several advantages. One of these is the
more direct connection it provides to the study of particle motion within a central (e.g.
Coulomb or gravitational) potential, for which many useful tools are known (particularly
for bound states). In this they are complementary to a fully second-quantized (two-two)
formulation, such as for NRQED or NRQCD [13-19], in which induced quantities — like
the nuclear Coulomb potential or solar gravitational field — arise as a resummation of a
particular class of interactions that dominate in some limits. By contrast, in the mixed
one-two framework such classical fields are included into the zeroth order description about
which one perturbs.

Furthermore, relating the near-source boundary conditions to the source action takes
the guesswork out of small-r boundary conditions, and shows in particular why linear
‘Robin’ boundary conditions are so generic at low energies (see also [20, 21]). More gener-
ally, they show how to handle singular potentials (like V'(r) o< rP with p < —2) unambigu-
ously, despite the generic absence in these cases (for a clear introduction to the ambiguities

!Similar methods have been developed to handle compact gravitating systems, such as for gravitational-
wave emission by inspiralling compact objects [7] and gravitational back-reaction in extra-dimensional
models to [8-12].
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otherwise hit for the inverse-square potential, see for example, [22]) of smooth solutions at
the origin.

The study in [5, 6] considered both nonrelativistic and spinless relativistic particles
orbiting the massive compact object, focussing in particular on unusual effects that arise
if the compact source size, R, is small enough that relativistic kinematics is relevant for
the matching problem to the interior physics of the source even for bound states whose
total energy, w, is nonrelativistic: m —w < m. This mixed relativistic/nonrelativistic
regime occurs when mR <« v < 1, where v ~ Za is the speed of the orbiting particle
(whose mass is m). (Here we take the source charge to be Ze and a = e?/4r is the usual
fine-structure constant.)

In particular, for relativistic spinless particles an interesting regime was identified for
which energy shifts of S-wave states due to the source’s finite size scale as

dwkg ~

(@ (mzo

3
- > x (Za)’m’R, (1.1)

n
where the last factor is the S-wave Schrédinger-Coulomb wave-function at the origin
[9(0)]? o< (mZa/n)®. Effects like this, scaling linearly with R, are unusual and so lead
to the question of whether similar shifts occur for the spin-half electrons and muons that
arise in conventional and muonic atoms.

We here address this question by extending the discussion of [5, 6] to spin-half systems,
finding that although many of the features of the Klein-Gordon problem of [6] also carry
over to the Dirac field studied here the scaling of (1.1) does not: the corresponding leading
Dirac expression instead gives the standard result:

mZo

3
Swp ~ ZaR? ( ) x (Za)'m3R?. (1.2)

n

At first sight this difference in scaling may seem surprising, since spin-dependent ef-
fects in orbital energies might be expected to be suppressed by v ~ Za leading one to
expect Dirac and Klein-Gordon predictions to agree at leading order in Za. Although this
expectation is true for most observables, it proves not to be true when tracking finite-size
effects because relativistic effects are not small at radii » ~ R once R S Za/m ~ (Za)%ay
(where ap is the Bohr radius). Indeed the ratio of dwk and dwp given above is of order
Za/mR, which is order unity for electrons (for which mR ~ Za even though both are
separately small).

Along the way we show how to formulate the near-source boundary condition for
fermions, and why these differ from those that arise for bosons. We identify how the
couplings for two-body contact interactions run, even at the classical level, and how this
running goes over to the running found in [5, 6] in the non-relativistic limit. This running
properly captures how effective theories can sometimes generate scattering lengths that are
much larger than the size R of the underlying object, and corresponds to the first-quantized
version of a similar discussion found in [15-19].

Another result from [5, 6] carries over to fermions: the fixed point of the running is
not at ¢cs = ¢, = 0 for charged sources (for which Za # 0). It turns out this nontrivial
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fixed point is precisely what is required in order for the fixed point to reproduce standard
results for the Dirac equation in the presence of specific nuclear charge distributions. That
is, when we compare the PPEFT approach to explicit solutions to the Dirac equation in
the presence of a finite-size charge distribution, we find that matching produces contact
interactions for the PPEFT that sit precisely at the infrared fixed point of the RG flow. This
shows why energy-level shifts take on a particular model-independent form (proportional
to the charge-radius r2 =

P
case where the nucleus is modelled as a specific charge distribution.

(r?) and higher moments [23, 24] — see also [25]) in the special

In what follows we specialize for simplicity to parity-preserving interactions and spin-
less compact central objects, and so strictly speaking the interactions we find suffice in
themselves to describe finite-size effects in the He™ ion or muonic states in even-even nu-
clei [24, 26-45]. The effects we find also apply to nuclei with spin (such as hydrogen) once
the effective theory of the first-quantized source is supplemented by the extra interactions
that a nuclear spin allows. (We intend to return to discuss spinning sources more fully in
a later paper.)

In section 2 we set the stage by introducing the point-particle effective action in the
context of Dirac fermions. In section 3 we derive the boundary condition and the induced
renormalization group running in the presence and absence of a Coulomb potential. This
leads to the discussion of bound state energy shifts implied by the boundary condition in
section 4. We discuss applications of PPEFT for fermions in section 5 and conclude in
section 6. We discuss various technicalities in the appendix.

2 Action and field equations

To make things concrete we focus on describing a relativistic spin-half charged particle in-
teracting with a small charged source. The system of interest consists of a 34+1 dimensional
‘bulk’ action coupled to a 041 dimensional ‘point-particle’ action representing the small
source (e.g. the nucleus of an atom),

Stot = /d4:(: Lg +/ dr L, = /d4ac [[,B +/ dr 64(:v—y(7))Lp , (2.1)
w w

where W indicates the integration is over the world-line, y*(7), of the source. In the final
equality £z and L, are both regarded as being functions of the bulk fields evaluated at
an arbitrary spacetime point, x#. L, is also a function of the ‘brane-localized’ position
field, y*(7).

2.1 Action and field equations

Taking the bulk dynamics to be QED with a fermion of charge —e, the bulk action becomes

Sy = — / e [i Fo FP £ (1 + m)b| | (2.2)

with Dy = (0, +ieA,)1. This should be considered in the spirit of a Wilson action, and
so in principle also includes an infinite series of subdominant local terms involving more
powers of the fields and their derivatives (whose effects are not important in what follows).
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The point-particle action is similarly given by an expansion in these fields, for which

(for a spinless, parity-preserving source) the leading parity-even terms are?

Sp: _/ dr [M_QA#Q“+Cs¥¢+icv@7ﬂwyu_ﬁv'E+“. ’ (2'3)
w

where the over-dot denotes differentiation with respect to proper time, the coefficients
Cs, ¢y and h all have dimension length-squared and the ellipses indicate terms suppressed
by more than two powers of length. Notice that terms involving more than two powers
of v first arise suppressed by a coupling with dimension (length)®, and so are nominally
subdominant to several terms involving only two powers of ¢ but more derivatives than
those written above.

Specializing to the rest frame for a motionless source, ¥ (7) = 4, with charge Q = Ze
the bulk field equations become

D+myp+T =0 and G F" —iepy’p+ " =0, (2.4)
where o, o
j.——aw—(cs—&-zcw )wcS () +--, (2.5)
and
jY = gj’: = Ze <1 + :fv?) §3(x) o5 . (2.6)

This last equality trades the parameter h for the mean-square charge radius: rg = (r?) of

the source charge distribution using h = % Ze rlz).

2.2 Bulk solutions

We seek solutions to the bulk equations with a motionless point charge situated at the
origin. The Maxwell equation is straightforwardly solved for the given source by choosing
A = 0 and electrostatic potential

N I
A" =Ze gy 65(:L') . (2.7)

Here the first term is the usual homogeneous solution to the Poisson equation, normalized
using the boundary condition at small radial distance, r = ¢, corresponding to nonzero

electric flux
7{ d?Qn-E = Ze. (2.8)
r=e€

This boundary condition can be obtained by integrating the Maxwell equation over a small
Gaussian pillbox of vanishingly small radius » = e. By contrast, the second term in (2.7)
is the particular integral arising when solving V- E = —V2A40 = % Ze rgV253(x).

20ur metric is mostly plus and our Dirac conventions in rectangular and polar coordinates are given in
appendix A.
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We wish to repeat the above arguments for the Dirac field, whose field equation is

0=(D+m)+ (cs +icy’) 16 (z)

= [i’yo (w + ZTa> +9-V+ m] Y+ (cs + icvtowo) Y &3(x), (2.9)

where the second line specializes to energy eigenstates,® 1 (t) = ¥ e ™! and to gauge

potentials of the form (2.7). The parameter ¢, o4 denotes the total localized combination
Z62 2 27T 2

Cotot 1= cv—{—?rp :cv+?Zoz7‘p. (2.10)

This implies v, and 5 are related by
Za . . 0 3
N — — 100k | Vg + M, + (CS Py, + 1Cy oty '(/)R) 0 (:E) =0
Z
and |:— (w + TO&) + iO’k@k] Y +mapr + (Cs Yr + intot'YOdJL) 53(x> =0. (2.11)

Outside the source these equations become (}) +m)vy = 0 which (see appendix B for a
summary in the present conventions) for rotationally and parity invariant situations have
solutions of the parity-even form

+ ¢ZF _ f+ (7”) U+(97 d)) + ig+ (1”) U7(97 (b)
W_<M>_<th%@%mmMF@@>’ 212

and parity-odd form

(0 _ (£ U 0.0) +ig- () UH0,0)
W_<%>_<f®UW¢%w0M”@@>' (219)

Here U™ are the spinor harmonics that combine the particle’s spin-half with orbital angular
momenta £ = j F % to give total angular momentum j = %, %, e

The functions fi(r) and g4 (r) are found by explicitly solving the radial part of the
Dirac equation in the presence of a potential Ay(r). For a Coulomb potential with source

charge Ze these radial equations are (see appendix B for details)

A 2 Z
fﬁr:(m—kw—kra)% and ¢ + g+—<m—w—a>f+, (2.14)

T
together with

g’_:(m—w—Za)f_ and f’_+2£:<m+w+zﬁ>g—- (2.15)

r

39peaking of ‘energy eigenstates’ for a relativistic field is shorthand for evaluating matrix elements of
the form (0| (z)|n), between the vacuum and an energy eigenstate. The energy w is the energy of |n)
(relative to the vacuum) and can be found in the usual way from the poles in the correlation functions like

(@(x)e(y)).
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These have as their general solutions

fe=Vmtwe Pt

A Z
x {AiM (- =220+ 1;4 +Cep XM [—g - a0+ 1;4
(—Zaw/k  Zaw .
A, (K = Zam/,{) M [g =1+ 1,,0] (2.16)
(+Zow/k\ o, | . Zow B '
+C+ <K—Zam//<:)p M |—¢ — +1,-2¢+L;p| ¢,

and
gr = —Vm—we ?/?p!
Z A
><{AiAA[<—jf?2<+444<+6&p—%A4[—<—-:“,—2<+1;4

(—Zaw/k Zaw '
+Ai(K_ZM%m>A4F‘H+1ﬂ<+L4 (2.17)
(+Zaw/k \ _o . Zow B .
—-Cy <K—Zam//$)p M[ ¢ 0 +1, 2§—|—1,p}} .

Here Ayt and C4 are integration constants, M|a,b;z] =1+ (a/b)z + - -- are the standard
confluent hypergeometric functions, w is the mode energy and s and ( are defined by

2
k=v(m-w)(m+w) and (= \/<] + ;) —(Za)?, (2.18)

with k real because of our focus on bound states: m > w. The parity of the solution enters
the above formulae only through the parameter K = F(j + 1) where (perversely) standard
conventions match negative (positive) K to parity-even (parity-odd) states.

3 Fermionic boundary conditions and the point-particle action

The next step is to formalize the boundary conditions at the surface of a spherical Gaussian
pillbox of radius r = ¢, along the lines of what is done in (2.8) for the Maxwell field. We now
show how these relate the constants ¢ and ¢, of the source action to the ratios ¢4/ f+ and
f-/g— at r = e. These boundary conditions are again obtained from the source action by
integrating the equations of motion over the interior of the pillbox using the delta-function.

3.1 Source-bulk matching

That is, given the action

5= [ ata[v=g B+ mpy + VG NG E@). (3.1)
;

where gop = g, 0,27 0p2" is the induced metric on the world-volume of the source and
N = ¢ + icyi0t7° is the Dirac matrix specified by the source action Sp, the equation of
motion satisfied by ) is

V=g (D +my+ /= Np&*(z) =0, (3.2)
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so integrating over the small Gaussian pillbox, P, of radius € centred on the source then
gives (in the limit € — 0 of vanishingly small pillbox)

lim [ d*zv/—gnty = hm/dedqs e2sinf "1 = —/—§ Nip(0). (3.3)
e—0 oP e—0

Here n,, is an outward-pointing unit normal to the pillbox so n,dz* = dr, and the integral
of the m1 term vanishes as ¢ — 0. Our conventions on gamma-matrices in polar coordinates
are given in appendix A.

For spherically symmetric configurations (in the limit where € is much smaller than all
other scales of interest) this implies the boundary condition

1
2 2.7 . 0
\/T. 6d Q |:6 Y + 74 (CS—I—ZCvtOtY >:| ’IZJ =0. (34)

Notice this boundary condition is trivially satisfied pretty much anywhere in the absence
of a source, for a small enough pillbox. This is because no source means c¢; = ¢, =1, =0
and 1) varies slowly enough to be approximately constant across the pillbox. In this case
the integral over all directions for 4" on the surface of the pillbox gives zero trivially.

The boundary condition on the Gaussian pillbox can be written as [ d%2Q B 1p(e) =0
where

Bei=A"+ és+iey’ = <A C chw’”> . (3.5)
Cy + 10" Cs

The dimensionless coefficients ¢, = c;/(4m€?) and &, = ¢y 101/ (4m€?) can be interpreted as
the coefficients of a term in a ‘boundary action’ defined on the codimension-one surface of
the Gaussian pillbox,

Shound = —/ d3l‘@<és+iév70+ )1/} (3.6)
oP

The subscript € on B, is meant to emphasize that the constants ¢, (and in general also
the original couplings ¢; themselves) also must carry an implicit e-dependence if physical
quantities are to remain unchanged as € is varied (more about which below).

To see what these boundary conditions mean we write them out separately for ¢, and
g, leading to

és/dQwa - /d2Q (érz'af)z/}ﬁ; and /dQQ (éﬁiar) WE = as/d29¢,1=. (3.7)
€ € € €

Notice that these can be found from one another by making the replacements 1, < ¥p
together with (é,,¢5) <> (—¢y, —¢s). Acting on bulk solutions (2.12) and (2.13) and
evaluating the angular integrations, these give

.. CstCutot o . . Cs—Cytot f-
Cs + Cy e (f+ ) - an Cs — Cy e (g_ ) - (3.8)

In what follows we determine c¢5(R) and ¢,(R) from several hypothetical UV comple-
tions for the structure of the source of size R, and then regard (3.8) as a boundary condition
that selects the exterior solution appropriate for the source of interest. This emphasizes
that it is only through boundary conditions like (3.8) that the physics of a specific source
can influence the exterior solution, and so enter into physical observables.
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3.2 RG evolution

The radius of the Gaussian pillbox, » = ¢, is not a physical scale and so must drop out
of predictions for observables (unlike the physical size, R, of the underlying source, say).
In detail, this happens because any explicit e-dependence arising in a calculation of an
observable cancels an implicit e-dependence buried within the ‘bare’ quantities c; and c,.
Following the procedure of [5, 6] (which in turn builds on [46-50]), we next determine what
the e-independence of observables implies for the e-dependence of ¢ and c,.

First we establish what is needed to ensure physical quantities remain independent
of e. Boundary conditions like (3.8) affect observables by determining the ratio of the
integration constants that arise when integrating the bulk field equations. For instance,
writing the general solutions, (2.16) and (2.17), to the radial part of the Dirac field equation
in the form

fe(r) =Asfie(r) + Cefox(r)  and  gi(r) = Argie(r) + Crgox(r), (3.9)

it is the two ratios Cy /A4 and C_/A_ that are determined by a boundary condition like
the specification of (g+/f+)r=c. Energy levels for states of either parity are determined by
demanding the resulting value for the appropriate C'/A be consistent with what is required
for C'/A by normalizability of the modes at infinity. Scattering amplitudes are similarly
determined by C'/A. It follows that physical predictions are e-independent if ¢s(€) and ¢, (€)
are chosen to ensure C'/A is e-independent for both parity choices.

At some level (3.8) says it all. Rather than reading (3.8) as fixing f1 /g+ at a specific
radius given known values of ¢; and ¢, we can instead read the equations

fr(e)  g-(9)

_ ol | f(9 e and  cyior(€) =
0= [+ i) o e o

g+(€) f—(E)} ome?, (3.10)

as giving cs(€) and ¢y ot(€) for known functions fi(r) and g4 (r). This means that the
e-dependence of the right-hand-side of (3.10) is simply given by the r-dependence of fi(r)
and g4 (r) using (3.9), with » = e. Because Cy and Ay are r-independent the above
conditions tell us what ¢; and ¢, ot must do to keep them also e-independent.

Our greatest interest is when € is much smaller than the typical scale a of the external
problem (such as the Bohr radius, for applications to atoms), and in this limit it suffices to
use the leading small-r form of the solutions fi and g+ when computing the e-dependence
of ¢s and ¢y tot- In this regime solutions are usually well described by power laws, with (3.9)
reducing to

Fi(r) = AL (2) o 10y (2) A and  gu(r) = A (2) o o <Z> ! ,
(3.11)

For such solutions the choice of Cy/A4 controls the precise radius at which one of these
solutions dominates the other one, and as a result the RG evolution of the couplings implied
by (3.10) in this regime describes the cross-over between these two types of evolution.
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3.2.1 Non-relativistic limit

We start by examining this running for parity-even states in the nonrelativistic limit, which
corresponds to the evolution found in [5, 6] using the Schrédinger equation.

The radial equations for parity-even states are given by (2.14) which imply in the
nonrelativistic limit (for which the energy and mass are approximately equal, w ~ m, and
much larger than all other scales) that gy ~ f! /(2m) < fi. Using this in the second
of egs. (2.14) and dropping subdominant terms gives the Schrodinger equation (in the
presence of a Coulomb potential), with Schrodinger field o(r) = f4(r).

In this limit the Dirac spinor is approximately given by

oL
(). -

so in the nonrelativistic limit the combination appearing in the source action is

o)+ icyhy PP = (s + c) ot = hp*p, (3.13)

where h = cs+c¢, is the coupling for the analogous effective Schrodinger contact interaction.
Defining the quantity A\ := 2m hyor = 2m (h + %’r YA 7"]2,), the nonrelativistic limit of
the boundary condition (3.8) therefore is

/
A = 2m hior = 2m(cs + Cyior) = STME <!J}c+> ~ 4re? <90> , (3.14)
+/ r=e P/ r=c

in agreement with the boundary condition found for a Schrédinger field coupled to a source
with Lagrangian density £, = —h ¢*p 63(x) [5, 6]. These references also show that restrict-
ing to s-wave (¢ = 0) configurations and using the small-r asymptotic form ¢y (r) oc ¢ and
@o(r) oc rtt
differential RG equation

implies that for small e the evolution of h given in (3.14) satisfies the

e%:%(l—ﬁ) where X::iﬂ:m—f“, (3.15)
in which the last equalities define A

The evolution of A evidently has two fixed points, at A = +1, and these respectively
correspond to A, = 0 and A\, = —4mwe. Comparing with (3.14) shows these forms for \, are
equivalent to having ¢(r) o< * and ¢(r) oc r~! (i.e. ¥ and =1 for £ = 0), showing the
crossover described below (3.11).

3.2.2 Relativistic running when Za =0

A similar story relates the solutions f and g to solutions of the Klein-Gordon equation
in the relativistic case, as is most easily seen in the absence of the Coulomb interaction
(Za =0), as we now show.
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Parity-even case. When Za = 0 the first of eqgs. (2.14) again gives g as the derivative
of f+2
S

m+w’

gs = (3.16)

for a mode of energy w. Using this in the second equation then shows f, satisfies the Klein-
Gordon equation. This shows that the r-dependence of the ratio g4 /fy is proportional to
the ratio x'/x for a Klein-Gordon field:

g+ 1 X
()~ (3. 317

But refs. [5, 6] show (even for Za # 0) that if we define the quantity

/

X = dre? <X> : (3.18)
X/ r=e

for x a general £ = 0 solution to the Klein-Gordon equation, then  := (\/2me) + 1 satisfies

the RG equation
R )
d [\ s A
()51 ] o

for e small enough to use the small-r asymptotic solution for x(r). Here (s := /1 — 4(Za)?.
As Za — 0 it follows A as defined in (3.18) again satisfies the RG equation (3.15).
These considerations show that when Za vanishes, if we define the quantity

AL = (m+w)(cs + ¢) = (m + w)dne? <§’i> = 4 (’;) , (3.20)

for parity-even j = % states, then \j, = (A5 /2me) + 1 satisfies the same RG equation,
eq. (3.15), as does A in the Klein-Gordon case. Notice that in the nonrelativistic limit we
have A} — 2m(cs + ¢,) in agreement with the Za — 0 limit of (3.14).

Parity-odd case. A similar argument goes through for the parity-odd j = % states.
Parity-odd states satisfy the radial equations (2.15) and so when Za = 0 we have
g/
fo=— (3.21)

m —w

Repeating the arguments of the parity-odd case then shows that g_ = x satisfies the Klein-
Gordon equation and so implies that A; = (A5 /2me) + 1 satisfies (for small €) the same
RG equation, (3.15) as do the parity-even and Klein-Gordon cases, provided we define

A = (m = w)(es — ) = (m — w)dme? G_) = 4ré? (i) . (3.22)
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Figure 1. Plot of the RG flow of AX (as defined in the main text) vs Ine/e, when Za = 0. A
representative of each of the two RG-invariant classes of flows is shown, and ¢, is chosen as the
place where A = 0 or A — oo, depending on which class of flows is of interest.

Flow patterns. The flow obtained by integrating (3.15) is given (for € small enough that
f and g are dominated by their near-source asymptotic forms) by

A (e) = A5 (€ + €0x) + (€ — o) _ (€+ e*i)ni ) (3.23)

B (6 + Goi) + 5\3:(6 — EOi) € — €4t

a flow that is shown in figure 1. In the first equality the integration constant is chosen
using the initial condition A5 (€ps) = AT, while in the second equality ni = sign(|A5| —1)
and the RG-invariant quantities ¢4+ are defined as the scales where the 5\% approach zero
(or diverge). Which of these one uses depends on whether the RG trajectory of interest
has |A5| greater than or smaller than 1. In either case e+ is given explicitly by inverting
the first equality of (3.23):

SESE 1 (3 3+ S+
€ty 22N Z1=o=A) (AO 1). (3.24)

0  AESO ABAE— 14 (A5 - AD) A+
As shown in detail in [5, 6], the e-independence of physical quantities implies they depend
only on A5 () and e through RG-invariant quantities like €,

For € > €,1+ (though € not so large as to invalidate the small-r expansion of the mode
functions at r = €) the flow approaches the fixed point at 5\% = +1, with 5\% —1 X €4t /€.
Because A5 — 1 o (¢s + ¢,)/€ this implies ¢s and ¢, simply become independent of € in
this limit.

For small € the flow emerges from the repulsive fixed point at A5 = —1 with A} +1 ~
—2n4(¢/e,s) with (as before) g+ = sign(|]A\5| — 1). Consequently for small € the couplings
¢s and ¢, evolve linearly with € (as opposed to the naive quadratic behaviour expected on
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dimensional grounds):

1 AL Ap B 4mme 9
csle) = 2(m+w+mw> Tom2—w? +0(e)
1 AL Ab drwe 9
o= L N - , 2
and cy(€) 2<m—|—w m—w> m2—w2+0(6) (3.25)

The flow describes the transition between these two asymptotic states, and clearly no source
coupling (¢s = ¢, = 0) is an RG-invariant fixed point, and it is also RG-invariant to have
¢y = 0 while ¢g runs (corresponding to €, = €,_).
As a concrete example, suppose matching to a UV completion were to give the
predictions
o = guR? and cs = gsR? at e = R, (3.26)

for a microscopic scale 1/R > w > m and dimensionless constants |gy|, |gs| S O(1) . Then
A5 (R) = (m +w)(gs + g,)R? while the signs ns = sign(\f — 1) are n4 = sign(gs + g») and
n_ = sign (g, — gs). Then the RG-invariant scales are e,4 /R = n+(A5 —1)/(A% +1) and so

€xt _ |: (m + w)(gs + gv)R/47T
R 1+ (m+tw)(gs+gy)R/4AT ]|’

(3.27)

hence €,+ > R requires (gs£g,)R ~ —4mw/(m=+w). Unlike for the nonrelativistic case there
is always an w for which this can be satisfied, but because wR < 1 this is only possible in
the effective theory if g5 £ g, is sufficiently large and has the right sign.

For general € the running couplings are

‘L et+er T e+ (e+ R)(mEw)(gs+ gy)R/AT
)\D (6) = —_— = 3 (328)
€ — €4t e+ (e— R)(mtw)(gs £ gv)R/4AT
which has the right limits for both large and small e. Consequently
2me /¢ (9s £ gv)R2
s(6) £ep(e) = 1) = : 2
Q) kel = (M - 1) = (1= R/e)(m + )(gs £ g0) R/dm (3.29)

which shows how the flow for € > €,4 is towards constant ¢ and ¢,, asymptoting to limits
renormalized relative to their values at € = R.

3.2.3 Relativistic running when Za # 0
We repeat the analysis of section 3.2.2 this time for the case Za # 0 as is relevant to the

Coulomb problem.

Parity even. The running in the parity even case is determined by equation (3.8). The
small radius expansion of the mode functions f (2.16) and g (2.17) yields to leading order

bt = <g+> (3.30)
J+ ) =

 fm—w (1= Qr + (m+w)Za] (266)* + [(1+ ) + (m +w)Za] 5
m+w "

12

67



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

The RG running can be found by calculating the derivative d(¢és + ¢,)/de and after invert-
ing (3.30) inserting €2 as a function of ¢ + &,:

bret L) S (L)
s ' Za Zo

Ab = Za(és + &) + 1, (3.32)
the RG equation (3.31) takes the form

~ ~ 2
e% (Af) ¢ {1 - (?) ] , (3.33)

d(és + éy)

=z
€ de «

. (3.31)
Defining the quantity

which has the solution

A Ao/CttanhlCin(e/)) (o + O/ + (N3 = 0y
¢ 1+ (Apo/¢) tanh[¢In(e/eo)] (g + €)(€/€0)* = (Ao =€)
Parity odd. Similarly to the parity even case we can write (3.8) as
. f—>
Cs—Cp = | — 3.35
(=) (3.35)
[t w (1= Ok — (m —w)Za] (266)* + [(14 Ok — (m — w) Za] =
m =W [(1+ )k — (m+w)Za] (2e)* + [(1 = ) — (m + w) Za] G=
Repeating the procedure of the previous subsection we then find the running to be
(& — &) 1N )
S CPA —t—— ) — (=) |. :
€ % o (cs Gy Za) <Za (3.36)
Again, one can define the quantity
Ap = Zalés — &) — 1, (3.37)

in terms of which the RG equation (3.36) takes the form

~ o 2
d (Ap) _ [
2(9)-<-(9)] 050

Ao _ Apy/¢ — tanh(¢In(e/e))
¢ 1= (Apy/Q) tanh(¢In(e/eo))

which has the solution

O+ 0) + (0 = Ole/e)
= Gyt 0 =0y — Ol 339
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Fixed points. From the running equations (3.33) and (3.38), it is clear that there are
fixed points when A\, = £¢, and when \; = +(. However, from the solutions (3.34)
and (3.39), we see that the fixed points of Mt are coupled. The fixed point obtained in the
limit € — oo (which we call the IR fixed point) corresponds to A} = +¢ and A\, = —(, so
that

¢—1

—— (R (3.40)

¢s=0 and ¢, =
The UV fixed point is similarly defined as the limit ¢ — 0 and is given by A}, = —¢ and
Ap = +(, so that

¢s=0 and ¢, =— <CZJ;1) (UV). (3.41)

For later purposes (when comparing to results for specific nuclear charge distributions)
we remark that the IR fixed point implies the following linear combination of the couplings
cs and ¢, evaluates at e = R to

(cs + ¢o)in ~ =21 Za R? (3.42)

which uses ¢ ~ 1 —1(Za)?

The attentive reader may also be puzzled as to why the running for Za — 0 does not
coincide with the Za = 0 running found earlier. The reason for this is the observation
that the limits ¢ — 0 and Za — 0 do not commute, due to the appearance of factors of
1/(1 —¢) ~ 1/(Za)? within the hypergeometric functions that furnish the Dirac-Coulomb
solutions. (Related to this, mode functions can asymptote to r? at small r where p x (Za)?,
again displaying non-commuting small-r and Za — 0 limits.) As discussed in later sections,
this makes the evaluation of energy shifts for bound states for specific values for Za and
nuclear size R somewhat subtle, since care must be taken to work to a consistent order in
small quantities.

3.3 Higher-order interactions

For some applications it is insufficient to work only to lowest order in the nuclear size,
and so we pause here to classify some of the next-to-leading interactions according to their
dimension:

Sp:/d4:c[ﬁo+£1+£3+£4+£5+~- , (3.43)

where the operators appearing in £, have engineering dimension (mass)”. In this nota-
tion Lo + L1 + L3 represent the terms already written in (2.3), so we now enumerate the
dimension-4 interactions. At this order the operators consistent with invariance under rota-
tions, gauge transformations and C, P and T are E?, B2 and? 1) 7" Dg1). We therefore take

Ly=— B (EE E? + hy B2) + e Dot + iCtW“Dow] 8 (x) (3.44)

*A spatial derivative, 17 - V4, need not be included separately since it is redundant — i.e. it can be
recast in terms of one of those already written by a field redefinition and/or an integration by parts.
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where ¢, ¢, and the ‘polarizabilities’ BE and ilB are new effective couplings having di-
mension (length)3. For instance the time derivative appearing in the last of these terms
contains contributions to the Dirac equation that resemble a correction to ¢, by an amount
dc, o cpw. For nonrelativistic bound states and for ¢, o R? and ¢;  R3 such corrections
look like mR3|¢(0)|? contributions to the energy shift, and so contribute to some of the
subleading corrections discussed below.

One can continue in this way to as high a dimension as one wishes. Notice that the first
interaction to involve more than two Dirac fields — such as ‘three-body’ interactions, like
c3p (Y1) (P 1p) 63(x) — arises once we consider effective couplings with dimension (length)?.

Effectively, we can parametrize the boundary condition as

<g+) =&y Za with §g=01+ g2(mRZa) + gg(ZOd)2 + - (3.45)
f +/ r=R

Any microscopic source physics can only influence parity-even physical observables through
their contributions to the constants g;, only a few of which are relevant to any given order
in the small expansion parameters. This makes these parameters useful proxies for specific
models of source physics, and their values are computed in appendix B for several simple
examples. Although quantities like go can be traded for parameters like ¢; and/or hy we
do not pursue this connection explicitly here.

4 Bound-state energy shifts

With a view to computing nuclear-size effects on atomic energy levels we next turn to
the implications source contact interactions have for the energy of states bound to the
source. Our assumptions of rotation invariance in S}, restricts us for simplicity to atoms
with spherically symmetric nuclei. What we find also applies to nuclei with spin but must
be supplemented by spin-dependent nuclear-size effects (such as nuclear-size effects for
hyperfine splitting [23]).

4.1 Energy-shift calculations

Bound-state energies are computed by reconciling the implications for the integration con-
stants, Cy /AL, appearing in (3.9) (or in more detail (2.16) and (2.17)) as imposed by
the small-r and large-r boundary conditions. At small r the relevant boundary conditions
are (3.8), which we repeat here for convenience

o R Cs + Cytot g+ ~ ~ Cs — Cytot f*
S v = =\ - d s — Cy = ———F— = | — s 4.1
Cs+ ¢ Are? <f+>r:€ an Cs — C Ire2 (g>r:e (4.1)

and the implications of these for Cy /Ay — as found using (2.16) and (2.17) — must be
consistent with normalizability at large r, which implies
Cy T(1+4+20) I'(-¢(—Zaw/k)

T Ar T(1-20) T(C - Zaw/k) (4.2)
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Figure 2. The black curve plots the right-hand side of eq. (4.2) f(Zaw/k) = T'(1 + 20)I'(—¢ —
Zaw/k)/(T(1 = 20)I'(¢ — Zaw/k)) vs Zaw/k, with the zero of energy chosen to be the eigenvalue
of then =2 and j = % states. Standard Dirac energy levels correspond to places where the plotted
quantity vanishes, while finite-size effects of the source correspond to those energies for which (4.2)
instead equals a specified nonzero (positive) value. The dashed curves show two approximations
to (4.2) that provide useful analytic expressions for energy shifts. The blue (red) curve shows the
single-pole (double-pole) approximation to (4.2), described in the main text. In order to better
display the shape of these curves, for plotting purposes we use ¢ = 0.9 (and so Za ~ 0.45) and for
concreteness expand about the pole at n = 2.

In the absence of a source the Dirac energy eigenvalues are given by solutions to
C1/A+ = 0, which (4.2) shows is satisfied when ( — Zaw/k = —N with N =0,1,2,---.
This returns the standard Dirac energy eigenvalues

wy =m |1+ (Za)2 o
(n+¢—j—3%)
Za)? [An—-3(j+1/2
’zm[l— (W) 1 - (j(]-l- J; /2/) L zayt + 01(za)| | (4.3)

where n = N + (j + %) =1,2,3,--- is the usual principal quantum number.

In the presence of a finite-sized source we instead solve for w by equating the right-
hand side of (4.2) to the nonzero value of C'/A obtained by fixing f/g using the boundary
condition (3.8) at nonzero r = €. In practice this is done in two steps: (i) computing the
value of C'/A implied from the microscopic physics of the source (as parametrized by S,
say); and (i7) solving (4.2) for w as a function of nonzero C/A, given a known form for
C'/A. We next consider each of these steps in turn.

Solving for dw. Solving for dw = w—wy with given C'/A requires no knowledge of source
structure since the right-hand side of (4.2) is dictated purely by the known solutions to the
Coulomb-Dirac equation. Although this is easily done numerically, there are also accurate
analytic approximations that are very useful (particularly when tracking the dependence
of the result on external parameters), which are summarized briefly here.
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Figure 3. A plot of the relative error made when computing dw/[+(0)|? for nonzero C'/A using two
analytic approximations single pole (black solid) and double-pole (blue dashed) to the right-hand
side of eq. (4.2) as described in the main text. The plot’s horizontal axis is mR, where m is the mass

1 10

of the orbiting fermion and R is the size of the source. For plotting purposes we use Za = 1/137
and compute the shifts to the parity-even j = % state with n = 2 assuming the source to be a shell
of positive charge with radius R.

Figure 2 plots the right-hand side of (4.2) against energy with the zero of energy chosen
to be the Dirac energy eigenvalue for a point-like source corresponding to a particular whole
number N. Also plotted are two approximate forms, corresponding to approximating
(=N + 0z) ~ (—)V/[N!6z] in just the denominator (single-pole approzimation) or in
both the denominator and numerator (double-pole approximation). As the figure shows,
because of the presence of a nearby pole in the numerator the first of these approximations
turns out only to have a radius of convergence of order (1 — () ~ (Za)? and so is only of
use for extremely small 0z.

The double-pole approximation turns out to be much better than the single-pole one
(particularly given that the left-hand side, Q := —(C/A), of (4.2) turns out to be positive
for small 0z), and suffices for identifying the leading energy shift and its first subleading
correction. This can be seen in figure 3, which compares the solution obtained for dw using
these approximate formulae to numerical results. For the purposes of these comparisons
the source is assumed to be a fixed charged shell of radius R, whose energy eigenvalues can
be computed exactly, and the state whose energy is perturbed is taken to be a parity-even S
state (similar results obtain for parity-odd states). The plots show that the error obtained
when using the double-pole approximation is order (Za)? out to mR S O(1), for reasons
identified below when we seek to compute O(Za)? terms.

Concretely, the double-pole approximates the right-hand side of (4.2) using the leading
Laurent expansion near the poles of the Gamma functions,

P(1+20) Tly@) —2(] 41— Q) da
F1-2%) Th@)] ~ (N+2N+1)E2-2 o)’

G(zy +dz) = (4.4)
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which uses y(z) = ( —x and = Zaw/k and so y(xy + 0x) = —N + 0y = —N — dx where
xy = N + ( corresponds to the Dirac-Coulomb energy eigenvalue (4.3) for a point source.
To proceed we regard Q := —(C/A) as a function of f(€)/g(€) and w and evaluate it at
w = wy, equating the result to (4.4). This allows dx (and hence also dw) to be solved for

explicitly as
Zam?éw N n(n+1)Q/2
(m? —w})¥2  14+n(n+1)Q/[2(Za)’]’

where (because our later focus is on j = %) we trade N for the principal quantum number,

dr = (4.5)

n = N+1, and write 1—( ~ %(ZO()Q. (The single-pole approximation differs from the above
by taking the denominator to be unity, and only gives the leading contribution reliably in
the limit mR < 1, if R is the typical size of the source.)

It is useful to extract the naive Coulomb wave-function at the origin from dw by writing

3
o = Deft (mZO‘> , (4.6)
T n
where tracking through the definitions gives
b 7705’/2633 N 776%/2 %n(n+1)Q (@)
= Zam? — Zam? 1+ intn+1)9/(Za)? |’ '
where we write m? — w? = ¢,(Zam/n)? and so
3(n—1)(Za)?

A =14 3(n — D(Za)” +0(Za)*, (4.8)

2n?
which can be taken as unity for the leading and O(Za) correction but not once order
(Za)? contributions are required. As we shall see, for O(Za)? corrections (4.4) must also
be revisited to include also subleading terms in dz.

Determining Q@ = —C/A. To use the above formulae in practice we require an expres-
sion for how Q = —C/A depends on the properties of the source. If the UV completion
were a specific classical distribution, p(r), of radius R then C'/A would be fixed by de-
manding continuity of f/g between the exterior and interior solutions at r = R (examples
of this are discussed in more detail below). In general, knowledge of C//A is equivalent to
knowledge of f/g at some radius, since this is ultimately the only way the physics of the
source influences exterior phenomena.

What is required then is an explicit expression for Cy /A4 as a function of fi(€)/g+(€).
In principle this is obtained by taking the ratio of expression (2.16) and (2.17) for the
exterior solution (for each parity) and solving the resulting equations for C} /A4 and
C_/A_. This is efficient and easy to implement numerically and once this is done fi/g+
at r = € can be traded for constants in the source action through boundary conditions
like (3.8).

Analytic expressions® for the required relation for Cy /A4 can also be found when e is
small enough to justify keeping only the leading small-r asymptotic form for the confluent

®Such analytic expressions are useful (even when numerical results are easy) for tracking the leading
parametric dependence of energy shifts on external variables.
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hypergeometric functions in (2.16) and (2.17). Specializing to states with j = § — i.e.
parity-even (S) states fi and g4 and parity-odd (P) states f_ and g— — since these are
the states most sensitive to finite-size effects of the source, we find the leading small-¢ form

Ce _ [(+1+4ZaX] - [(CF DX — Zo|(f+/92)

A, re)X i
A CFI—ZaX| —[c D)X+ Zal(fa/gs) 2F9 (4.9)

where fi/gs is evaluated at 7 = ¢ and X is defined by X = \/(m —w)/(m + w). As we
shall see, it is the factor of 2 in the exponent of (2x€)%¢ that is responsible for the main
differences between the Dirac case and the Klein-Gordon problem studied in [6] (for which
instead (2re€)% appeared). This factor has its origins in the spin-orbit coupling that mixes
two different orbital angular momenta into each state having fixed j.

4.2 Leading and first-subleading energy shifts

For detailed studies of the influence of nuclei on atomic energy levels one expands all
contributions to bound state energies as a dual series in the small parameters (Za)? and
meZa ~ €/ag, where ag = 1/(mZa) is the Bohr radius and ¢ ~ R where R ~ 1fm is
a typical nuclear size. In practice, comparison with experiments on atomic energy levels
requires both the leading contribution and its subleading O(mRZa) correction, and for
electronic atoms (Za)? corrections are also required since for R of order a Fermi these are
comparable in size to (mRZ«) corrections. Our purpose in this section is to identify as
generally as possible how these terms depend parametrically on the properties of the source.

Although (4.9) is sufficient for some applications, a more accurate approximation
turns out to be required in order to track the leading subdominant coefficients in this
kind of expansion. Increased accuracy is required for bound-state calculations because
nominally independent variables like ¥ and X become specific powers of Za once evalu-
ated at the lowest-order bound-state energies w = wy. For instance, using (4.3) in the
definitions implies

2m€Z“[1+O(Za)2} and an:%[HO(Za)z}, (4.10)

Pnj = 2Ky€E =

n

and so higher powers of these compete with powers of Z« arising elsewhere (such as from

the expansion of (). Extracting a particular order in Z« is further complicated by the

appearance of factors of (1 — ¢)™! o (Za)~? in the expansion of the confluent hyperge-

ometric functions M]a,1 — 2¢; p], due to the singularity of MJa,b;z] as b approaches a
nonpositive integer.

We next identify the leading and subleading O(mRZa) and O(Za)? contributions to
the energy shift. To do so we use the exact expressions, (2.16) and (2.17), for the general
Dirac-Coulomb solution and solve for the integration constants Q@ = —(C/A) in terms of
f/g evaluated at r = € = R, finding

c { [(QQO + Q)9 + X(=Qa0 + QlO)f] p2C}T:R (4.11)

Q== A (Q21+ Q11)9 + X(—Q21 + Q1) f
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where (as before) X := /(m —w)/(m +w) and
QlO :M(C_I71+2C7p)a Qll :M(_C_xa]-_QCap))

._ (—x .
Q20 ~—<K_£>M(§x+1a1+2§,,0) (4.12)

and Q21 = (ét?)/\/l(—(—m—kl,l—%;p),
with * = Zaw/k while £ = Zam/k. These are to be evaluated at the lowest-order
solution, x = xy = N +(, where N =n—1and { ~ 1+ %(Zoz)2 for j = % states, and
we work only to subdominant order in mRZ«a and (Za)?. Eq. (4.11) agrees with (4.9) at
lowest order in p, for which M[a, b; p] = 1.

Since p = 2kyR x mRZa working to fixed order in Z«a allows us to expand M in
powers of p, but when doing so must be careful about factors of 1/(1 — () x (Za)~2
appearing in the coefficients of the hypergeometric series. Such terms only arise when
b of Mla,b;p] is a negative integer and so only are a factor in @1; and Q9;. Since all
powers of p involve the factor mR our guiding principle when expanding in p is to keep
terms involving only a single subdominant power of Za. This also allows us to neglect all
subdominant powers of 1 — { « (Za)? in any p-dependent terms. Using ¢ ~ 1 — £(Za)?
and x ¥ xy = N +( ~ N + 1 one finds

Quo = M(C—2,149Cp) ~ 1 (J?)V)pﬂ@[”p%-- NERE)
h Qm = - (F2 ) M-+ L1420
(b (R )
Wmeuﬁ=Au—g—a1—2¢m (4.15)
i [ gl
ﬁiw<é+z>M(Cx+Ll%m) (4.16)
B e

Parity-even leading energy shifts. Collecting results and specializing to the parity-
even j = % S states (i.e. those with K = —1) gives the leading contribution (unsuppressed
by any additional powers of Z«)
2(142¢,)
T=2(1 1 26,) (MR

where £, contains the entire contribution of the physics of the source, through (3.45).

1n(n—i— 1)Q4 ~

5 } (mRZa)? (leading order) (4.17)
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Using (4.17) in the double-pole approximation (4.7) then gives

™ gn(n+1)Q4
Zam? |1+ 3n(n+1)Q1/(Za)?

+ ~
hy =

= 21 ZaR*(14+2§1) (leading order), (4.18)

where we use §; ~ g1 because at leading order consistency requires also dropping subleading
terms in &;. Notice the cancellation here of the spurious (mR)? terms in the denominator
of (4.17); a cancellation that is missed if only the single-pole approximation is used (thereby
showing that physical energy shifts lie beyond its domain of validity).

Parity-even subleading O(mRZa) energy shifts. Including also subdominant
terms linear in Za requires keeping corrections coming from the expansion of the higher
orders in p, leading to

14+2¢ — AT
1-2(1+2¢ — AY)(mR)?2 + AS

1n(n—l— 1)Q, ~

5 ] 2 (mRZa)? (subleading order)

(4.19)
where we use &, = g1 + G2(mRZa) in the explicitly written terms, but it suffices to use
only §, = g1 in the quantities

AT :=2(n—-1) ({?1 + 2n6; 1) m}ZZa
and A = [1 +2n(1 +g1)] mhiZa. (4.20)
Consequently the double-pole approximation gives
o~ T g(n +1)Q4
= Zam? |14 In(n +1)0+/(Za)?
~ 27 ZaR? [(1 +231)(1 — AY) + 242 (mRZa) — Aﬂ (4.21)

3 RZ
9 ZaR? {1 + 201 + 2G2(mRZa) — {1 + 8n? (1 + 5@1(&71 + 2))} m3n2a} )

which includes all corrections that are down only by a single power of Za (but drops (Za)?
everywhere). Later sections verify that this expression captures specific special cases in the
literature.

Parity-odd leading energy shift. We next turn to parity-odd j = % P states (for
which K = 41). In this case following the same steps reveals the leading contribution
to be

2n 3

where the entire contribution of source physics is through

QO ~- (” - 1) {gf _ Q(mRZa)} <2mz§za>2 (leading order) (4.22)

X <£_> = % with §r = filmRZa) + fo(mRZa)? + f3(Za)? + -+ . (4.23)
-/ r=R

with (as before) X = /(m —w)/(m + w).
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Dropping all subdominant powers of Za (and for consistency restricting the source
contribution to £ ~ fi(mRZ«) gives the leading parity-odd energy shift

-1 (; 2
hog ~ — % <f1 - 3) (Za)*mR? (leading order) . (4.24)

As usual, this is smaller than the parity-even result because it is suppressed by the spin-
orbit coupling required to link the P states to £ = 0 orbital angular momentum.

Parity-odd subleading O(mRZa) energy shift. Even though small, for some special
cases (such as the charged shell described below) it happens that fl = % and so the leading
contribution to parity-odd states vanishes. Such cases are dominated by the subleading
contribution, for which

n?—1

n2

& — 3(mRZa) + AT
1+ (n?2 —1)(mR/n)%[& — %(mRZa)] — Ay

%n(n +1)Q_ ~— (mRZa)?

(4.25)
where we can use {5 = fl(mRZ a) + fg(mRZ a)? in the explicitly written factors, but stop
at & ~ fl(mRZa) in

. ;| (mBZa)®
a7 = fi-9 - -] 222 @20
1], 2n+1
wd 8y =5 [ - 25 unza).
2 n
leading to
- T sn(n+1)0_
T Zam? |1+ in(n+1)Q_/(Za)?
2 1 2 RZ AT
o T e (S TSIV R (bteading order) (427
- /2

1
|
A
N
™o
|
=
\N
Q
S
3
=
)
——
VR
~
|
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4.3 Subleading (Za)? energy shifts

This section computes the subdominant O(Za)? energy shifts for parity even and parity
odd cases. Because factors of mR do not accompany the subleading powers of Z« it suffices
to drop all nontrivial powers of p from the get-go and instead focus on the subdominant
powers of (Za)?. Because of this we can evaluate Q directly using (4.9), which is repeated

here for convenience

K —(—ZaX]g+ [(K+ (X — Zda|f
K+ (—ZaX]g+ [(K - )X — Za|f

Q (2kR)%. (4.28)
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NJo1 2 3 4 5 6 7 8
Hy |0 1 3/2 11/6 25/12 137/60 49/20 363/140 761,280

Table 1. First few harmonic numbers.

This is to be expanded to order (Za)?, using ¢ ~ 1 — 3(Za)? and

2 1-1/2
w—)wN:m[l—}—(Za)J

(N+9¢)
a)? n— a)t
w1 Gap eI oyzay] (4.29)
and
a (n-— a)?
K— Ky = \/(m —wy)(Mm+wy) ~m {Zn + # + O[(Za)‘f’]} ., (4.30)
so in particular
n— a)? mRZa\*
(26 R)? ~ {1+(1n)2(z>+0[(2a)4]] (2 sz ) : (4.31)
Similarly
3
X o Xy =)o Za @n= DZOT o0, (4.32)

m+wy 21 8n3
Using the corresponding terms in the source expansion §; ~ g1 + G3(Za)? then gives Q.

for parity-even (K = —1) states as

n(n+1)Q,
2

~ (mRZa)* {2(1 +241) [1 — (Za)?In (

N (6n%2—n—3) — (2n3—4n+n + 3)291 —4n?(n+1)g?
2n2(n+1)

2mRZa>]

n

| zay
+443(Za)* + O[(Za)4]} . (4.33)

To work systematically to relative order (Za)? we must keep track of the factor of cy
in heg

heﬂ‘ >~ (434)

2n2

and it is also necessary to refine the double-pole approximation, by keeping subdominant

ﬂc?\,/zda: _ mox 1 3(n—1)(Za)?
Zam? — Zam? '

terms in the Gamma-function expansion:

Y1
I'(y) =T(0y — N) ~ I [53/ +Hy—v+ O(éy)} , (4.35)

where the harmonic numbers (see also table 1) are defined by

1 1 1_ 4N
Hy = :/ doe —— 2 (4.36)
0
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and the integral representation shows in particular that Hy = 0. + is the Euler-Mascheroni
constant
v = lim [HN —In N} = 0.57721 56649 01532 86060 65120 . ..
N—oo

Tracking only the m-independent (Za)? terms the leading contributions then are

omRZ
ht ~ nZa R? {2(1 +2§1) [1 — (Za)? [hl <mfa> + Hyyq + 7” (4.37)

12n2—n—-9

4G5 +5+80 —20° + (1 +201) ——
+{g3+ + 81 — 297 + (14 241) 22+ 1)

] (Za)? + (’)[(Za)4]} .
The first term agrees with the leading result found earlier, and to these can be added the
subleading (mRZa) corrections found in eq. (4.21) above.

Some implications of these formulae are explored in the next sections.

5 Examples

As ever, the power in using an effective action to describe the short-distance properties
of the source lies in its generality. That is, coefficients like c,, 7, and ¢, can be used to
describe the leading contributions due to any localized source physics, provided only that
this physics arises over small enough scales, R, to make an expansion in powers of R/a useful
(where a is a typical macroscopic scale — such as the Bohr radius of an exterior orbit).
This ensures the model-independence of parametrizing physical quantities like energy shifts
in terms of these parameters.

This section emphasizes this point by indicating how several kinds of microscopic
source physics contribute to effective couplings in the source action, S, and how the above
expressions reproduce familiar results in specific instances.

5.1 Explicit charge distributions

Perhaps the simplest example of microscopic source physics that can be parametrized by
Sy is the situation where the source is an explicit static charge distribution, p(x), rather
than a point charge. Examples of this form are studied in the literature, with sensitivity
to source structure often estimated by tracking how energy shifts alter as p(z) is varied
through a plausible range of configurations [24, 26-37, 51, 52].

5.1.1 Relations to moments

The leading terms in the source-dependent energy shift in this case have been calculated
by perturbing the interior solution around the Coulomb problem and are known® to be
given by [24]

2m 2 Zop

het = ?Zoz [

<T3>(2) + (ZO‘N)ZFNR + (Za)QFREL ) (5.1)

6See also [25] for a discussion of the limits of this expansion.
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where p is the reduced mass (so g — m in the infinite-source-mass limit used here) and

() @) = / P dPy [xPoly — )p(y) (5.2)

while Fyy and Fgg, are given in terms of various charge moments in [24].

This result is model-independent inasmuch as the expressions for the coefficients of
the series are universal functions of these moments, with the energy shift due to various
charge distributions just differing in the values these distributions predict for the moments
themselves. This is a more limited sense of ‘model-independence’ than we use here, since the
model-independence of the predictions of the effective action apply not just to static charge
distributions, but essentially to any kind of source physics that is sufficiently localized.
(This model-independence of EFT methods for atomic measurements is emphasized within
the 2nd-quantized framework in [41-45, 53].)

We verify in appendix B that for a general static charge distribution, p(z), the quantity
g1 that dominates how source physics appears in g/ f4 is related to the rms charge density,
T[% = (7”2>, by

2
(14201 R* = 2, (5.3)
which implies that the leading energy shift given by (4.18) becomes
27
hle ~ 3 VAe 7“12, , (5.4)

as required for consistency with (5.1). On the other hand, the boundary condition (3.8)
shows how the parameter §; is also interchangeable with one combination of c¢s; and
Cytot through

2
(cs + cvtot) =cs+cy+ il Zar? = 4AnR? Zas =4ng Za R?. (5.5)
e=R 3 P f+ r=R

This implies
cs + ¢, = —2nZa R?, (5.6)

i.e. the infrared fixed point found in (3.42). Note the difference from the Schrodinger
running where we found that A = 0 is a fixed point that parametrizes a trivial bound-
ary condition.

The subdominant (mRZ«) contribution also provides a relation between §o and the
higher moment, (r%) ). Comparing (4.21) with (5.1) and using (5.3) shows

3 1
3\ o _ap3lon _ 2 RAPSIPON L
(r >(2) ~ —6R {Qgg [1 + 8n <1 + 5 g1(g1 + 2)>:| 3n2} . (5.7)
Although we do not have a general proof of this result, we can verify it for specific charge
distributions. These higher terms can be related to higher-dimension interactions — such
as those of (3.44) — in S, using matching conditions similar to (5.5), although we do not
pursue this here.
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5.1.2 Specific charge distributions

The detailed calculations done for specific charge distributions [24, 51, 52] provide useful
checks on the higher-order terms, since these must agree on the series coefficients for the
specific charge distributions studied. To provide this check we compute the couplings g;
and fz for various charge distributions in appendix B, and we here use these in the above
expressions for heg to verify agreement where overlap is possible.

Spherical charged shell. The simplest such example is that of a charged shell, for which

Ze

r—R) (5.8)
which is convenient since the interior solution can be solved exactly in closed form. (We
have checked that our numerical results for this case agree with those of [52].) For this
distribution the rms charge radius is 7“1% = R? and (%)) = 16R?/5.

For the parity-even state the boundary parameters appearing in g4 (R)/f+(R) work

out to be 1 5 ) 1
A = — — o — — — J— d (a — — — 59
g1 3 3 92 45 + 671,2 an g3 45 3 ( )
while for the parity-odd state the analogous parameters are
A 2 2 A 1
fi +3 fo= 45 an [3 +3 (5.10)

Using these values to compute the leading and subleading (mRZa) and (Za)? energy
shifts then gives

9mRZ
hiy ~ nZa R2 {2(1 +241) [1 — (Za)? [m <mfo‘> 4 Hpoy + 'yH

U

. 3. .
+4go(mRZa) — [1 + 8n? (1 +501(01 +2) 32

2

+ [493+5+891—291+(1+291) ( ) } (Za)?
+0[(mRZa)?, mR(Za)? }
2rZaR? 8 2mR Za
LB ) [n( )
91  12n? —n—
H, _ 2 Z

Y T 5, 4n2(n+1) }( Q) }
(charged shell) , (5.11)

for parity-even states. Notice the correct result for 7“12) and the cancellation of the n-
dependence (and agreement with) the second moment (r?) ) for this distribution. This
expression also agrees well with numerical evaluation (as illustrated in figure 3).

In this case, because f1 = %, the leading parity-odd energy shift vanishes, leaving a
result that is smaller than would naively be expected. The energy shifts predicted by the
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parameters f; in this case are

hog ~ — 7r(ni2_1)(Za)2mR3{ (fl _ ;) [1 + (f; — g) (mRZ«)

n(n?—1)
45n?
Both of these results also depend on n in the way indicated by numerical evaluation.

— + (Za)*m*R* (charged shell) . (5.12)

Uniform spherical distribution. A second go-to example is the case of a uniform
charge distribution, although in this case the interior solution cannot be computed in
closed form. We have verified that our solutions agree in this case with the numerical
results given in [52]. Analytic expressions for the series expansion of the energy shifts are
also given in [51], and we have verified that our results agree with these (and with [24]) in
this case.

Evaluating the boundary condition g4(R)/f+(R) using the interior solutions returns
the following values

2 116 1 736
~No— o — — _ d Jo — —— 513
N="5 LT Tipmtee M BT Timye (5.13)
while the same calculation for the parity-odd states gives
. 2 A 32 A 2
i — 17 d =1, 5.14
bht 3 fa=+ 3p  an fs=+ 3 (5.14)

Used in the parity-even energy shift, these values return the leading and sub-leading results

2mRZ«
> + Hyp1 + ’Y”

n

hly ~ nZa R? {2(1 +241) [1 — (Za)* [m <

3 2mRZ
+4ga(mRZa) — [1+80% (1+ 5 (0 +2) ) | o™
2 3n
12n2—-n—-9
4G5 +5+ 831 —20° + (1 4+ 241) ———— | (Za)?
+[93+ +8G1 — 297 + (1 +241) 20 + 1) }( )

+0[(mRZa)?, mR(Za)?, (Za)"] }

2
. 2nZaR 1 @(mRZQ) N 2mR Z«
5 63 n

CHour 4 22697 12n° —n—9 (Za)2+
LT T 6930 dn2(n+ 1)

(uniform sphere) . (5.15)
These agree with the coefficients given explicitly in [51]. The first two terms also agree
with [24] since the rms radius is 7“12, = %RQ for this distribution, while the second moment

is (r*)9) = 32 R3 and so

5 80
51 3 (mRZa) = (mRZa). (5.16)

—_

1
27‘% 2
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5.2 Other applications

A point-particle effective action like \S), can be used to parametrize any short-range source
physics and so need not be limited to describing the effects of finite nuclear size. This
section summarizes a few such examples.

Vacuum polarization. A standard contribution to atomic energy levels that also can
be captured using S, is the contribution (or parts of the contribution) due to vacuum
polarization. It is well-known that the effects of vacuum polarization on the field of a point
charge, Ze, can be described by the Uehling potential [54-57], of the form

200 Z & e 1
U(’r) = a e % U2 — ]. <]. + 2UQ) €—2ur/a y (517)
1

3mr

in which m is the mass of the particle circulating within the loop. Since the range of this
interaction is of order R ~ m~™! the electron and muon vacuum polarizations fall into the
category of physical effects acting over much smaller distances than typical sizes of orbits
in ordinary atoms. The same is true for the influence of the muonic vacuum polarization
within muonic atoms (but because me ~ am,, it is not true for the shifts on muonic atom
energies due to electron vacuum polarization).

Such a potential shifts the energy of atomic states with low angular momentum that
sample the potential near the nucleus, by an amount that is proportional (in the Schrédinger
2

limit) to the wave-function at the origin: |p(0)|*. Using the notation of earlier sections,

the resulting energy shift has size

4702

-— d
B (5.18)

heff =

where m is the mass of the particle in the loop. Since the photon line of the vacuum
polarization does not flip helicity, the arguments of earlier sections imply that this leading
energy shift is correctly captured (at order (Za)?/m?) in all low-energy observables through
a contribution to the effective couplings in (2.3) of size

47 o2

- 1
15m? (5.19)

cs =10 and Cotot =

Strong interactions and anti-protonic atoms. When the particle orbiting a nucleus
is affected by the strong interaction (such as for a 7=, K~ or p) then it experiences a short-
range (R ~ m_!) strong interaction with the nucleus in addition to the usual Coulomb
potential. These are often described in the literature in terms of explicit nuclear potentials,
which though concrete introduce an element of model-dependence into the treatment.

For such situations a more model-independent approach is to use the contact interac-
tions appearing in (2.3) to capture the effects of these strong interactions on energy shifts
and nuclear scattering amplitudes. This has the advantage of using only the short range of
the force to organize the calculation, and so allows the disentangling of effects that rely only
on this from those that instead depend on the detailed form assumed for any hypothetical
nuclear potential.
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Ref. [6] shows how parametrizing these strong interactions in terms of the lowest-
dimension contact interaction allows the derivation of a relation between the strong-
interaction induced shifts in atomic energy levels and the scattering length for collisions
with the nucleus, that reproduce the standard Deser formula [58] (derived using nuclear
potentials in the 1950s).

The leading effects of the nuclear force on antiprotons in protonium [59, 60] can sim-
ilarly be captured through the contact interactions of (2.3), though for protonium the
existence of a relatively quick annihilation channel reduces the practical utility of using
measurements of the energy shifts to learn about the nuclear interaction. But because this
annihilation can also be described in the effective point-source action through the addition
of imaginary parts to the effective couplings cs and ¢, one use for S, in this case is to
compute the dependence of the annihilation rate on the principal quantum number n for
S and P states. Thinking of the annihilation rate as the imaginary part of the energy
eigenvalue shows that this n-dependence should be the same as for the energy shifts found
in earlier sections, and this indeed reproduces what is found when modelling annihilation
using nuclear potentials [61].

The virtue of rederiving this result using S, is that the effective field theory shows why
the result is robust, and not an artefact of model-dependent details.

Exotic interactions. A fairly obvious use for contact interactions in the point-particle
action is to parametrize the effects of any hypothetical new forces acting between nuclei
and electrons or muons, and in particular forces that differ in strength between these two
(since these can be captured through species-dependent values for ¢y and ¢,, unlike for
rp). Indeed the observation that the existence of such short-range interactions could, in
principle, explain the proton radius puzzle [38-40] has led to efforts to better understand
their size [53] and to the proposal of exotic interactions of this type [62-65].

6 Summary

In this paper, we introduce the PPEFT of Dirac fermions using a first-quantized language
for the heavy compact object and a second-quantized language for the lighter fermion
with which it interacts. This formalism can be advantageous to the fully second-quantized
framework in the limit of the compact object being much heavier than the light interacting
particle, i.e. the heavy compact object can be regarded as being in a position eigenstate to
first approximation.

This formalism was previously introduced for bosons [5, 6] where it was found that
energy shifts due to the finite size R of the source scale linearly in R which is unusual.
This does not carry over to fermions, i.e. energy shifts scale as R2. The absence of such
unusual energy shifts means that there is no additional term that could account for the
proton-radius-puzzle.

Our PPEFT allows one to parametrize the currently measurable energy shifts and their
leading corrections due to the finite size of the nucleus for nuclei with zero nuclear spin.
Other applications include parametrizing strong interactions between the orbiting particle
and the nucleus and anti-protonic atoms as well as hypothetical new forces acting between
nuclei and electrons or muons.
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In general, energy shifts are found by comparing the ratio of integration constants,
C/A, appearing in the mode expansions (2.16) and (2.17) for the radial solutions to the
Dirac equation found in two ways. On one hand normalizability at large r implies C'//A
is given by (4.2), while on the other hand it is fixed by the boundary condition for the
ratio of radial functions, f/g, evaluated at a small radius r = € near where the small
source intervenes. The expression for C'//A given f/g|._, can be found either by working
numerically with the exact mode functions, or analytically using (4.9) if € is small enough
that the mode functions are well-approximated by their small-r asymptotic forms.

The main contribution of the PPEFT construction given here is to express f/g at
r = € in terms of general effective couplings, such as c¢; and ¢, using the conditions given
in egs. (3.8). This leads to a low-energy expansion applicable to generic source physics
provided only that the size of the source is sufficiently small. In the explicit calculations
presented here ‘generic’ is in practice restricted for simplicity to parity conserving and
rotationally invariant sources, rather than considering different source models one at a
time. Results for specific models of the source can then be found by evaluating cs and
¢, explicitly using the model, such as along the lines as was done in the text for specific
charge distributions.

What sets the size of €7 The above procedure works for boundary conditions at any
small radius r = ¢, provided that € is much smaller than the applications of interest (such
as the Bohr radius, for atomic examples) while also being larger than the actual size R
of the source. The effective couplings — e.g. ¢s and ¢, — themselves also depend on € in
precisely the way required to ensure that physical quantities do not; an evolution computed
for ¢ and ¢, explicitly in section 3.2. Once ¢s and ¢, are specified by matching to a specific
model at r = R, their size at larger r = ¢ is dictated by this evolution.

Finally, we give explicit formulae for energy shifts in the Dirac-Coulomb case as a
double series in powers of mRZa and (Za)?, given a similar expansion for the boundary
conditions f/g of the form

1 g+ ~ ~ ~ 2
— | == = A A 1
7o <f+>r:R g1+ ge(mRZa) + g3(Za)* + ..., (6.1)

and

with ‘plus’ and ‘minus’ referring to positive and negative parity eigenstates. The parameters
fi and g; can be determined directly from a particular model of the underlying source and
can be traded for parameters in the effective Lagrangian (like ¢s and ¢, with higher orders
also depending on their higher-dimensional counterparts).

Given such a boundary condition we write the energy shift to electrostatic bound states
in terms of an effective d-function potential:

h:i: 3
St = Teff <mZa) : (6.3)

™ n
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where the effective coupling hZ; is given order by order in (Za)? and (mRZa) by:

hiy ~ 7 Za R2 {2(1 +241) [1 — (Za)? {m <2’”RZO‘> 4 Hppq + WH

n
12n2 —n—9

4G5+ 5+ 801 — 267 + (1 4+ 24)) —————
+[93+ + 801 — 297 + (14 241) 22+ 1)

} (Za)? (6.4)
+ [zgg - # [1 + 8n? (1 + ggl(gl - 2))” (mRZa) + ... } ,

and

n

hap = = D (o { <f1 - ;)

fi 5
1+ (21 - 3> (mRZa)

+<f _;> (mRZa)+...}. (6.5)

These expressions apply for general f; and §; out to subdominant order mRZa and (Za)?,
and so suffice for modern comparisons with precision measurements. As such they provide a
model-independent description of source effects, allowing them to be efficiently parameter-
ized when comparing modern measurements (for an example of the precision now possible,
see [66]) with other precision corrections, such as those of QED.

Finally, we have verified explicitly that these expressions reproduce those in the lit-
erature when specialized to the case where the source is modelled as an explicit charge
distribution, and for comparison purposes give expressions for the leading values of fz and
g; for several simple models considered elsewhere.
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A Gamma-matrix conventions

When necessary we use the following representation for the tangent-frame gamma matrices:

0 . (01 . 0 o
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where o are the Pauli matrices,

01 0 —t 10
i=(l0) (i) mwm(h) e

and I is the 2-by-2 unit matrix. The gamma matrices are defined to satisfy the Dirac
algebra {y*,~"} = 2n" where n*¥ is the inverse Minkowski metric, given (in rectangular
coordinates) by diag(— + ++).

Similarly
. 10
1 = —in’y'y*y’ = (0 I) : (A.3)
and v := T8 = i1yT10. The chirality projection matrices are
1 1
o= St ys) and qa=a(l—ns) so w=| ). (A4)
2 2 U
As usual, the Pauli matrices satisfy
{0'7;, O'j} = 2(5@' and [O'i, O’j] =2 eijk0k> (A5)
and so defining v := §[v*,+"] we have
1 1{—20; 0 —o 0
B = = A6
Yok 2[70,%] 2( 0 20k> ( 0 Uk) ; (A.6)
while
1 1 [(T]',Uk] 0 . g 0
o Ty - = je; ) A7
ik = 5] = 5 ( 0 [opo) " 0 o (A.7)

Consequently the spin parts of the boost and rotation generators are block-diagonal in this
basis, since

B; = —%'yoj = % (UOJ —?7j> and ;= —%ijmkl = % (UOJ :J) . (A.8)
A.1 Polar coordinates
Our conventions for spherical polar coordinates {r, 6, ¢} are standard, with (as usual)
xz=rsinfcos ¢, =rsinfsin¢g and z=rcosf. (A.9)

The differentials therefore satisfy

dx sin # cos ¢ cosf cos ¢ — sin ¢ dr
dy | = | sinfsing cosfsing coso rdf (A.10)
dz cos —sind 0 rsinfde

in terms of which the flat 3D metric is

gij dz'da? = da? + dy? +d2® = dr? +r2(d6? +sin? 0d¢?) =: (e")? + ()% + (e?)?. (A.11)
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This last equality defines the normalized frame of basis 1-forms, e,, eg and ey, so that an
orthonormal frame is given by

e =dr, e =rdf and e®=rsinfde. (A.12)

We implicitly work in a gauge with 9,A* = 0. For later use notice the inverse of (A.10) is

dr sinf cos ¢ sinfsin¢ cosf dz
rdf = | cosfcos¢ cosfsing —sinf dy | . (A.13)
rsin6de —sin ¢ cos ¢ 0 dz

The radial gamma matrices are then defined by

7P = yleg® + 72,0 + 3.

= L [(’y1 cos ¢ + 42 sin @) cosf — 73 sin 0] (A.14)

r

il 0 o
_T'*O'e ’

with
— i —i¢
0¥ == (0, cos ¢ + o, sin @) cosf — o, sinh = (ewsé(r)l:e ¢ sinczs 0) . (A.15)
Similarly
7 = 7'en? +77,? +7e.?
1
= — [—71 sin ¢ + 2 cos qb]
rsind
_ 1 0 o
~ rsind \ —0® 0 )’
with
_je i
0? = —0;8in¢ + 0y cos ¢ = (ie()i¢ Z% ) ) (A.16)

and (for completeness)

,Yr — ,ylezr _|_72€yr +’)/3€ZT
= (7! cos ¢ + 7% sin ¢) sin @ + v cos # (A.17)

{ 0 o"
= —1 5
—o" 0
0" = (0gcos¢p+ oysing)sinf + o, cos = <

) s
:

with

e®sinf —cosf

cosf e “@sinf )

Ty —=z T
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Finally
7¢ . 9
0 6_ _ 6 0_ . ACOSH e ¥ sin _ A 19
77 7 Z(e’¢sin9 —cos? 7 (A.19)
and so
1 alo?® 0 i o" 0

9 =y = -840 = 5 — = A.20
" v s rzsin0< 0 090¢> r2sin9<0 U”")’ ( )

which also implies

o 0. b _ .2 9 " 0 A

Yoo = G009peY V¥ = ir”sin 0o 1 (A.21)

For future reference notice also that with the convention "% = 4 det e,* = +1/(r?sin 6)
the above imply

0 "0

P =—y"0=7%" = <% —a’”) and  ygeY5 = ir?sin @ <UO —a”) ) (A.22)
and so .
i

'y/’”’ = —5 e‘ul/)‘p Yap V5 - (A.23)

Solutions to the Dirac equation, (1) +m)y = 0 also solve
2 ie v
0= (D= m)(D-+mpp = (F = m¥yy = [ D,DF w4 S E . (a2
which is the Klein-Gordon equation supplemented by a spin term, whose explicit form is
ie ., , Za (o7 0
4 57# F}W = +ie ,YTOFT.O = —TT ( 0 —O'T> , (A.25)

and we use the definition of the fine-structure constant: a := e2/(4r). Once a solution,
X, to (A.24) is found, then the corresponding electron-type solution to the Dirac equation
(D +m)p =01is ¢ = (I —m)x [and similarly the corresponding positron-type solution to
(D — m)y =0 would be v = (D +m)y].

A.2 Spinor harmonics

When solving the Dirac equation we define quantities having definite quantum numbers (j
and j,) for J and J, leading to the following 2-component spinors

U (0,0) = (J +J2)/(2)) ?_%j

R RYeH AN
JGTT= 376 + 1)
GFTT VR,

Notice that the property Yy, (7 —0,¢ + 1) = (—)*Y;,. (0, ¢) implies parity acts on these
A 1
combinations oppositely: 11U jijz = (—)*"2 Ujijz. Furthermore, notice also that o” Ujijz =

and U, (0,0) = (A.26)
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U ;sz. Indeed the result " Ujijz =nU ;sz with n? = 1 is a consequence of the properties (4)
o =t 0 is parity odd; (i) (¢")% = 1; and (iii) [J,0"] = 0, so only a direct calculation
determines n = 1 rather than n = —1.

We directly evaluate for the case of most interest: j = % For this purpose we use the
explicit forms

Yoo =

f
Yig = \/ et sinf = 3 ey , (A.27)

in the definitions of the Ufc. to find

5 z
YOU(97¢) 1 1
0,¢) = -
%%( ?): 0 47 | 0
0 1 10
Ut .(0,¢) = S , A28
%7%( (b) Y00(9,¢)] 4 [1] ( )
and
U, (0.6) = 1 Y10(0, ¢) 1 z 1 cos 6
23 VB =V2Yu(0,9) | Varr |z+iy|  Vax | €9sind
Us L(6.9) 1 V20,9 1 z—iy| 1 |esing
ir 0 VB Yw09) | Varr | -z | VAR | —cost |
(A.29)
which are also what is found explicitly by acting on Uf_ with the explicit matrix
2 z
, r 1 z  x—1y
o'=-.0=- _ : (A.30)
r r\rx+wy -z
Similarly, acting with ¢” on Ujj gives
2 z
_ 1 z  xr—1y z 1 1
"UT (0, ¢) = = Ut
7 %%( 2 Var r? (:17+iy —z ) T+ iy VA [0 23
_ 1 z  xr—1y T —1y 1 0 I
U 0,¢) = = — =U .
7 %—%( ¢) VT 12 <x+iy -z ) [ -z ] Var [1 373

(A.31)

For later purposes we also evaluate the spatial derivatives explicitly using ¢ -V =
0 O = 030, + 040y + 0.0, as well as ¢ - Vf(r) = f'(r)5-Vr = f'(r)d-r/r=f(r)o
This trivially gives

010k Ujj =0, (A.32)
2 z
while 5 5
010, U7, Z*U;rl and o0, U] :*U;r 1, (A.33)
22 r 22 272 r 272

in agreement with an algebraic evaluation.

90



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

B Dirac solutions

This appendix collects several exact and approximate solutions to the Dirac equation that
are used in the main text.

B.1 Exterior (Coulomb) solutions

Bound states for the Dirac equation are found as usual by demanding that the bound-
ary condition (normalizability) at infinity be compatible with the boundary condition at
the origin.

Energy eigenvalues. If the boundary condition at the origin is the usual one (for which
we discard the singular solution to the radial equation — see below) the energy eigenval-

ues are
~1/2
~1/2
wy =m 1+]E[Za>22] =m |1+ (Zo)” ;
o N+ - (2
- ~1/2
S PO L) 2] 7 (B.1)
CRYSrES)

where j = %, %, --- and the principal quantum number is defined by n = N + (j + %) =

1,2,3,---. We define ¢ = £1/1+4j(j + 1) — 4(Za)? or

<::¢Q+;>{wz®% (B.2)

so( —1as Za — 0 when j = % This implies

1 1 1)’
<]+2+C><3+2C)=<J+2) - =(Za). (B.3)
The standard derivation shows that for N # 0 (that is, except for n = j + %) each

state with fixed n and j comes with two-fold degeneracy corresponding to parity s = +.

The most famous example is N =1 and j = %, which corresponds to n = 2 and j = % in

which case the degeneracy is between the 2.5 /5 and 2P s states that get split by the Lamb

shift. This two-fold degeneracy does not occur for N = 0, corresponding to the n = j + %
states like 1.9} 5 (the ground state), 2P3/9, 3D5/5 and so on. (Notice that here S, P and
D do not strictly correspond to specifying ¢ but instead give the parity value s for the
corresponding state.)

Parity eigenstates. Normally, atomic states are given as parity eigenstates, which in-
volves combining v, and 5 since the action of parity is

7> [m(&@] 1 (0 z) [wm—e,mw)

Va(0,¢) i0) | ¢a(r—0,0+m) (B.4)
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We expect a unique solution for each choice of parity, j and j, quantum numbers, while
the above just relates the radial functions for left- and right-handed fields to one another.
The Dirac equation reads

—i(D0+Uka)¢R+m¢L =0 and —i(Do—Uk;Dk)wL—‘rm@DR:O, (B.5)

and so
Z Z
iakvkwL = (w + Ta> % — me and iakvka = — (w + Tﬂ) T/JR + ml/JL . (B.G)

To identify the parity eigenstates we expand in terms of the spinor harmonics U™ and
U~ of appendix A and define the radial functions f(r) and g(r) using the following ansétze:

F = fr(n) U (0,0) +igi(r) US, (6, 0)
and i = f(r) U (0,0) —igy(r) U (6, 9)
by = [ (r)U;;.(0,6) +ig—(r) U}, (6,0)

and ¢ = f-(r)Us; (0,0) —ig—(r)U;; (0, 0), (B.7)

where the superscript on 1 and subscripts on f and g are the parity eigenlabel p = +.
Using this in either of (B.6) gives the same conditions relating g and f. For the parity even
states the relations are

Zao 2 Za
fﬁr:(m+w+r)g+ and gﬁr+i+:<m—w—r>f+, (B.8)
while for parity odd states these relations instead become

g’_:(m—w—za>f and f’_+2f‘=<m+w+za>g, (B.9)
r r r

as used in the main text.

Coulomb-Dirac solutions. To solve the radial Dirac equations, (B.8) and (B.9), for
general radius we introduce the two functions

_1 /2 1(( f . 9 )
QI_er P vVmtw Vm—w (B.10)
_ L 1—<< f g > '
Q2_26p P \/m+w+\/m—w

where p = 2kr and kK = vVm? — w?. Some manipulation shows that these satisfy the
following second-order linear ODEs

P+ 2641900 - (¢ - Z22) @i =0
o (B.11)
pQy + (2 +1—p)Q5 — <§+1_1{>Q2:O’
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which hold for either sign of the parity quantum number. The parameter ¢ is as defined
in (B.2). The most general solutions to these equations are given as linear combinations
of confluent hypergeometric functions M(a,b; p) = 1+ (a/b)p+ - - -, thereby introducing a
total of four integration constants.

The Dirac equation imposes two relations between the four constants. Hence, we can
express the solutions Q1 and Q5 as

Zow

QL =AM {C— %ﬂ@r 1;4 +Cp %M [—C— — A+ 1;4 (B.12)

Q= -A (C‘Z‘“"/") M {<—Z:‘”+1,2c+1;p}

K —Zam/k
(+ Zaw/k o . Zow B ‘
+C <K — Zam/n) p M |—C 0 +1,-2¢+ 1;p| , (B.13)

where K = F(j + %) for states with parity +1. A and C are the two remaining integration
constants, and are chosen so that the function multiplying A is bounded as p — 0 while
the function multiplying C' diverges there.

The corresponding expressions for f and g are then given by

f=vmtwe P2y {AM {Q — %,2{ + 1;p} +Cp XM {—C - %, —2¢ + 1;p]

—A (}%)M {g—Z:w+1,2g+1;p} (B.14)
+C <f%> p*M {—c - % +1,-2¢ + 1;,0] } :
and
g=—vVm—we P?p1 {AM [C—Zzw,%—i-l;p} +Cp~ %M [—c - % —2C+1;p]
+A<%>M[§—Z3w+1,2g+1;p] (B.15)
—-C (%) pEM [—( — % +1,-2¢ + 1;4 } .

Normalisation of the state for p — oo demands A and C must be related by

A T(1-20) I'(¢—Zaw/k)

C~ T(1+420) I(—C¢— Zaw/k)

(B.16)

which follows from the large-p form of the confluent hypergeometric functions M. When
C' = 0 this condition reproduces the energy eigenvalue given in (B.1). Alternative bound-
ary conditions at 7 — 0 change the bound state energy levels (and any other physical
implications) entirely by changing what they imply for A/C.

As the above formulae attest, such alternative boundary conditions governing A/C' can
be imposed by demanding that the ratio f/g take a specific value at a particular radius
r = e. (For instance, for particles orbiting a known charge distribution that extends out
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to radius » = R, it is continuity of the internal with the external solution at » = R that
imposes the required condition:

gout(Ra K) _ Gin (R, K)
fout(R’K) fin(RaK)

where fout and gout are the Coulomb solutions described above, valid for » > R, and fi, and

(B.17)

gin are given by the solution to the Dirac equation for the charge distribution for r < R.
The next sections provide several representative solutions for simple charge distributions.

B.2 Interior solutions for given charge distributions

This section collects several simple solutions appropriate to the interior for several kinds
of charge distributions, and gives the approximate series solutions in the general case.

B.2.1 Charged-shell model

In this case consider an exactly solvable model of a charge distribution against which
later results can be compared. The model assumes a charge distribution that makes up a
spherical shell, with surface density o. That is,

B Ze
47 R2

where R is the radius of the shell, and the second equality assumes the total charge is

p=0d0(r—R) o(r—R) (B.18)

Ze. The corresponding electromagnetic potential found by integrating Maxwell’s equations
then is

Aozf—i ifr>R and Aozf—; itr<R. (B.19)
™ ™

The Dirac equation outside the shell therefore sees only the Coulomb potential and
so is the one whose solutions are given above. The solution inside the shell is essentially
the free Dirac equation, though in the presence of a nonzero constant A°. That is, it is
equivalent to (A.24), which now reads

0= (P —m)(D+m)p=|D,D" —m* + i;v“”FW} ¢ = [D,D" —m?| ¢, (B.20)

where the spatial derivatives are D; = 0; while the time derivative (acting on an energy
eigenstate) is

o
Dy = ieAy = —1 — . B.21
o = O +ieAg Z<w+47rR) ( )

This has as solutions the usual spherical Bessel functions

Ajo(kr) 4+ Bye(kr), (B.22)

and B = 0 if we demand 1 be bounded at r = 0. Specializing to j = % the appropriate
solutions are f, = A, jo(kr), f- = B_ji(kr), g+ = B4ji(kr) and g— = A_jo(kr). Since
fi and ¢’ vanish at the origin it follows that g, and f_ must vanish there and this is

automatic because these only involve £ = 1. When evaluated at r = R then

g+(R) _ <B+> j1(kR)
Ay ) jo(kR)’

(R (B.23)
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and

f-(R) _ (B-\ ji(kR)
g-(R) <A_> Jo(kR) (24

Finally, the Dirac equation says f| = (m 4+ W)gy and ¢" = (m — W)f_ where
W =w+ Za/R. Using

. sinz 9 . _ T
Jo(w) = ——==14+0(@%) and ji(z) =—3 =3
so jo(x) = —ji(z) we find fi = (m + W)gy implies —kAy = (m + W)By and ¢ =
(m — W)f_ implies —kA_ = (m — W)B_. This allows the boundary condition to be

written

sinx coszx

+0(z%), (B.25)

g+(R) _ ( k ) akR) W -—m [sin(k‘R) — k:Rcos(kR)]
f+(R)  \m+W ) jokR)  VW+m kRsin(kR)
2 4
= —%(W—m)R [1 + (kﬁ)) + 2<§£) +] : (B.26)

where we use (sinz —zcosz)/(zsinz) = o+ Fa® + 2= 2° + .
To make contact with the series in powers of (Za)? and mRZa we evaluate at a

bound-state energy and use
(kR)? = |(w+m)R+ Za} [(w —m)R+ Za
~ 2mR+ Za)Za + O[(mRZa)* or (Za)*mR],

and
(W —m)R = (w—m)R + Za
~ —%M(Za)QmR + Za = Za {1 - % + O[(Zoc)?’mR}] , (B27)
so that )
N

which drops terms in the brackets that are of order mR(Za)?, (mRZa)? and (Za)2.
Similarly, for the parity-odd case

f-r) k Jj1(kR) W +m [sin(kR) — kR cos(kR)
I (R) <m—W> okR) TV W—m[ kRsim(kR) ]
(W+m)R [ (kR)? 2(kR)*

_ 1 B.29
3[+15+315+}’ (B:29)

and so again using the bound-state energy and the above approximate expressions we have

m[gigg] N (i}g) %(QmR-i-Za) [1+f§(2mR+Za)+...]

(2o | pmR(za)’: (Za)).
(B.30)

12

1 2
5 (mRZa) + g(mRZa)2 -
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These imply g/ f+ ~ —%(W —m)R ~ —%(Za) in the parity-even case for both the
nonrelativistic and relativistic limits, while f_/g_ ~ %mR in the nonrelativistic limit
(mR > Za) while in the relativistic limit (for which Za/R > w ~ m) we instead find

f-/g- ~ %Za.

Expansion coefficients. For comparison with the results for other charge distributions
used in the main text it is useful to quote the above results in terms of parameters §; and
fi appearing in the expansion

<§I>T:R =Za [?]1 + go(mRZa) + g3(Zar)* + - } : (B.31)

and

m <§>7‘=R = % [fl(mRZa) + fa(mRZa)? + f3(Za)? + - } . (B.32)

With these definitions the above calculation shows that the charged shell predicts for the
parity-even state we have

1 2 1 1
A — _ 0o — — — + — d g = — — B.
g1 = g2 15 ' 6n2 an 93 45 (B.33)

while for the parity-odd state the parameters are

P 2 p 2 1

_ .= —_ 4 Z d =4, B.34

hi=+3, o=+ an fs=+35 (B.34)
B.2.2 General charge distribution
Next, we evaluate the interior solution for a general distribution p(r) for r < R by evalu-
ating as a series in kR. This is generally sufficient since kR ~ mRZ« or Za in the cases
mR > Za and mR < Za. The goal will be to determine f/g at r = R as a function of

the first few derivatives of p at r = 0.
To this end assume a charge distribution of the form

p=p(r) with  p(R)=0 forr>R, (B.35)
where R is the radius of the distribution and
o0
47r/ drrp(r) = Ze. (B.36)
0
The corresponding electromagnetic potential satisfies E = —V A% and so V-E = —V24° =
p and so
1
V2 4y = —0, (TQaer) = (B.37)
r
and so 7
A= 2% fr s> R B.38
4dmr = ( )
For r < R we use dimensionless variable u = r/R so Ag(u) satisfies
1 (UQA’ )/ = R (B.39)
U2 0 - P .
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and if we demand that p and Ay must be analytic at « = 0 we may impose p(—u) = p(u)
(and similarly for Ap(u)) and so write (with a small abuse of notation)

3Ze 9 4
plu) = g [po+p2u + paut -
Ao(u> = A0(0)+A2u2+A4u4+-~- . (B40)

Note that the coefficients poi are not completely independent of each other, since the charge
density must satisfy Ze = [ d®z p(r), and so we must have

1 o po

z = . (B.41)
3 — 2k +3
Inserting (B.40) into the Maxwell equation leads to
3Z
6A2+2OA4u2+--~+k(k+1)Akuk_2+--~:ﬁ[po+pgu2+---+pkuk+--- , (B.42)
and so 7 3y 37
epo eps €Pk—2
27 8RR ST T "= dnk(k+ DR’ (B43)
while continuity at r = R demands
Ze
A0(0)+A2+A4—|—-~-=—7, (B44)
4R
and so
Zoo[po o 3p2 4 3pe—2
A — eAn(0) + 2= | 22 or2 e PRT2
edo(r) = eAo(0) + {2“ Tt T Tkt T
Za Po [ 2 3p2 (4 3Pk—2 (
a2 ) B2 ) g 22 ()]
R[ LR T G A e DA G A
(B.45)

where u = r/R. These identify the parameters — i.e. Ag(0), po, p2 and so on — that
govern the leading form of the interior solutions to the Dirac equation.

We now solve the Dirac equation explicitly. The solution outside the shell sees only
the Coulomb potential and so is the one given in earlier appendices. The solution inside
the shell we solve in the presence of the above nonzero potential Ag(u), perturbatively in .

Parity-even states. For parity-even states the functions f; and g, satisfy (B.8),
which reads

2
O fy = {m +w-— er(r)}g+ and  0rg4 + % = [m —w+ eAQ(T)] f+, (B.46)
so in terms of u = r/R we find
L= R[m +w— er(u)}gjL (B.47)

= {(m+w)R—er(0)R—Za {(f’;) u? + <32’:)2> u4+-~-]}g+,
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and
2
<gﬁr + ?) = R{m —w+ er(u)} f+ (B.48)
Y POY 24 (32 4
—{(m w)R+eA0(O)R+Za[(2)u —|—<20>u+ }f+.
Writing
TR R N PR
1 1
g+:gl+u+§gg+u3—l—gg;u5+~-~, (B.49)
then (B.47) implies
f;u+fiu3+~-—{(m—l—w)R—eAg(O)R—Za{(l);)?ﬂ—i—(32%2)u4+-'-]}
1
X {gfu+393+u3+--~] , (B.50)

and so

fy = _(m +w)R — er(o)R_ g = Mg

. g
g Za M YA
it = [+ or - eanor] % - (252 ) af = (55 ) ot - (552 ot

3 2
i 107 Za T 3ppgl
- _(mw)R—eAO(O)R_%5—7 (”‘);3 + ”fé‘l) , (B.51)

and so on, where we define

My = [m + (w - eAO(O))]R. (B.52)
Similarly (B.48) implies
5 7 P0 3p2
39/ +goiu’ + it 4= {M_+Za {<2>u2+ (20> u4+-~]}
1
x |f& + ESFUQ +-- ] (B.53)
and so
M_
g = <3> o
3
g5 = TO(Mf fa +Zapof5r) (B.54)
5 (M- Zapo 3Za pa
+_ 2 (M=) + +
95—7{(4)f4+<4>f2+< 50 fo | >
and so on.
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These equations fix all coefficients in terms of the unknown normalization fj as well
as Ap(0) and the p; which are assumed to be known. The series for the solution at r = R
then takes the form

f2 f4 93 95
R)=f5 |1+ 2+ +- and R) = +—+—+
T =15 [ 2 g R T AT -
B.55
where
o _ M-
A 3
+ +
2 gl M+M_ 1 2
S (S) M L
2f ¢ 2§ 6 6
£: M- i ZozpozZapo+M+ME:Zapo_i(kOR)
3fg 5 zfg 10 10 30 10
i 973 _(Zap\ gl _ Zapo (My M- n (koR)" (B.56)
455 fo 8 )i 8 5 3 120 '
9 _ i 4 (Zero EJF 3Za p2
55 7 455 14 ) 25 140
ZapgM? M- 13Za pg 9  3Zapa
== k k
65 310 oR)! s PR+ =0

fi <M+> 9 <Zapo> 9 (Zam) 9
6 6 ) 55 12 ) 355 40 i

A M M_ 7 2 7 . )
_ Zaps <++> _ (Zapw)® | O‘po(koR)2<19M_ —13M+) _ (koR)

40 7 3 120 5040 5040
and so on. These last equalities define
2 2 2 2
k2 = [w . er(O)} ~m?  sothat (koR)?= —M,M_, (B.57)

and because M_ ~ O(Za) and My ~ O[mR+ Za] we see that the expansion is controlled
by powers of mRZa and (Za)?.
The boundary condition of interest in this case is g4+ (R)/f+(R) which is given by

<g+> _ 8 +305 tseg o (B.58)
I+ fo +35fs +3f4 +
+
~ |91 93 95 ][ (fQ fi f6 > }
~ 2L 384 55 4 P i vl IR [ P ERN I
[f(T 3y 5fy 2f; 45 6fg
Consequently
g+ M (koR)? L Zam [ 5M2 13(koR)?
fr | 3 10 10 84 84
3Za p2
L [1+...]+...}
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1 ZO{,OO M_ M+ ZOZPQ M+ M_
1+ = (koR)> R S AR
X{+6(0)+8(3 5 0 \7 T3
7 2
<am>+.“}
120
M- koR)?] Z 5M?  2(kgR)?] (Zapo)? (M- M
_ 1 BoB)7]  Zapo | L2k R)T) (Zape)” (M- My
3 15 10 63 21 8 18 50
+Zozp2[1+-~-}+~-~. (B.59)

where (kgR)? = —M M _ with M_ ~ O(Za) and M, ~ O[mR+ Za] and drop any terms
that are suppressed by more than just mRZa or (Za)? relative to the leading term.
Notice in particular that higher coefficients p; enter suppressed only by Za. We now
show that these terms of order Za sum to give the result required to have the energy shift
be controlled by the mean-square charge distribution
r2 .= 1/d3:1: r2p(z) = 3R? i P2k (B.60)
P Ze = 2k +5

To see if this is so we track these terms explicitly using

+
9k 3Zapr—3
— = = ther t for k = B.61
s k(k—l)(k+2)+<0 er terms) or 3,5,7, (B.61)
The leading contribution to g4 /f then is

g+ M_ > 392k
g - +Z + ..
L3 e kZ:O (2k + 2)(2k + 3)(2k + 5)

GA()(O)R 3p2k

= Z B.62
3 a§(2k+2)(2k+3)(2k+5)+ (B.62)
So using
G 3p2k
A = —Za |l B.
cAo(0)R “ +§(2/€+2)(2k’+3) ’ (B.63)
we have
9+ 1 3pak P2k
T za |-+ _ 4.
F I ;)((2“2)(2“3)(2“5) (2k+2)(2k+3)>
1 o P2k
P B.64
“173 ;0(2k+3)(2k+5) + (B.64)

This contributes to the effective coupling h:ff the amount

2 (g« 1 = P2k
ht ~o2rZaR?{1+ — (Z5) Y =27 ZaR?*{ = — 2
o ¥ ET2C { +Za(ﬁ)} TN 520 ek )

k=0
o p 9 0 P
— 2rZaR? LLENp — 91 ZaR> 2k B.65
rea ;02k+3{ 2/<+5} res kzozk+5 (B-65)
2
:?ﬂZarf).
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Parity-odd states. For parity-odd states the functions f_ and g_ satisfy (B.9), which
reads

Org— = |m—w+eAp(r)|f- and O, f- + f7 = |m+w—eAo(r)|g—, (B.66)

which has the same form as did the parity-even case if we make the replacements fy <> g_,
f- gy and w—eAg <> —(w — eAp). This implies the solutions have the same form with
g < fF as well as My < M_ and p; <> —p;.

Consequently for parity-odd states we have

<f_> _ i tafy + 5T +
9-/)v-r 9o + 387 + 105 +

9o 39, 290 290 4gg

M kRl Z 5M2  2(koR)? Z 2 /M M_

_ My [y (kBTN Zapo [ MY 2(keR)T) | (Zapo)” (My M-
3 15 10 63 21 8 18 50
—Zapz[l—l—'-'}—l----. (B.67)

B.2.3 Uniform charge distribution

A special case of the previous section is the case of a constant charge distribution

A
p= 4?;7}; forr <R, (B.68)

and so represents the special case pg = 1 and pr = 0 for all k£ # 0. For this distribution
the rms radius and the moment <r3>(2) are given explicitly by

3 3R2
3 4
/d :m“p 3/ drr ——5 s (B.69)

and

(Zle)g /d3zd3y 1z +y|’p(2)p(y)

3/2
( > / dz/ dy/ dcosf 3%z y +z +2yzcos9)
£ ( ) / dZ/ dy yz(ly+ 2 ~ Iy — =P)
0 0
3 2 z R
<3) / dzz{/ dy [5y2z4+10y4z2+y6]+/ dy [5y5z+10y323+yz5]}
0 0 z

— —— - + = + = =— R°. B.
5(r3) /0 dzz{ 52 +2Rz 2Rz GRZ] 21R (B.70)

The electrostatic potential coeflicients for this charge distribution are

Pz d®y |x]’p(y — x)p(y) =

Ul — =

Ze
8TR

Ay = and A, =0 fork > 2, (B?l)
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and so in the continuity condition this gives

Ze _3Za

Ap(0) + Ay R and so  eAy(0) SR (B.72)
The complete electrostatic potential therefore is
Zo 1/,
eAo(r) = [—1 + §(u - 1)] , (B.73)
where u = r/R. Consequently
Z Z
Mi:mRi<wR—l— 3;‘) :(miW)Ri%‘, (B.74)
and so
2 Za\? 2
(koR)* = —-M M_=(WR+ 5 ) - (mR)=. (B.75)

Finally, evaluating at bound-state energies w =~ m[l—3(Za/n)*+ -], we
have M_ =~ —3Za + ImR(Za/n)® + OmR(Za)'] and My =~ 3Za +
2mR [1 — (Za/2n)? + O[(Za)"]] so their product is (koR)* = —M{M_ ~ 2(Za)? +
3mRZa [1+ O[(Za)?]]. The boundary condition therefore becomes

<g+) - M_ {1+ (kOR)Q] L Za [1+ 5M2 N 2(k0R)2] N (Za)? <M_ M+>

i

fi 3 15 10 63 21 s \18 50
2 /116 1 736
= Za|2t (=0 -~ \mRZa+ L2 (Za)?+---| . B.76
“ [5 * (1575 6n2> miZa+ s (Za) + ] (B-76)

Similarly, the parity-odd expression is

(f_> _ My {1+ (koR)Z] _ Zap {1+ 5M?2 N 2(koR)2]
9-)—p 3 15 10 63 21
(Zapo)® (My M-
L 8 50 )"
2mR 27«
= e B.77
3t (B.77)

Expansion coefficients. For comparison, in terms of the parameters §; and f; found in

<g+> = Za [gl + go(mRZa) + §3(Za)? + - ] , (B.78)
f+ r=R
and
m—w [ f- 171, . 9 2 9
=) = | fimRZa) + fomRZa) + fy(ZaP -], (B79)
m+w\g9-/),_p 2n
we have
2 116 1 736
0 = — — 0 = —— —_— d { = ——— B.80
N="35 LT TIEpm ez M BT Timye (B-80)
while for the parity-odd state the parameters are
. 2 A 32 A 2
_“ — L7 d =4 B.81
h 3 J2 tap A I3 t (B.81)
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Chapter 3

Subleading Finite-Size Effects
of Scalar Nuclei
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Summary

This paper builds on the PPEFT of atoms with scalar nuclei developed in
Section and used to capture the leading finite-size effects of the nucleus
on leptonic bound-states in the paper presented in Chapter [2} It expands
the PPEFT action to one higher order in the small ratio, R/a; ~ (mRZ«),
thereby capturing all interactions between the centre-of-mass coordinates
of the nucleus and the bulk fields that obey the atomic symmetries and
come with effective couplings of dimension, (length)3.

This inclusion allows us to investigate the finite-size effects of the nu-
cleus on the fermionic bound-states to relative order (mRZa) and (Za)?
with respect to that of the leading term explored in the previous chapter.
In terms of the nuclear structure corrections of the literature presented in
(1.104) and this corresponds to being able to capture the Friar-
moment, nuclear polarizability and relativistic corrections to the charge-
radius term. The phenomenological importance of this expansion is that
it enables us to take into account all nuclear-size related energy shifts nec-
essary to match the current experimental precision in both electronic and
muonic 3He™.

The new terms in the action involve derivatives of the lepton fields and
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in order to get a sensible low-energy limit we extract the rapidly oscillating
mass term from the energy eigenstates, which allows us to write down
a controlled low-energy PPEFT action. Following this, we examine the
alternative near-source boundary conditions of fermions implied by this
updated nuclear action and analyze the running of the effective couplings
in the small parameter, ¢ — the radius of the Gaussian sphere on which the
new boundary conditions had been set up — required to keep observables
such as the energy shift independent of this fictitious parameter. We find
that the RG-flow of the higher-order couplings is controlled by the same
RG-invariant parameters, {e,,y,} as that of the leading-order ones, where
€, is a length-scale where the appropriate combinations of PPEFT couplings
either blows up or vanishes, depending on the value of y, = £. In this way,
Y, distinguishes between two types of flows, while €, picks out a specific
curve among those that share the same value of y,. Now, since there is
no new RG-invariant parameter in the running of the new couplings, these
equations simply help us determine the existing ones to a higher accuracy.

Committing to writing all energy shift formulae in terms of RG-invariant
parameters, we use the running equations to determine the ratio of integra-
tion constants, %, /% in terms of these quantities. During this analysis,
we make contact with the effective moments g;, ﬁ that we have used as
proxies for capturing the subleading nuclear-size effects in the previous
paper, and write them as e-dependent functions of the RG-invariants. Sub-
stituting these functions into the energy shift formulae of Chapter [2] that
captured subleading effects we find that the energy shift to this improved
accuracy depends purely on €, and ;.

Comparing energy shift formulae as written in terms of our RG-invariants
with those written in terms of nuclear moments from the literature reveals
that in order for €, to be interpreted as a length-scale we must have y, = +1
and it also allows us to infer what combination of nuclear moments €, cor-
responds to at the given accuracy.

Finally, using our RG-invariant-dependent energy shift expressions we
devise linear combinations of spectroscopic measurements in atomic and
muonic Hydrogen-like atoms with scalar nuclei from which the finite-size
effects cancel to the accuracy we work. Additionally, we also detail the
procedure for fitting €, as a function of the difference between an experi-
mentally measured transition and its corresponding energy shift associated
with theoretical bound-state QED contributions that assume a point-like
nucleus. We then describe how this value can be used to make predictions
for the nuclear-size effects of other spectroscopic transitions.

Through the PPEFT formalism then, we can see that finite-size effects
in leptonic bound-state energies to subleading (mRZ«) and (Z«a)? orders
relative to the charge-radius squared term are captured by a single pa-
rameter instead of the numerous nuclear moments used in the literature.
This allows us to make predictions for energy shifts in which the uncer-
tainty associated with nuclear-size effects are minimized because they are
controlled only by the smallest experimental and point-nucleus theoretical
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We apply point-particle effective field theory to electronic and muonic *He™ ions, and use it to identify linear
combinations of spectroscopic measurements for which the theoretical uncertainties are much smaller than for
any particular energy levels. The error is reduced because these combinations are independent of all short-range
physics effects up to a given order in the expansion in the small parameters R/a; and Zo (where R and a; are
the ion’s nuclear and Bohr radii). In particular, the theory error is not limited by the precision with which nuclear
matrix elements can be computed, or compromised, by the existence of any novel short-range interactions, should
these exist. These combinations of “He measurements therefore provide particularly precise tests of quantum
electrodynamics. The restriction to *He arises because our analysis assumes a spherically symmetric nucleus,
but the argument used is more general and extendable to both nuclei with spin, and to higher orders in R/a,

and Zo.

DOI: 10.1103/PhysRevA.98.052510

I. INTRODUCTION

Atomic systems have historically been an important testing
ground for quantum electrodynamics (QED), even providing
one of the very first observations of a relativistic quantum
effect with the Lamb shift [1]. Muonic atoms have fur-
ther proved an excellent means of honing our understanding
of QED by contrasting with electronic measurements. For
muonic atoms, the leading QED radiative correction is due
to electron-loop vacuum polarization [2] in contrast to the
electron’s leading self-energy correction, and finite-size ef-
fects are enhanced by a factor (m,,/ m,)> ~ 8x10°. Indeed,
experiments in the 1970’s found a discrepancy between the-
oretical and measured values for certain transitions in heavy
muonic atoms [3,4]. This motivated much research, and after
a few years improvements in the theory [5-8] and in ex-
periments [9,10] resolved the discrepancy and improved our
understanding of QED [11]. Today, a very similar situation
can be found in the “proton-radius” problem [12], wherein
the root-mean-squared charge radius inferred from the leading
nuclear contributions to atomic energy shifts in hydrogen
and muonic hydrogen appears to depend on the flavor of the
orbiting lepton.

Recent laser spectroscopy of muonic atoms [13] has
opened the door to new high-precision tests of QED, con-
stituting tests of the theory at the two- and three-loop levels
[14]. However, the small size of these higher-order QED
corrections to atomic levels makes them compete with more
mundane energy shifts, such as those due to the finite size of
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thaymanpf @ mcmaster.ca
frummelm @mcmaster.ca
$zalavarl @mcmaster.ca

the nucleus. Consequently, uncertainties in computing nuclear
contributions to atomic energy shifts are important compo-
nents of the theoretical error budget when comparing with
experiments. These theoretical uncertainties are made even
worse if there should also be new short-range interactions
between the nucleus and muon, such as have been motivated
[15] by the proton-radius problem. Until it is understood
whether this problem is solved by a better understanding
of the experimental errors or through the existence of new
physics, this discrepancy must be treated as an unknown
unknown when assessing the theory error.

A better understanding of the nature of short-distance
nucleus-lepton interactions is therefore an important prereq-
uisite for exploiting the precision of spectroscopic measure-
ments, both for the extraction of the best value of the Rydberg
and to test QED. This is where effective field theory (EFT) in
general [16,17], and the point-particle effective field theory
(PPEFT) framework in particular, can help [18-20]. EFTs
allow one to write a small set of effective interactions that
capture the effects of all short-distance contributions to atomic
energy levels (including both nuclear-scale physics and any
hypothetical new short-range forces), order by order in powers
of the relevant small size R of the physics in question. For
nuclear physics R would be of order the nuclear radius, while
for a new short-range force it would instead be the force’s
range. The existence of these effective interactions allows a
robust parametrization of the contributions of short-distance
physics to atomic energy levels, without having to understand
the details of its microscopic origin.

Of course, knowing the underlying microscopic physics
in question (such as the structure of the relevant nucleus), it
becomes possible to compute the size of these effective inter-
actions from first principles. In this language, the uncertainties
in nuclear-structure calculations enter into predictions through
any inaccuracy in the values so inferred for the effective
interactions. One of the points of this paper is to show how
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to relate such calculations to the effective couplings of the
PPEFT framework in particular.

We also take an entirely different tack. Instead of trying
to reduce the inaccuracy of these effective couplings through
more precise nuclear calculations, in this paper we also use
the generality of the EFT parametrization to identify combi-
nations of spectroscopic measurements from which all of the
relevant short-distance effective couplings drop out to a fixed
order in the expansion in R/a, = meZo and Zo (where m is
the mass of the orbiting particle, Z is the nuclear charge, « is
the fine-structure constant, and a, is the relevant Bohr radius).
These combinations are particularly interesting because the
absence of short-distance contributions to them means that the
theoretical error for these observables is controlled by powers
of R/a, or Za rather than by the larger uncertainties arising
from (say) nuclear physics. A similar approach has been used
to cancel dependence on nuclear effects for the hyperfine
splitting in hydrogen [21] (as well as to highlight nuclear
isotope dependence, among other reasons [13,22]), however
our approach has the advantage of being systematic, and can
be applied in principle to any spinning or spinless nucleus. We
can also extend our results to higher orders, as we illustrate by
identifying nuclear-free combinations to higher order in Zo
than has been done previously.

The key observation of this work is that the short-distance
PPEFT couplings only enter into spectroscopic measurements
through a single (mass-dependent) length scale €, , (Where
the e and p are used to distinguish between the scale that
applies to electrons versus muons). As a result, a single
spectroscopic measurement for each fermion-type suffices
to predict the finite-size contribution to all other energy
shifts. Working to order m*R3(Za)’> ~ 1072 eV =~ 10° GHz
for muonic atoms (as is relevant for the newest generation
of muonic helium experiments [12]), we use this approach to
predict

() (]
N 82+ a(ng =) N |
nSipnPyy = 5 ) ) 28512-2Py ey
n?[2+a(ny —n3)]
and
AE”ISI/Z'nZSI/Z
_ 24anl)  2+anly
= 2AE251/2_2p1/2< 5 = — > )s 2)
nj ns
where
AE ;= AE ., — AE™, = AEP? , + AETPS® (3)

is the difference between the total n;X;i-n,Y;, transition
(AE|_,) and the purely pointlike contributions to the same
difference (AEFM,). [Equivalently, this is the difference be-
tween the finite-size correction to the n; X j; and ny Y, states

(AE™ ), plus the difference between the combined finite-

size-QED corrections to the same states (AEFZQZED)]. Here,
na.e are computable n- and ¢-dependent coefficients associ-
ated with the combined finite-size-QED contributions given
explicitly for electrons in (64) below.

For electrons, we also work to order m*R3(Zw)’, but now
this is closer to 10712 eV =~ 10° kHz, and so we must also in-

clude terms of order m> R2(Z«)® ~ 10~'! eV ~ 10 kHz since
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the smaller electron mass makes those scales comparable. In
this case, we predict for the same transitions

ZE',IS,/Q—HPI/Z
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Moreover, even without solving for e, explicitly, our
knowledge of how this one parameter enters into energy shifts
allows us to write linear combinations of measurements from
which it cancels altogether, thus defining relations between
energy shifts that are entirely free of nuclear physics. For
muons, we identify

2

n —_—
2+ a(nff,‘é — ) Al
- ) AE )
2 I o((n;:'(; _ 7]5/2/'1)) naS12-n2Pyns
while for electrons,
24 g
n% _1 ny Pijp-ny Py

1

3 3
= m(”lAEnlsl/Z‘"]PUZ - nZAEnzS]/z-nzpl/z)’

®)
where
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2n%(n +1) 24n? Z
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We organize our presentation as follows. Section II sets
up the PPEFT framework required to draw the above conclu-
sions, starting with a summary of the relevant near-nucleon
boundary conditions and how these are related to the PPEFT
effective description of the nucleus. This section also deals
with various conceptual issues, such as deriving the appro-
priate renormalization-group- (RG-) invariant nuclear length
scale €,. Next, Sec. III computes how this RG-invariant pa-
rameter captures various microscopic models for nuclei, in-
cluding the moments of fixed charge distributions and nuclear
polarizabilities. Once it is established how these contribute
to atomic energy levels only through the one RG-invariant
combination ¢,, we identify combinations of atomic transition



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

REDUCED THEORETICAL ERROR FOR “He™ ...

PHYSICAL REVIEW A 98, 052510 (2018)

frequencies from which this one nucleus-sensitive parameter
cancels out. There are a great many such combinations, and
each represents a quantity for which nuclear uncertainties are
negligible at the level of present-day experimental measure-
ments. Section IV applies the formulas of the previous sec-
tions to the helium ion using the only available experimental
data, the 25 /,-2 Py, transition. The result is a prediction for
the 15-2.S transition of v;5.5 = 9.868 561 009 (1)x 10° MHz,
which is roughly four times less precise than predictions in the
literature [23]. Our precision is, however, entirely dominated
by the experimental error, and so can only improve with future
experiments, while never relying on the inherently uncertain
choice of a particular model of the nucleus. Finally, some
conclusions are briefly summarized in Sec. V.

II. PPEFT FOR SPINLESS NUCLEI

We present in this section a brief summary of EFT meth-
ods, as needed to discuss nuclear effects on the energy levels
of electrons and muons orbiting spinless nuclei, such as “He.
EFTs are designed to exploit any hierarchies of scales in a
problem to most efficiently compute a system’s properties. As
applied to atoms, EFTs such as nonrelativistic QED (NRQED)
[16] are usually used to exploit the hierarchy between the
electron-muon mass and the much smaller size of typical
bound-state energies. For PPEFT the hierarchy exploited is
the large ratio between the small size R of the nucleus and
the much larger size a, of the atomic Bohr radius. The
expansion of observables in powers of R/a, reveals them
not to depend on most of the nuclear details, but only on a
set of “generalized multipole moments,” similar to the way
that ordinary multipole moments control the expansion of the
electrostatic field of a compact charge distribution.

A. PPEFT including subleading order

This section reviews how to set up and solve for atomic
energies within the PPEFT framework.

1. Bulk system

Before describing the nuclear degrees of freedom, we start
by defining the long-distance, “bulk,” fields whose properties
the nucleus perturbs. We take the bulk system to be defined
by QED, describing the renormalizable coupling of charge —e
fermions to photons,'

S, = — / d*x [W(m +m)U + % F,WFW], (10)
where ) = y* D, with y* denoting the usual Dirac gamma
matrices and D,V = (9, +ieA,)V, as appropriate for
fermions of charge —e, while F,,, = 9,A, — 9,A,,. Itis often
useful to zoom in on the nonrelativistic limit of this bulk
physics by taking m to be much larger than the energies of
interest, and NRQED is the natural field-theoretic language
for doing so. For later purposes it suffices to notice that this

'Our metric has (— + ++) signature, so y? is anti-Hermitian while
the spatial y' are Hermitian.

limit can be formally derived by performing a field redefini-
tion that simplifies the large-m limit. This is done for electrons
and muons by redefining W — exp[m?y°]E, and assuming
to vary appreciably only over distances and times much larger
than 1/m. The point of this redefinition is to ensure S, has
a well-defined large-m limit since the term mWY W =m E
then precisely cancels the rest-mass part of the time derivative
Uy, W =-—mEE+---, leaving interactions that can be
expanded in powers of derivatives divided by m.

2. Nuclear properties

If proceeding in the spirit of NRQED, nuclear properties
could be included into the theory by adding its field &,
preferably already within a nonrelativistic framework that
exploits expansions in inverse powers of the nuclear mass M.

Within PPEFT, however, nuclear properties are instead
identified by writing the first-quantized action for the nucleus
that includes all possible local interactions between its center-
of-mass coordinate y*(t) and the “bulk” fields A,(x) and
W(x), respectively describing the electromagnetic potential
and the Dirac field of the orbiting particle. This first-quantized
framework is completely equivalent to the second-quantized
one restricted to single-particle states and is more convenient
when working purely within the single-nucleus sector, such
as when describing an atom, for which most of the bells and
whistles of quantum field theory for the nucleus are overkill.

For a spherically symmetric nucleus such as helium (or
other doubly magic nuclei) restricted to parity-preserving
interactions, this leads to [20]

S, = —/ dt |:M— Ze Apy" 4+ e, W +ic, Uy, W y*
w
+ hy"*3'F,, +idy y"V D,V +d, y* 5"V y, D, ¥
1 - 1
+ E(dF _i_dﬂ)yﬂ’yuF‘/I.)»F‘v}L + ZdRF;LvF‘w +-- :|

1)

Here, W denotes the world line y*(7) of the nuclear center of
mass, along which 7 is its proper time with derivative y* :=
dy"/dt, at which all bulk fields are evaluated; as above,
D,V = (0, +ieA, V.

The first line describes the physics of a point source with
mass M and charge Ze. The couplings ¢, c,, and i in the
second line have dimensions of [length]z, and so are expected
to be order R? in size, up to dimensionless O(1) coefficients.
Similarly the couplings d, d,, d;, and d, have dimension
[length]® and should be order R and so on, with the ellipses
containing all terms suppressed by more than three powers
of R.

Since our focus is on energy shifts due to finite nuclear
size, for simplicity of presentation we neglect kinematic
nuclear recoil effects since the suppression of these correc-
tions by powers of m /M make their contributions to nuclear
size effects smaller than the order to which we work. This
amounts to assuming the nucleus to be at rest within the
atomic rest frame: y* = 8(’)‘ . Recoil corrections are, however,
easily included within this framework by instead using (and
quantizing) the full nuclear 4-velocity y* = y {1, v}, where
y=(1—v)2
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With a static nucleus the above action becomes
S, = —/ dt [M — Ze Ay +CxG\IJ+iCUGyO\II
w
. —_ — 1
—hV -E+id; VD)WV +d, ¥ yyDyW + EazEE2
1 2
+Ed8B + - . (12)

In the absence of any W terms, the four pure electromag-
netic interactions would establish the particle to have electric
charge Ze, charge radius r, with h= %Ze 2, and so on.
The complete response of the atom to the nucleus, including
nuclear polarizabilities [24], also requires direct couplings to
W, however, we see below how to relate these couplings to
other nuclear properties, such as the polarizabilities and order-
R? Friar moment contributions to the nuclear electrostatic
form factor [25].

Because our interest is in largely nonrelativistic applica-
tions for which kinematic effects arise as powers of 1/m,
just as for the bulk it can be convenient to rescale ¥ =
explmty°]E, to remove the rapidly oscillating phase associ-
ated with the rest mass. Having a reasonable large-m limit
after doing so requires the coefficients ¢; and ¢, to contain
contributions proportional to m that cancel those terms in S,
involving time derivatives 8, ¥ = my %W + - . ., leading to

s WV +ic, VW +idy W DyW + d, W yy Dy ¥
=(c;—dym)EE+i(cy +dsm)EWE+---, (13)

and so suggesting writing ¢; = d,m + & and ¢, = —d;m +
¢&,, and so on. In what follows, we make these replacements
but drop the “tilde” on ¢, and ¢, to avoid notational clutter.
Once this is done, all time derivatives acting on ¥ in S, can
be treated as giving o,V — —i(w — m)W.

3. Electromagnetic response

The purely electromagnetic terms in (12) influence atomic
energy levels through the change they introduce in the electro-
magnetic field sourced by the atomic nucleus. The naive way
to compute the modified electric field represents the action
(12) as a delta function, leading to the formal perturbative
modification

E~E, +h V8 () +d.E 5 (), (14)

in which E. = (Ze/4wr?)# denotes the lowest-order
(Coulomb) field, with # = r/r being the radial unit vector.

What makes the above expression naive is the divergence
of E,. at the support of the delta function. A more precise way
to formulate this (for which the PPEFT formalism is designed
[18-20]) is to recast the influence of S, on A, in terms of
a boundary condition at a regularization surface at small but
nonzero radius r = €. The couplings / and d, are regarded
as depending implicitly on € in such a way as to ensure that
physical quantities do not depend on the precise value chosen
for e.

What counts for energy shifts is the scalar potential
implied by (14). Keeping the regularization in mind, the

result is

-+ hs® () +

(4 )2 By (o NN ()

Ze
Ao(r) = — T
where the function f.(r) is any regularization consistent
with V f, = 47 83(r) in the small-¢ limit [such as f.(r) =
—O(e —r)/ €% where ©(x) is the Heaviside step function].
A similar story goes through for the magnetic field, for
which the Maxwell equation gets modified by S, to become

VxB =d, Vx[B5§¥(x)]. (16)

Because of the absence of nuclear spin (and so also magnetic
moment) dictated by our spherical-symmetry assumption,
nontrivial solutions to this arise only suppressed by powers
of v/c ~ Za and so are negligible to the order we work. This
allows the neglect of the vector potential A in the calculations
described below, in particular ensuring the magnetic polariz-
ability d, contributes negligibly to atomic energies at the order
we work.

To these must be added the corrections to the Dirac
field due to the boundary-condition change it also
experiences.

4. Fermion response

To study atomic helium in this framework, we examine
QED involving the Dirac and electromagnetic quantum fields,
subject to the boundary conditions implied [18-20] by the
presence of S,. In this language, it is only through these
boundary conditions, and the modification (15), that the nu-
cleus affects atomic energy levels. More and more detailed
nuclear contributions correspond to adding more and more
complicated interactions to S,, in what amounts to a “gen-
eralized multipole expansion” of the nucleus.

In this framework, QED interactions are included per-
turbatively as usual, with bound-state energies obtained
from the positions of poles of the two-point function
(0|TW(x)W(x)|0). These are determined in part by comput-
ing the modes v, (x) = (0|W(x)|n) everywhere away from
the nucleus. Perturbation theory is set up as usual, with the
unperturbed system neglecting QED and nuclear corrections
to Ao, i.e., using for v, solutions to the Dirac equation with a
Coulomb potential:

(D +myy = [ <w+—>+;7ﬁ+m}//=0,
an

for energy eigenstates ¥ o< e ™',
This has well-known solutions of definite parity and total
angular momentum given by

o _ (FU}0.6) +ige() UF 0. 9) )
fe(UF.60,¢) —ige () UJ,0,¢))

where ¥+ and ¥~ denote parity eigenstates, U;; £ are the
Dirac spinor harmomcs with definite total angular mo—
mentum j = ¢4 1 3, and the parity eigenvalue is Nnus =

_VFUE
YFU
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To lowest order the functions fy(r) and g4 (r) solve the radial part of the Dirac-Coulomb equation, and for a source with

charge Ze have the form
Z

Zow :|

fe=+/m +we*ﬂ/2p<*'{AiM[; - %,25 + l;p] + cip*ZfM[— (- =220+ Lip

- Ai(ﬂ)M[c -0 a4 1;p] + Ci<7§ AL )p*zw[— e 1;p“

K —Zam/x

and
Z

K —Zam/k
19

Zow ]

g =—/m —we‘”/zp“liAiM[C - % 2 + l;p} +Cip’2‘/\4[— {—=— 2% +1Lp

+Ai<ﬂ>/\/t[g - %jt 1,2¢ + l;pi| —Ci(m)p—”M[—g— ?jt 1, —2¢ +1;p]},

K — Zam/k

where Ay and Cy are integration constants, M|a, b;z] =
1+ (a/b)z + --- are the standard confluent hypergeometric
functions, w is the mode energy, while p = 2kr where « and
¢ are defined by

Kk =+/(m—w)im+w) and

¢=\(j+3)" - @ar, @n

In what follows, « is real because we study atomic bound
states which satisfy m > w. The parity of the state often
enters through the parameter K = F(j + %) where the upper
(lower) sign in K corresponds to state ¥+ (or ¥ 7).

In this language, the entire influence of nuclear-scale
physics on the orbiting fermion arises through the boundary
condition implied by the point-particle action (12) for the bulk
fields ¥ and A, near the origin [18-20]. Nuclear contributions
to QED corrections similarly enter through the boundary
conditions satisfied by the propagators built from these modes
in the relevant graphs.

5. Near-nucleus boundary conditions

The main result (explained in some detail for the Dirac
equation in [20]) governing how nuclear properties perturb
atomic levels relates the parameters of S, to the near-nucleus
value of the ratios (g+/f+)r=c and (f-/g-),= of the radial
modes evaluated at a small (but arbitrary) distance r = €
outside the nucleus: R < € < a, (with R the smallest radius
where an external extrapolation is valid and a, denoting the
relevant atomic Bohr radius). The ratios g4 /f+ and f_/g_ at
r = € determine the physical integration constant that arises
in the general solution to the radial equation, which in turn
controls the dependence of atomic observables.”

2Notice that specifying f./g+ at r = € generically implies the
radial functions need not remain bounded at the origin, which is
the traditional choice for boundary conditions there. But, this is
not a fundamental worry because the growth of the radial solution
eventually gets cut off once the interior of the nucleus is reached and
the asymptotic solution of the Coulomb-Dirac equation no longer
approximates the real physics.

K — Zam/k
(20)

It is convenient when stating the boundary conditions to
write the ratios (g+/fi+)r,— in a way that makes manifest
the small parameters in the problem: the two small quantities
€/a, = meZa and (Za)?. This is most conveniently done by
writing

&) - Y &
<ﬁ>r:€_§g Za and X<g_>r:e_ 3 (22)

where X := {/(m — w)/(m + w) is included for later nota-

tional simplicity, while 7 is the state’s principal quantum num-
ber and/or atomic energy levels w = m — (Za)?m/(2n%) +
---. The quantities £ and &, then have the expansions

£, 1= g1(€) + (meZa)ga(e) + (Za) g3(e) + -+,
£ i= (meZa) fi(e) + (meZa)* fr(e) + (Za)* f3(e) + -+,
(23)

where the ellipses involve terms involving more powers of
(meZa) and/or (Za)? than those written, and the depen-
dence on n follows directly from the w dependence of the
radial Dirac equation. The dimensionless coefficients g;(¢)
and f;(e) are normalized in (22) so as to ensure that g, are
order unity in applications to atomic energy levels.

6. Energy shifts

Before determining how f; and g; depend on nuclear
parameters, we briefly summarize how these quantities are
related to shifts in atomic energy levels. As shown in detail
in [20], the ratio of integration constants Ay /Cy appearing
in the solutions (19) and (20) can be determined if fi/g+ is
regarded as being specified at r = €. For bound states, impos-
ing normalizability at infinity overdetermines the eigenvalue
problem in the usual way, leading to standard predictions
for the bound-state energy levels. Writing the shift in these
energies relative to the standard Dirac energies (obtained
when C1 = 0) due to the deviations in f, and g; [20] as 6 E
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gives the nucleus-dependent shift to the j = % positive- and negative-parity energy levels as

SE+. ~ m3e2(Za)*
2= "3

+(1+2§1){m—

for parity-even states and

_ n?—1) L2
SEp, ~ —Tm463(2a)5(f1 - g)

+ ez — o f 2

o me(Za) (1 =2f3)+--- (25)
for parity-odd states. In these expressions, the ellipses contain
terms suppressed by higher powers of (meZa) and (Za)?.
Here, y is the Euler-Mascheroni constant and H, are the
harmonic numbers H,, = 1 + % + % + -+ %, and so H; =
1, H, = % H; = %, and so on.

We include in the above all contributions relevant to
the current generation of experiments involving electrons
and muons orbiting a “He nucleus. Recall that for muons,
(meZa) > (Za)* when € is a typical nuclear size, but for
electrons (meZa) ~ (Za)?. Consequently, for muonic atoms
it suffices to keep terms of order m*e3(Za)> while dropping
terms of size m3e%(Zw)®, but for electrons these terms must
both be kept. This means the coefficients g;, g, and f; are in
principle of interest for muonic He, while all of g, &, g3, fl,
and f3 are relevant for electrons. It is for this reason that the
contribution to 8 E~ from f, is not written in (25). Similarly,
the leading contributions for j = % are the same size as terms
neglected above, and so can be dropped in what follows.

Later sections evaluate these formulas using f; and g; as
computed with several simple specific models of nuclei, and
in this way we verify that they include the results of stan-
dard calculations in the literature. In particular, they contain
the various moments encountered when doing so with the
nucleus modeled as a static charge distribution, reducing to
well-known formulas for finite-size corrections to the Dirac-
Coulomb energies [2,20,25-29]. However, as we see below,
the real power of the above expressions (24) and (25) is in their
generality since once computed in terms of the parameters in
S, they capture the effects of arbitrary short-distance physics
localized at the nucleus.?

B. Matching and RG invariance

The influence of the nucleus on atomic levels (or on low-
energy lepton scattering) is completely determined by the
near-nucleus boundary condition for the modes i at r =€,
and so is ultimately parametrized by the dependence of the co-
efficients g;(¢) and f;(¢) on nuclear parameters. The mapping
of nuclear physics to atomic physics is completely captured

3The interactions of S, specialize to rotational and parity invari-
ance, but nothing in principle forbids extending these interactions to
include nuclear spin and parity-violating interactions.

12n2 —n—-9 ! (2meZoz

8
= {2(1 +28) + [2@ -3 4h@+ 2)]<meZa> + [4g3 +5+ 88 — 28}

)—2Hn+1 —2y}](2a)2+~--} 24)

by describing this dependence, and the point of the PPEFT
formalism is to parametrize this dependence efficiently so as
to exploit the hierarchy of scales R < € < a,.

1. Connecting boundary conditions to S,

The main consequence of S, for atomic levels comes from
the boundary condition it implies at r = ¢ for the radial
functions f1(r) and g4 (r). These are worked out at leading
nontrivial order in [20], and the result is extended to include
the subdominant interactions of (12) in [30]. The boundary
conditions that follow from these references are
9 4, + domezar

N N
Cs T Chtot —

- (8;)
f+ r=e

= Zalgi(€)+(meZa)ga(€)+(Za) gs(e) +---1  (26)
for the parity-even states and

(Za) dAs - dAu)(mEZO()

IN; N}
Cs — Cytot — 2 (

-(5)
8~/ r=c
= Z%X[(mezwﬁ (€) + (meZa)? fr(e)

+(Za) f3e) + -] 27)

for the parity-odd states. Here, the hatted quantities are
& ot 1= Ch yior/4€? while dy = d; /47 €?, and so are di-
mensionless. Primes denote the combinations

Za)d,
¢l =gy — Zo)dsy (28)
€
Finally, the subscript “tot” represents the combination
- diZa
Cotor 1= €y — € — ——. (29)
3¢

The parameters ¢, and eh naturally combine in this way since
both of these effective interactions introduce a delta-function
potential in the nonrelativistic Schrodinger limit [18,20].

The final step is to solve the above boundary condition to
relate the quantities f; and §; to the parameters c,, c,, dj,
d,, h, and d,. This allows a determination of which nuclear
parameters govern which atomic energy shifts. Before doing
so, we first show how to deal with the apparent arbitrariness
associated with the ubiquitous € dependence of the boundary
conditions. Doing so allows an efficient identification of the
physical quantities, and in particular allows a clean counting
of the number of nuclear parameters that enter into energy
shifts at any given order.
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2. Renormalization-group running

Recall that the position » = €, where the boundary con-
ditions (26) and (27) are imposed, is basically arbitrary, so
long as it lies outside the nucleus and is much smaller than
the atomic Bohr radius. This makes it odd that expressions
like (24) and (25) for physical energy shifts appear to make
them depend on €. The purpose of this section is to show why
this dependence is really an illusion because it is canceled by
an € dependence that is implicit in the effective couplings c;,
¢y, and so on. This section develops renormalization-group
(RG) tools for determining this dependence explicitly, thereby
allowing a determination of the physical RG-invariant content
of the effective couplings.

To this end, it is important to realize that equations like (26)
and (27) can be read in two ways. First, they can be read as
giving the € dependence required of the effective couplings in
order to ensure that physical quantities remain € independent.
This is done by equating it to the € dependence that is explicit
on the right-hand side (through the evaluation of the bulk
solution for f4/g1). The condition that physical quantities be
independent of ¢ in this language corresponds to demanding
that the ratio of integration constants A/ C be € independent
(and so RG invariant as € is varied).

Once this is done, the € dependence on both sides of
Egs. (26) and (27) becomes identical, and then the second
way to read these equations is to equate the RG-invariant

+ . -+1 + Za
82 =—\J T35 ¢ — X
o1
foo = —(J + E) — ¢ — ZaX,
and
1
fin = (j+§>—§—ZaX,
o1 Za
802 = (J+5>+C—7,
and
+. @ —Zaw/k){ —Za/X)
803 = 2 +1 ,
v G =Zaw/Kk) (¢ - ZaX —2)
03 20+ 1 ’
_ . (= Zaw/k) (= = ZaX)
Joz = 2%+ 1 ,
_ . @ =Zaw/K)2+§ = Za/X)
803 = 2 +1 s

coefficients on both sides. This then gives the ratio of integra-
tion constants Ay/Cy in terms of RG-invariant parameters.
But, because energy shifts can be computed from Ay /Cy,
this also gives predictions for the energy shifts in terms of
the RG-invariant characterizations of the coupling flow.

To start this off, we take the small-r asymptotic form of
the solutions given in (19) and (20) and use these to evaluate
g+/f+ and f_/g_ on the right-hand sides of Eqgs. (26) and
(27). This leads to the following expressions:

(Za)

éi + dnot - W(d\s —I—dAv)(meZa)

G+ g0+ (s + 85050 o)
{(foJE + fng:O) +(fia+ ffg,o)%pfzf}

and
o a (Za)

Co — Chiot — =
s vtot 22

U Unt fee) + U+ fap) e o
X { (802 + 8030) + (812 + g3 P %)

where (as before) X :=./(m —w)/(m +w) while p =

2ke =2me/1 — w?/m? ~2meZa/n. Finally, the coeffi-
cients are given by

(i d) e
=\t ¢ X

(d + dy)(meZa)

+
812

+ .1
fi2 3=_<]+5>+§—Z(XX, (32)
_ |
Ji= (] + 5) +¢ - ZaX,
- o1 Za
812 = <J+E>—C—77 (33)
+._ @+ Zaw/K)(§ + Za/X)
813 = _2{. + 1 3
f+ . &+ Zaw/k)(—¢ + ZaX +2)
B —2¢+1 '
. &+ Zaw/k)(—¢ + ZaX)
B -2 +1 ’
_ Q@+ Zaw/k) (24 + Za/X)
gn = 1 . (34)

These equations show that it is the series in integer powers of p on the right-hand side that corresponds to the expansion in
powers of me Za on the left-hand side. Temporarily working to lowest order in this expansion leads to the expression found in

[20] for the running of the couplings &, and ¢, o

6s + é\‘u,tc»t == _X<

+ 4+t Ce
g2t 8hy P c)
+ +Cy ¢

Joo+ foae

(35)
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with coefficients given in (32). Similarly,

1{fe+ fIE%P_zz
S\ ) (36)
8 T 81z P

@s - év, tot —
with coefficients given in (33).
These expressions give the RG evolution of ¢&; £+ ¢, as
functions of €. It is convenient to rewrite the result as

& e o= A 37)

v, tot

where the A* are given by

= L[ (/e + e
M= 7 [ﬂ (/5% — s

where K = F(j + %), with upper (lower) sign correspond-
ing to parity even (odd). Equation (38) defines two types
of RG evolution, distinguished by the parameter 7y :=
sgn[|(Za)rs — K| — 1]. n+ =1 corresponds to a class of
evolution for which A never passes through —K/Za and
is unbounded (diverging at € = €F). ny = —1 represents a
class of evolution for which 1. is bounded and passes through
—K/Zo once (at € = €F).

This evolution can also be recast in differential form by
differentiating while requiring C1 /A4 to be € independent,
and reexpressing the result in terms of A.. Equation (38)
trades the constants C. /AL for convenient RG-invariant in-
tegration constants €=, obtained by integrating the differential
evolution.

How is this picture changed once we include the me Za
corrections? It turns out that the functions A.(€) are very
useful in this case too because the functional form (38)
appears in the coefficients of each power of p in (30) and (31).
In particular, the generalization of (35) and (36) to next order
in me Za has the form

oL A (Za)
C; + C;lot - 32

+ K], (38)

(dy +d,)(meZa)
_ 1 = T
=Je 4 —[Cy + C e + AL ] OmeZa),  (39)

where, evaluating X and « using the lowest-order Coulomb
energy, w/m ~ 1 — %(Za/n)z,
o X808l — 8ngh) . 8+ 1
’ forgty = fi2802 12n

+,+ + o+ + 4 + 4+
_ Jo2813 — Jo3812 — J12803 + f13802

(Za)+ ...,

Cy: ~2n+...,
foégfz—féng
ot Jofis = fofn
: X(foégfz—ffzgoé)
n 8n2—2n+1
Nt (Z 40
and
oo Juhi-tnfo _ n
0 = — —— ,
X(8nfi—8nfp) 3(Za)
Cr = Snfis ~ 8ufn — 8nfutenfn 20

80212 — &nJn 3

_ X(80813—8038n) . _8n* =3

Cy = 202013 20321 -
8nS2—81nJn 12n

(Za)y+-+. (4D

Here, ellipses indicate higher powers of Za.
Equating the coefficients of each power of meZw in (39)
dictates separately the running of ¢, &, ., [given by (37)],

and 075 and JU. The running of ﬁs and 3,, is given by

8n? + 1

Za(dy +dy) = — (Za) — 8n*%,

(¥ L 8 — 2t Hzo )2 @2
(E—Hn n+1)( Ol)>+ (42)

and

4n? 8n?_ 8n% —3
+

o on 72
3Za) 3 - 3 (Za))=. (43)

Za(ds—dy)=

Interestingly, the running of all of the effective couplings
are controlled by the two functions A+(€). As a result, the
flow of all couplings is described in principle by the same
two RG-invariant constants €. These two parameters encode
the information contained in C+/A4 in the solutions fi
and gi. As we see below, only one of these two quan-
tities is independent for a parity-preserving nucleus since
ef =€ =¢,.

These functions are plotted in Figs. 1 and 2 (for parity
even) and in Figs. 3 and 4 (for parity odd). In each case, the
two classes of flows identified by 1 :=sgn[|(Za)A+—K|—1].
These figures show that the RG-invariant quantities €* give
the value of € for which (Za)i+ = K approaches infinity
(when ny = +1) or O (when ny = —1).

III. NUCLEAR UNCERTAINTIES

Having established in the previous section why the precise
value of € carries no physical information, we turn in this
section to connecting the RG-invariant parameters €= to ex-
plicit nuclear properties. This is done in the first subsection

-4 -2 0 2 4
In €/€.

FIG. 1. Plot of the RG flow of B = (Za)*(d, +d,)/4 (solid
blue) and B = (Za)(&, 4+ ¢,,,) (dashed orange) vs Ine/e,, with
Ny = +1.
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0
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m -2
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-4
-4 -2 0 2 4
In €/e,

FIG. 2. Plot of the RG flow of B = (Za)*(d, + d,) (solid blue)
and B = (Za)(¢, + ¢,,,,) (dashed orange) vs In € /¢,, with n, = —1.

by computing the energy shift as a function of €X, and then
comparing this result to the results of explicit simple models
of the nucleus. The upshot of this section is the observation
that a single parameter €, := €;" = ¢, accounts for the energy
shifts found using explicit calculations with these models,
with ny = n_ = +1.

Furthermore, the parameter €, required to obtain this agree-
ment does not depend on the quantum numbers {n, [, m} of
the state whose energy is being computed, as is intuitively
plausible given that €, captures the properties of the nucleus
and these should not depend on which particular electron (or
muon) state that is used to probe them.

Finally, the above statements are equally true at lowest
order and when higher-order contributions are included in
powers of Za and/or m RZo. Working to subdominant order
does not introduce new parameters beyond €, into the result,
it just determines the value of €, with more precision than at
lower order.

2 J
m
0

-4 -2 0 2 4
In /e,

FIG. 3. Plot of the RG flow of B = (Za)*(d, —d,) (solid
blue) and B = (Za)(C; — ¢,,) (dashed orange) vs Ine/e., with
n_ = +1.

4
2
@ 0
_2 \/ﬁ
- -4 -2 0 2 4
In e/e.

FIG. 4. Plot of the RG flow of B = (Za)*(d, — d,)/4 (solid
blue) and B = (Za)(¢, — C,,,) (dashed orange) vs Ine/e,, with

vto .
n.=-—1.

The upshot to the order we work is that all calculations
are captured by an RG-invariant scale €, of the following
form:

€2 = (Za)*[R} + R} (Za) + RA(Za) + - --]. (44)

The length scales R; are generalized nuclear moments whose
values can weakly depend on m (e.g., logarithmically), and
are computed below for several models of interest. Notice in
particular that the overall factor (Za)? ensures €, is much
smaller than the R;, which turn out to be typical nuclear
scales.

Finally, the second subsection in this part of the paper
asks for observable combinations of energy levels from which
€, drops out. Such combinations must always exist when
there are more observables than there are nuclear parameters.
What is crucial is that the numbers Ry, R;, and R, above
are not independent parameters in this sense since they enter
into all observables, for both electronic and muonic atoms,
purely through the single combination €,. Because of the
explicit appearance of m, and the implicit dependence of the
R; on lepton mass, €, will be numerically different between
electronic and muonic atoms.

A. Moments and polarizabilities

We start by making contact with nuclear models, com-
puting the value of € required to reproduce energy-shift
calculations in the literature [and justifying Eq. (44)].

1. RG-invariant energy shifts

Consider first the energy shifts for atomic energy levels
as a function of the RG-invariant parameters X and n*.
The calculation is greatly simplified given the knowledge
that € proves to be much smaller than typical nuclear sizes
[in retrospect due to the explicit factor €, o Za implied
by (44)].
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Expanding Egs. (37), (38), (42), and (43) in the limit of
small €, /€, and specializing to j = %, we have

) 1 20y (e
f1= §+(Za)2<? ’

. n?—1 dn, (e 2 8 er ¢
= + =)+ =,
6n? (Za)? \ € (Za)* \ €

& =
N ne (&)’ +
g3 = —g - (ZO()Z (?) [1 + 211](6* /6)]
2 V!
* (%) )
while
N 2
fl = g,
s 1 2n- (€, :
fi=3- (Za)? (?) ' (46)

Using these in the energy shifts, Eqs. (24) and (25), then
gives the parity-even j = 1 shift

4m3(Za)? ‘o 120> —n—9
il Sbet g |22 T2
o E T e

2mef Za
o (S 2Y) o, — 2y 44
n

X (Za) + -+ } (47)

8E"S|/2 >~

while the parity-odd j = % state shifts by

n?—1

(SEnpl/2 ~2 "

m*(Za)Y'n_(eZ (A +---). (48

As mentioned earlier, the nuclear shifts to j = % states and
higher are smaller than the order to which we work.

2. Fixed charge distributions

The simplest nuclear model treats it as a simple static
charge distribution p(r) and energy shifts for Dirac fermions
orbiting such distributions have been computed in the limit
where the radius R of the distribution is much smaller than
atomic size a, [2,20,25-29].

For such models in the limit R < a,, the finite-size energy
shift to leading and subleading order in R/a, is parametrized
by just three moments of the charge distribution. Expressions
for this shift (as found by Refs. [2,20,25-29]) agree with
(47) and (48) when 1 := n; = n— = +1 and the RG-invariant

parameter €;" = ¢, =: ¢, is given by
(Za)? 1
€2 = 5 r]2, + 3 rPmZa a2, (Za) ),  (49)
which corresponds to the generalized moments
2 3 2
r r a
Ry=-2L, Ri=m=t, and R}=-1. 50
079y Ty 2T 12 G0

The nuclear moments rf,, rf, and arzel above are defined as
follows.

At order m3R?*(Za)*, the only moment that appears is the
charge radius

1
2. 3.2
r, = 7o /d rrep. 51)

Atorder m*R*(Za)? only the Friar (or third Zemach) moment
appears

1
3 3 3. / 73
= d’rd’r p(r)p()r —r'|°. 52
3 (26)2/ PP —TF. (52)
Finally, at order m3R*(Za)®, there is one more moment that
arises which we call .. This moment has a more complicated
structure, for which several authors have presented different
but equivalent formulations [25,28,31]. Following [31], we
write

2 2 1 Tel
g =r,| 1+ > In(12) — In(Za) +In{ — | |, (53)
Ip

with the parameter . [cf. Eq. (66) in [31]] given by

el 6 o0 d
n-< —1= 712,/0 dr ln(r/rp)5r3

rp

x {2np(r)[v<2><r)]2 —[VOPV@r)

: [’ o “ (54)
r2l2  er])
where V(r) ~ 1/r, VO @) ~ —r/2 — r[z,/6r, and p(r) is the
nuclear charge distribution.

This example illustrates several things. First, it shows that
agreement with calculated energy shifts requires the parity-
even and parity-odd RG invariants to be the same. This seems
a reasonable consequence of the assumed parity invariance
of the nuclear couplings: odd- and even-parity electrons (or
muons) see the same nucleus. Furthermore, this example
shows how moving past leading order does not introduce new
independent RG-invariant parameters into the energy shifts.
Instead, it provides a more accurate determination of the value
of the single RG invariant «,. Finally, €, is independent of the
lepton-state quantum numbers jj, IT.

3. Nuclear polarizability

In general, nuclear contributions to atomic energy shifts
arise that cannot be simply parametrized in terms of a static
nuclear charge distribution, such as those due to “inelastic”
Coulomb exchanges. These typically involve sums over in-
termediate nuclear states and so sample nuclear degrees of
freedom outside of their ground state, and contain the effects
of nuclear polarizability. A representative example of how
such a calculation proceeds is sketched in Appendix A.

The upshot of these calculations is that they contribute (to
within the accuracy we work here) to atomic energy shifts in a
way that depends on the quantum numbers of the atomic state
in the same way as does the charge-radius contribution. As a
result, these contributions can also be captured by a shift in
the value of the RG-invariant scale €, with n = +1.

In terms of the parametrization of Eq. (44) the calculations
of Refs. [24,31-34] give contributions that first arise at order
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m3R*(Za)® for muonic atoms, and m*R3(Za)® for elec-
tronic atoms. For muons, the inelastic two-photon exchange
introduces a new contribution Rf D —61;01 /6, where 61;01 is a
generalized (mass-dependent) nuclear polarizability given by

[35,36]
. m -
Gyl 1= /E dE,/ﬁl(dmldlE)lz, (55)

where |¢y) is the nuclear ground state, |E) is the nuclear
excited state with energy E — M, d is the nuclear dipole
operator (divided by the elementary charge), and E7 is the
nuclear threshold excitation energy (which for helium [37]
is ~20 MeV). Furthermore, at order m*R3(Z«)?, the nuclear
polarizability also adjusts the value of R?, so that R? D
mi3./24, where now 73 is a generalized Friar moment. For

muonic atoms [24],

~ l ! ’ A A !

Frw = —@fd%/cﬁr I =1 en 16T A lbw).
(56)

where p(r) is the (un-normalized) nuclear charge density
operator, and |¢y) is again the nuclear ground state [note
that the matrix element (pn|pT(r)H(r")|¢on) is distinct from
p(r)p(r') = (dn1p1(r)ldn) (dn1A(r)$n), which appears in
(52)]. For electronic atoms, the static dipole polarizability also
arises at this order, and so [36]

~3 &pol 1
rFA,L’ - 6

(Zey / d'r

x f &r'lr = r'Plon1p o), (5T)

where

2

0701:7
P

19 3 t
/dE{€|(¢N|d|E)|2+5|(¢N|d ln(ZE/m)|E>|2}
(muons) (58)

is the weighted static electric nuclear polarizability. Finally,
R? is also altered, although in this case the exact form of the
inelastic exchange is not known for helium [31]. However, for
both electrons and muons it is expected to be well described
by a local interaction due to the high excitation energy of the
“He nucleus relative to atomic scales, and so should appear
as some generalized a,; which we denote &, in analogy
with the generalized Friar moment. Altogether, inclusion of
nuclear polarizability effects can be encoded simply by the
contributions

2T % 2 5‘1/)01 r ;
Ro=13- Ri=——g tmyyp
where 5‘;/)01 is defined in (58) for muons, and is O for electrons.

The bottom line is again that these contributions represent
particular kinds of contributions to €,, and are not contributing
to atomic energy shifts as independent parameters. Conse-
quently, assessments of nuclear errors involved in each of
these kinds of processes can be interpreted as contributions
to the total theoretical uncertainty in microscopic predictions
for e,.

and Rgz%, (59)

However, the real power of the above expressions in terms
of €, is in their very broad generality. Although specific
kinds of nuclear physics contribute to the value of ¢,, the
same would also be true for arbitrary short-distance physics,
regardless of whether this has nuclear origins or not. Because
the PPEFT framework parametrizes all possible interactions
localized at the nucleus consistent with symmetries, the con-
tribution to atomic energies of these couplings (through their
RG-invariant parametrizations €, and n) are guaranteed to
capture any short-distance physics that shares these symme-
tries to the given order in R/a,, regardless of the details of
how that physics might be modeled.

B. Nucleus-independent combinations

Exploitation of more precise measurements of atomic level
spacings is currently hampered by theoretical uncertainties
associated with predicting the energy shifts due to nuclear
physics. Ongoing efforts are underway to improve the theo-
retical prediction for these nuclear shifts, and in the language
of PPEFT these can be regarded as improving the theoretical
prediction for the RG-invariant parameter €,. In this view,
the various individual contributions to nuclear level shifts,
e.g., charge radius, Friar moment, polarizability, and so on,
all enter together only through this single parameter.*

The fact that the nucleus can only influence atomic levels
through €, suggests another approach towards reducing theo-
retical error for precision atomic measurements. Rather than
trying to reduce the theoretical error by computing this param-
eter more accurately, why not instead identify combinations
of observables from which the parameter €, cancels out? Any
such combination is a quantity for which the theoretical error
is much smaller since it does not depend at all on any nuclear
uncertainties.

To formalize this, we write the energy levels of hydrogenic
atoms as

Eyje = EDM + SEXD + 8EfT +8E, 20, (60)
where quantum numbers n, j and parity =+ are used as labels.
Here, EP™ is the energy eigenvalue predicted by the Dirac-
Coulomb solution, and §EQEP contains all QED radiative
corrections in the limit of a point nucleus. § E¥ is the nucleus-
dependent contribution given above, and 8 EPP?EP contains
the influence of nonzero nuclear size on all QED radiative
corrections.

When comparing to the literature, such as the three-
photon contributions evaluated in Ref. [31], it is the “high-
energy” parts of graphs whose effects can be captured by a
shift in the parameters of the effective theory, which in the
present instance means shifting the value of €} in SE..
The same cannot be done for the “low-energy” parts that
correspond to graphs evaluated within the effective theory us-
ing nucleus-modified propagators and so these contributions

4Since €, depends explicitly on the lepton mass [cf. the R} term
in (44)], strictly speaking there is a single parameter controlling
electron-type atoms and another one for muonic atoms, and any
evidence for a difference in these parameters for electrons and muons
is evidence for the presence of a nonzero size for the parameter R3.
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are either already included in the perturbative expansion of
the energy shifts [Egs. (24) and (25)], or else grouped into
SETTOED.

njt

Both of §EP? and § EPPREP suffer from systematic uncer-
tainties arising from nuclear physics (and the proton radius
problem, should this prove not to be due to experimental
error). But, because § EPPQED starts out with higher powers
of « it only depends on the lowest-order R3 contributions’
to ¢,, unlike § EP® which in principle depends on all of the
parameters Ré through to R3 of Eq. (44).

However, it is differences AE|_,; := E,, j, +, — Ep, j, .+,
between energy levels that are measured spectroscopically.
For these quantities we therefore write

AE ., = AEP™M, + AEP , + AETTS™P,  (61)

in which the Dirac-Coulomb and point-source QED effects
are grouped together into the term labeled “EM.” Because
AEPM, s calculable with negligible error, we focus below on
the nucleus-dependent combination

AE| .y:=AE,—AE™, = AET .+ AETTEP. (62)

Our goal is to identify linear combinations of these observ-
ables from which the parameter €, cancels. With upcoming
experiments in mind we do so explicitly here for muonic
atoms up to the accuracy of m*R3(Za)’ required to see the
Friar moment. For electrons we go to the same accuracy,
which is slightly more involved due to the necessity of keeping
terms at both order m*R3(Za)® and m>R%(Z«)® since these
are similar in size (due to the numerical coincidence m,R ~
Za).

1. Predicted energy differences

In order to pursue this program, we need complete expres-
sions for the €, dependence of all relevant levels, including
both the SE® and § EPPPEP contributions. Since to the de-
sired accuracy €, does not appear at all within § EF® for the

energies of j > % states, we focus on itemizing all relevant

contributions for j = %

The mixed nuclear-QED contribution has been evaluated
at the order required, and we simply quote the result here.
For both electrons and muons the leading result is given by
[38,39]

4]7(6')
§EPPQED _ i

3 2 2
Tmﬂot(Zot) €xu (muons)

4 ()
= Lélmfa(Za)362 (electrons),  (63)
n

*€
with the dimensionless coefficients nfl‘ll) depending on the
quantum numbers of the lepton state. In these expressions, the
subscripts “a = 11, €” on €,, is meant to underline that it is
evaluated using the muon mass in its R3mZa contribution.

3 Apart from logarithms (see, e.g., [31]) inasmuch as other nuclear
scales aside from Ry can appear logarithmically in low-energy con-
tributions. When this occurs, we write a contribution of the form
In(mR,) as In(mRy) + In(R,/Ry) and absorb the m-independent
factor In(R, / Ry) into the R3 term of (44).

We identify the €, dependence by trading the dependence on
rﬁ given in the literature for €, using only the leading R3
contribution from Eq. (49): €2 = & (Za)y’r;.

For electronic atoms 7, is given by [38]

7 = (8In2—10)8 (electron), (64)

which vanishes for / # 0 since the wave function must have
support at the position of the nucleus because the Bohr radius
for the orbit a, ~ (Zam, )" is much larger than the Compton
wavelength A, ~ m;l of the virtual electrons in the QED

loop. The same is not true for muons since am,, is comparable

to m,, and so for muonic atoms nfl’f) need not vanish for / # 0.

(w)

The precise value of ,,”,

follows.

Collecting results we have the following:

Muons. Here, we have the nonzero nuclear-dependent en-
ergy shifts to the desired order®

given in [39], is not required in what

SENS , +8E e = ‘lm?‘i#)z(z +nla)el, (65
while
SENy , +8E o’ =m}(Za) ) ael, (66)
and
SEhy, , +8E e =m) (Za)yn) o€l (67)

Combining these expressions provides the following ex-
pressions for the measurable energy differences for the lowest
angular momentum states:

4me(Zat)2
n3

4m3 (Za)? ,
— 2+ (g’ - ) elel, ©9)

AEus,pnpy = 24 0% —n")ale?,, (©8)

>

K\Ens.,m Py =
while
AE,pnpy = 0. (70)

Electrons. The corresponding formulas for electrons
are

PPQED
(SES;M + aEnSSZ
_ 4m§(Zoz)2 ze ) 12n2 —n—9 o 2m€ Lot
n3 2n?2(n+1) n
n(e)

—2H,11 =2y +4+ %’}(Za)z}, an)

as well as
PP PPQED n?—1 3 4 2
(SE,,PI/2 +8EnP|/2 =2 5 m,(Za) e,,, (72)

=5 EPPQED

wp, = 0 to the order of interest.
3/2

PP
but now §E;, Pyp

®We switch to spectroscopic notation where states are labeled by
j and parity, so the labels S, P, D, F,... are proxies for parity.
Thus, S (or P) are parity-even (-odd) states with spin j = % while D

(or F) are parity-even (-odd) with spin j = % and so on.
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The corresponding energy differences for electrons are therefore

— dm3(Za)* , 12n2 —n—-9 2m €0 Zat n(%) )
AE .8, 0Py, = ",173 w12+ BT CES I 21n (T) —2H,41 =2y +4+ % (Za) ¢, (73)
as well as
— 4m3(Za)* , 12n2—n—-9 2Mp€re Z0t n(%) 2_ )
AE;s, pnpy, = "’173 12+ ETECES I 2 1n (f) —2H,41 — 2y +4+ % 5 (Za) (74)
\
and While naively €,, might be obtained from (75), leading to
— n?—1 3 42 2 16 — 4
AE,pyynpy, =2 my(Ze)'el,.  (75) o = Imizay S Errpame + 020D, (79)
e

In essence, these expressions imply that the nuclear-size
contributions to a great many energy electronic and muonic
levels can be parametrized in terms of just two parame-
ters, €,, and €,,. By eliminating these parameters, we can
derive relations that directly connect measurable quantities.
The relations derived in this way are therefore known with
smaller theoretical errors since they are entirely independent
of nuclear uncertainties.

2. Levels withn =2

We start by concentrating on the energy levels that have
already been measured, and so restrict our attention to the
special case n = 2.

Focusing first on muonic atoms, the nuclear contribution
to the differences between the three levels 25,2, 2P, and
2P;); is controlled by the single parameter ¢,,. This means
there must be a nucleus-independent combination relating the
two independent energy differences. This can be taken to be
(70): AE,p,,np,, =0 is a statement unclouded by nuclear
uncertainties, in particular for n = 2.

Alternatively, (68) provides an accurate experimental de-
termination of €, for muonic helium:

AE251/2-2P1/2

m3 (Za[1+ §(n55) — n3y

2

eyu.

+ O[(Za)"1. (76)

)]

Turning now to the “He* ion, the nuclear contribution to the
two independent differences between the 25;,2, 2P/, and
2P;3); levels is controlled by the single parameter ¢,,, again
suggesting there is a nucleus-independent combination.

This can be found by using (74) to eliminate €,, and using
the result in (75) to predict the 2Py -2 P, transition in terms
of the 25},2-2 Py, transition:

— 3 —
AEsp,ap, = E(ZaﬁAEzs,,z_m,z +0l(Za)']. (TT)

We write the error in this expression as (Za)’ rather than
(Za)® because the corrections to (75) arise at relative order
(mRZw), though for electrons this is numerically closer to
order (Za)®. Alternatively, using the 2, 2-2P1 /5 to predict
the 25;2-2P3, difference leads to the equivalent prediction

ZIﬂzs./z-m/z = ZT5251/2-213,/2[1 + 137) (Za)* + 0((Za)h)].
(78)

this determines it with larger relative error than it would have
been by solving for €,, from one of the other two energy
differences. Taking this latter approach instead leads (see
Appendix B, including the result for general n) to

mzefe >~ WAEZSI/Z’ZPI/Z
(Za)? K\Ezsl/z-zP./z 3 120
1 I S V.
X { + > n m. > +2y 7
AEss, .-
+ o((Za)zi“”' 2 ) (80)

and the correction is now down by (Za)* relative to the
leading term.

3. More general n

The relations found above for the special case n = 2 might
not be all that surprising. However, should experiments access
transitions with higher n, the fact that all nuclear contributions
are controlled by the single parameter €, becomes ever more
predictive. This section makes a start at some of the nuclear-
free relations that can be derived in this way for general n.

Muons. We start with muons, which are simpler. A start is
the prediction for the general nS; »-n P/ shift for any n given
measurements of this shift for n = 2. For n = 2, we use (69)
to infer the value of €,,, which when substituted into (68) for
general n, gives

_ 8[2 —+ a(n(’é) - n('f))] A
AEnseat = ol — )] e O

Similarly, generic muonic S-S transitions become

)

A similar argument relates the S, - P53 transitions for general
n:

(D)
n0

()
n0

—

2+an
AEss ,2p,-

2
n

2+an

2
n;

AE”ISI/Z‘”ZSI/Z = 2(

(82)

2

nl —
AE,, s, ,-n P
() () niSi2-n1 Py
2+ a(nnlf() - nnlzl)
3 AE (83)
= " ny8i2-n2 P3ja -
2+a(mlo — i)
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Electrons. Similar expressions hold for electronic atoms.
The prediction for the 1S /,-n Py, shift for any n in terms of
this shift for n = 2 obtained by using (80) to infer the value of
€. used in (74) gives

— 8 —
AEus pnpy, = EAEZM/z-Zp]/z

4n?

[+ o2
X414+ (Za)*| N(n) — , (84)

in which we define

12n> —n—9 5 n(f;
N)i= ————~ —Hy +>+ 2
)= 1) itz
(e)
20 2
- = — - . 85
2Z n(n) (85)

The predictions for electronic S-S transitions is similarly
AE nyS-n, S

— 1 1 N(ny) N(m)
:AE2S|/2-2P1/z{n7?_n7%+(Za)2|: n? _ n% .

(86)

The nucleus-free prediction for the difference between the P
states for electronic atoms becomes
5 5

— n —
1 _ 2
n2 1AE”IPI/Z’”IP3/2 - n2 IAE’YZPI/Z’WZPS/Z' 87)
1 2

This situation is somewhat more complicated for electronic
S-wave states, but using

3 3
ni AE"ISI/Z'an]/Z - nzAEnzsl/z-nzpl/z

= 4m}(Za)'el,(Fln] — Flnal), (88)
where
12> —n—-9 n?>-1 n'®
Fln] := - 21Inn —2H, 0
[n] 1) Y +21Inn 1 + 5
(89)
the difference becomes
1 s— s
24n? —
_27AE"1P1/2'”1P3/2 =0, (90)
ny—1

which is again free of nuclear uncertainties. It is clear that a
great many such relations can be derived in the same way.

IV. NUMERICAL EXAMPLE

At the moment, data [40] are only available for the
2Py /2-28) > transition in “He™. With this transition, we can
use (86) to predict the 1S5-2S transition in hydrogenic helium,
which is relevant for upcoming experiments [41]. Subtracting
the pointlike physics listed in [23], we compute

——=(exp)

AEyg) op, = —2.58(5)x 107" Ry, 1)

in units of the Rydberg energy. Here, the number in parenthe-
ses is the error on the last digit. The predicted 1S-2S transition

is then
AEsg.1s = 2.9997067118 (4) Ry
=9.868 561009 (1)x 10° MHz, (92)

where in the last line, we used Ry = 3.289 841960355 x
10" Hz from the 2014 CODATA review [13]. Our prediction
agrees with [41] and [23], however, the error we report is
nominally a few times larger than they report (three times [41]
and four times [23]). What is important in our case is that
the error is completely independent of nuclear uncertainties,
and is dominated by the experimental error. Our result will
therefore only improve as future experiments improve their
precision, and will never be hindered by a particular choice of
nuclear model.

V. CONCLUSION

We here apply the PPEFT framework to muonic and elec-
tronic atoms with spinless nuclei, which produce systematic
parametrizations of the energy level shifts due to all short-
range physics, including (but not limited to) uncertainties in
evaluating nuclear contributions. Our parametrization cleanly
identifies a single mass-dependent length scale €, that encodes
the effect of all nuclear physics on atomic energy levels.

That is, in discussions of finite-size contributions to atomic
energy shifts, one often writes (see, e.g., [24])

AE = 8qep + Ok y2<r;) + OFS Other» (93)

where éqgp is all of the non-finite-size-dependent contribu-
tions, 8gs 2 (rlz,) is all the finite-size terms that are proportional
to the squared charge radius, and &gs omer is all the other
finite-size contributions. Our observation is that at the level
of atomic energy shifts, this division is artificial. The real
division is

AE = SQED + 55,, 94)

where qgp is all point-nucleus contributions (as above), and
8, is all finite-size contributions, which is a known function
of the one length scale €,. The separation of €, into different
sources (such as moments of the nuclear charge distribution,
and nuclear polarizability) is a theoretical exercise (although
certainly a worthy one) that always needs supplementary
information, such as input from theoretical models and scat-
tering data. However, €, is just one number, so once it is
determined from a single measurement, it can be used to
predict the finite-size contribution of all other measurements.

As a practical application of this observation, we use two
different strategies to make predictions about spectroscopic
transition for electronic and muonic atoms that are free of e,.
For these observables our formulas reduce the theoretical error
in tests of QED by eliminating any uncertainties arising from
explicit models of the nucleus. The same predictions are also
independent of any potential short-range new physics (should
this prove to be responsible for the proton-radius problem)
allowing tests of QED using only muonic “*He whose validity
is undiminished by the existence of such forces.

Our first strategy is using a single measurement to solve for
€., and then use that to predict all other measurements. Doing
so, we find explicitly predictions for the following transitions:
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For muonic atoms, we find

812+ a(ng — n,i)]
w2+ a(ng’ — )]

K'E'Vlsl/z-nl’l/z = ZE2S|/2-2P1/2 (95)

and

— 2+anff‘3 2+omf,”3 —
AE’l!S!/z-nzsl/2=2< 2 = — 2 2 AE25|/2-2P1/2’

i n
(96)
while electronic atoms produce
e 8 — 2
AEnSl/g-nPl/z = EAEZSI/Z-ZPI/Z 1+ (ZO{)
[Ny - 2 97)
n)— —
4n?
and
— — 1 1 2
AEy sm,s = AEog pop) = — 5 + (Za)
ny
N N
» |: (1;1) _ (Zz):“’ 98)
m n
with N (n) defined in (85).

Our second approach is to avoid solving for €, altogether,
and instead find general linear combinations of measurements
for which it falls out. In this way, we predict the following:
For muonic systems,

2
" AE
W _ mSiz-m Py
2+ a(an - r’ngl)

_ "
- () (]
2+ a(nnl:O - nnl:l)

while for electronic systems,

ZE‘Vlzsl/zfnzps/z ’ 99

1
3 3
m(nlAEnlsl/Z’n]Pl/z - nZAEnzsl/z-nzpl/z)
24n3
n?—1

where F[n] is defined in (89).

Using the only available data for the helium ion (the
25-2P Lamb shift in ordinary “He™), we use (86) to pre-
dict a 15-2 transition v;s.5 = 9.868 561009 (1)x 10° MHz.
While our uncertainty in this prediction is roughly four times
the uncertainty in the literature, our error is dominated by the
experimental precision of the 2S5-2P measurement. Conse-
quently, our predictions will become more and more precise
as experiments improve, and remain unencumbered by the
inherent uncertainty in choice of nuclear model.

Although we here address only spinless nuclei, it is cer-
tainly possible to include nuclei with spin in the PPEFT
framework, and work is ongoing to do so. Although nuclear
spin changes the counting of parameters in the energy shift
formulas above, the principle remains exactly the same and
we expect in this case also to be able to build observables
from which short-range contributions completely drop out.

AEy pyyon Py =0, (100)
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APPENDIX A: POLARIZABILITY IN A NUCLEAR MODEL

To illustrate how nuclear polarizabilities enter into the
PPEFT framework, this appendix considers a relatively simple
nuclear model, following Refs. [24,34]. The model works with
nucleons and leptons with states |NJJ;;njj,) representing
the nuclear (upper case) quantum numbers and lepton (lower
case) quantum numbers. The Hamiltonian of the system is

H = Hy + H; + AH, (A1)

where Hy is the Hamiltonian of the nucleus (whose details
never need be explicitly written, with the basis of nuclear
states [N JJ;) assumed known), Hy is the Schrodinger or
Dirac-Coulomb Hamiltonian for the lepton interacting with a
point-source Coulomb potential, and A H is given by

VA PNy,
AH =22 _ Za/d3r’ ew) (A2)
r r—1r/|

where ¢ is the electric charge operator written in terms of
the quantum nuclear degrees of freedom (such as the nu-
cleon positions and charges). The perturbation subtracts out
the point-source Coulomb interaction appearing in H, and
replaces it with the more realistic nuclear electromagnetic
source distribution.

Working perturbatively in A H leads to a graphical expan-
sion that includes those of Fig. 5. Of these, the leftmost graph
is linear in the nonpointlike Coulomb-nuclear coupling AH,
and involves one factor of the nuclear charge-density operator
¢ evaluated within the nuclear ground state (0|AH|0). It
is this type of graph that gives the contributions that look
like the charge radius r% of the nuclear charge distribution
p(r) = (0[2(r)|0).

Terms quadratic in this same nuclear charge distribution,
such as the Friar moment r;:’ of (52), arise from the second
graph in Fig. 5 that are quadratic in AH but also only
involve the nucleus in its ground state. The first two types
of graphs therefore have counterparts for leptons interacting
with a specified charge distribution and so can be expected
to contribute to energy shifts in the same way, leading to
contributions to €, of the form given in (49).

It is the final graph of Fig. 5 (and its crossed counterpart)
that contains the nuclear polarizability and so is not simply
captured by static moments of a given nuclear distribution

124



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

BURGESS, HAYMAN, RUMMEL, AND ZALAVARI

PHYSICAL REVIEW A 98, 052510 (2018)

. + . .
® ° ®
+ . .

FIG. 5. Graphs arising from the perturbative expansion of nu-
clear electromagnetic interactions. The upper solid line represents
the atomic lepton, dotted lines represent the Coulomb part of the
electromagnetic field, and the lower solid line represents the nu-
cleus in its ground state. The fat dot vertex includes a nonpointlike
momentum-dependent correction to the Coulomb vertex, while the
fat solid line represents the propagation of an excited nuclear state.
Crossed graphs are also present even though they are not drawn.

p(r) = (0|0(r)|0). For the nuclear sector, this graph con-
tributes a contribution involving a sum over nuclear states
involving the off-diagonal matrix elements (N |p(r)|0)|>.

Explicitly, in [34] Friar gives the following expression for
the atomic energy shift due to such a polarizability:

4 2m
8 Epor = ——-(Za)’ |6, O > |:‘/wN|<N|D|O)|2

N#£0

+% / d’x / d*y(0lp(y)IN)(N|p(x)[0)|x — y|3},
(A3)

where D is the nucleon electric dipole operator D =
f d*x xp(x), and wy is the excitation energy of the interme-
diate nuclear state while ¢, (0) is the lepton’s wave function at
the origin.

For the main text what is important about this calculation
is that it depends on the lepton quantum numbers in precisely
the same way as does the charge radius r,z,, and so can be
interpreted as a shift in the value of ¢,. The leading (dipole)
polarizability term goes as (Za)?|¢,(0)|>R? and so is a con-
tribution to the R? contribution of ¢, in the parametrization of
(44).

By comparison, the second term (and Friar moment cor-
rection) can be seen to go as relative order (mRZw) and so
are also contributions to R? in (44). Contributions to R? in
(44) also arise in explicit calculations, typically as relativistic
kinematic corrections to lower-order terms.

APPENDIX B: SOLVING FOR ¢,

This Appendix fills in the details that give the expression
for €, in situations where the energy shifts also depend log-
arithmically on €,. This arises in the main text when writing
an expression for €, in terms of the 257 /,-2 Py /> level shift, for
example. We do so in this appendix for general 7.

We start by writing the n.S 2-n Py, shift as

— 4m3(Za)*
AEus pnpyy = ——5——€ 10 — In[(me€,)’},  (BI)
where
2 2Za 1202 —n—-9
wi=———2In(—/— )+ —— " _2H,
X = Zay n( n >+ 220 + 1) +
(e) 2
2(n? —1
_2y+4+'7’710_M’ (B2)

Z n?
and rearrange to obtain

n3

Wﬁzsm-zn/z =m2€2,{x, — In[(m,e.0)*1}. (B3)
e

We wish to solve this equation for €,,, but it has no closed-
form solution. However, the solution does have a name: it is
called the Lambert W function. In terms of this we have

3
miel, =exp|W —nig]\fzs1 2P pe )+ X |-
e *e 4me(Z(x)4 / /2

(B4)

To turn this into something useful, we use some approx-
imate forms for W in various limits. The first observation is
that the argument of the W function is order e~ !/ (Zay? (coming
from the x,) and so is very small. Also, the energy shift in
question is positive, so this argument is negative. In this limit,
W|z] is double valued, and the branch of interest is the one
satistying W[z] < —1, denoted by W,,[z]. In the limit of small
negative argument,

Wnlzl ~ —In <—l> —1In |:ln (—l>:| — M,
z z In(—1/z)

(BS)
so that
n’ N —Xn
w _WAE"SI/Z‘”PI/Ze + Xn
n’ —
~In WAE"’SI/Z'”PI/Z
n’ —
—1In |:Xn —In (W AEnsl/z-nP./z)]
(Za)? 2
- In Zay + -, (B6)

where the dots contain terms suppressed by order (Za)* and
higher. Consequently,

3

mie., ~———AFE,g P,
0 €se — nSya-n
¢ 81119(2(){)2 R

o1 n3 —
X { 1+(Za)? |:Xn+§ In (WAEHSI/Z-HPI/Z)] }

L
10 ((Za)zn AE"S‘”'"P”Z),

4m, (B7)
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where
. 11 2(Za) /n?] 12n2—n—9+H n ) 77}10+n2_1 (BS)
= —1In a)'/n]— ——— —2_
=3 2+ 1) Ty 27T Tan
(defined by x, = [2/(Z«x )21(1 — %)), and the correction is down by (Za)* relative to the leading term.
Finally, plugging this into (73) for the nS},,-n P3 shift, we predict
— — 5[ . 1 n’ —
AEVIS]/z*Yleg ~ AEVIS]/Z’"Puz 1+ (ZOt) Xn + E In WAE”SI/Z’"PUZ
12n2 —=n -9 nﬁns -nP, 10
1+ (Za)| ——— ——In| —2"2 ) _H,yy—py +2+ —
X{ +( o[)|:4,12(n_’_1) Il( 2me n+l1 V+ +22
— ,[n?—1 4
= AEys, 0P )1 + (Za) i + O0((Za)Y) g, (B9)

which is exactly the result (77) used in the main text.
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Summary

In this latest instalment of the atomic PPEFT odyssey we address one
of the major missing components of the formalism developed so far; the
extension to nuclei with spin. A slightly more involved summary of the
results of the paper we are about to present can be found in [9].

Inspired by supersymmetric treatments of spinning point-particles, as
done for instance in [48], we capture the effects of nuclear spin by append-
ing the field content of the nucleus by a set of classically anti-commuting
Grassmann fields, £#(s) that satisfy {£#,&”} = 0. Classically, the inclusion
of these internal low-energy degrees of freedom leads to new primary con-
straints on the theory and once the point-particle degrees of freedom are
quantized the quantum operators associated with these Grassmann fields,

é“ satisfy anticommutation relations of the form {é“, él’} x " and turn

out to span a multi-dimensional Hilbert space, whose dimension is cho-
sen when particular representations of their anticommutation algebra are
assumed. Then, in order to capture fermionic nuclei we choose a represen-
tation of this algebra in terms of Dirac matrices and later project out the
anti-particle sector of the Hilbert-space.

Next, in order to capture the leading spin-dependent finite-size correc-
tions to leptonic bound-states we append the PPEFT action derived in
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Chapter [3| with all Grassmann-even interactions between the new fields
and the already existing fields of the problem, {g*(s), A*(x), ¥(z)} that
obey atomic symmetries and have coupling dimension up to and including
(length)?. We find only a single new interaction between ¢*(s) and A*(x)
with coupling dimension (length), and four others at (length)? including
couplings to the leptons.

The rest of the paper works out various consequences of the nuclear
spin, assuming a nucleus at rest, which automatically projects out the anti-
nucleus solutions and effectively halves the dimensionality of the nuclear
Hilbert-space. In this frame, there are only two new interactions relative
to the ones included in Chapter [} the operator with dimension (length)
between the spin and gauge fields; and one (length)? term contracting the
nuclear spin with that of the fermion’s.

The new interaction between spin and A*(x) sets up new near-nucleus
boundary conditions for A(x) that result in a magnetic dipole field, A (%),
whose effects we treat perturbatively around the Dirac-Coulomb problem
with perturbation Ly, = —ey%y - A, expanding our calculations to lin-
ear order in the small quantity, s := meuy/4r < 1. In order to do
this efficiently, we couple the spin of the nucleus, I to the total angular
momentum of the lepton, J to form the total atomic angular momentum
F = I+ J, whose eigenfunctions diagonalize the fixed-;j subspaces of the
Dirac-Coulomb modes degenerate under the perturbation. We then create
the coupled nuclear-Dirac-Coulomb modes that have the same form of ra-
dial functions as in (1.73)) (though their energies and integration constants
can now depend on the F' quantum number of the F? operator) but instead
of the previously obtained spherical spinor harmonics in their angu-
lar dependence is instead given by eigenfunctions of the operators, F2 and
F..

It turns out that spin-dependent finite-size effects arise in two places:
coming from matrix elements of L;,; between the coupled nuclear-Dirac-
Coulomb modes; but also coming from expanding the physical integration
constant ratio, Zpjw/%€rj i1 powers of s in the energy shift formulae de-
rived from in the previous papers. The first of these results in di-
vergent integrals, whose behaviour we track through dimensional regular-
ization, while the second allows these divergences to be absorbed into the
new fermionic PPEFT coupling constant using the boundary conditions,
and also gives rise to a new RG-invariant parameter, €, that turns out to
account for the leading spin-dependent finite-size energy shifts.

The expansion of the ratio of integration constants in powers of s also
allows for the near-source boundary conditions implied by the presence of
the nucleus on the nuclear-Dirac-Coulomb modes set up on the usual Gaus-
sian surface at fictitious radial scale, € to be expanded in this parameter.
The O(s) boundary condition relates the first correction of the integration
constant ratio to the new spin-dependent fermion-nucleus coupling. As
such, the new coupling is not only burdened by having to absorb the infini-
ties coming from matrix elements but also by an e-dependence necessary to
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keep the energy shifts at leading order in s independent of this unphysical
scale. The RG-flow of this parameter turns out to depend on the old (spin-
independent) RG-invariant parameters as well and is further complicated
by the first-order state-corrections to the nuclear-Dirac-Coulomb modes.

Having dealt with all of the issues regarding infinities and unphysical
parameter dependences we use the new RG-invariant scale to compute how
the leading spin-dependent finite-size energy shift depends on €., which
we then also compare to expressions that use nuclear moments to capture
these effects and find that €, is related to the first Zemach-moment, (1),
of (1.99). Combining this result with that of Chapter [3| we now see that in
cases of nuclei with spin, it is sufficient to use two RG-invariant parameters
to capture all finite-size related energy shifts to relative subleading spin-
independent contributions of (mRZ«) and (Z«a)? to the charge-radius term
and leading order in the spin-dependent ones.

This number is still significantly lower than that of nuclear moments
and hence allows us to use the handful of extremely precise measurements
available in any given system to fit the “true” nuclear parameters with
the same methods as outlined in the previous chapter, and the errors of
these parameters will be controlled by the uncertainties of the most pre-
cise experimental values and the theoretical contributions to the measured
transitions that assume a point-like nucleus.

Carrying out this fitting for atomic Hydrogen we make a large number
of predictions for existing measurements, whose uncertainty is dominated
by the uncomputed terms of point-like bound-state QED effects and in
this way we push past the error floor presented by nuclear-size effects,
making these transitions good targets for tests of fundamental theory once
more. We do a similar fitting for muonic Hydrogen, although due to the
large mass of the muon further subleading nuclear-size effects need to be
calculated than has been done here and therefore show that our predictions
are only competitive with current ones using nuclear moments but are not
necessarily superior, except in that our formalism makes it easier to improve
on these results.
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ABSTRACT: We use effective field theory to compute the influence of nuclear structure
on precision calculations of atomic energy levels. As usual, the EFT’s effective cou-
plings correspond to the various nuclear properties (such as the charge radius, nuclear
polarizabilities, Friar and Zemach moments etc.) that dominate its low-energy electro-
magnetic influence on its surroundings. By extending to spinning nuclei the arguments
developed for spinless ones in arXiv:1708.09768, we use the EFT to show — to any fixed
order in Za (where Z is the atomic number and « the fine-structure constant) and the
ratio of nuclear to atomic size — that nuclear properties actually contribute to electronic
energies through fewer parameters than the number of these effective nuclear couplings
naively suggests. Our result is derived using a position-space method for matching
effective parameters to nuclear properties in the EFT, that more efficiently exploits the
simplicity of the small-nucleus limit in atomic systems. By showing that precision calcu-
lations of atomic spectra depend on fewer nuclear uncertainties than naively expected,
this observation allows the construction of many nucleus-independent combinations of
atomic energy differences whose measurement can be used to test fundamental physics
(such as the predictions of QED) because their theoretical uncertainties are not limited
by the accuracy of nuclear calculations. We provide several simple examples of such
nucleus-free predictions for Hydrogen-like atoms.
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1 Introduction

Modern experimental techniques allow exquisitely accurate measurements of atomic
transition frequencies. For simple atoms it is hoped that these measurements can be
turned into a test of fundamental theory by comparing with equally precise predictions;
modern alternatives to the classic comparisons between theory and experiment for the
Lamb shift in Hydrogen [1] — [26].

The sad fact that atomic nuclei are not point charges is a major obstruction to this
program, because atomic energy shifts due to nuclear structure can be larger than the
fundamental corrections to be measured. Furthermore, the intricacies of the strong in-
teractions make ab initio predictions of nuclear properties necessarily inaccurate, often
making nuclear uncertainties the dominant theoretical error when predicting atomic
energy levels [27] — [62].

In this paper we provide the details for (and provide broader applications of the
results of ) [63], which aims to push past this floor in theoretical error by systematically
identifying combinations of energy differences from which all of the effects of nuclear
physics cancel. Because the accuracy with which such observables can be predicted is
not limited by nuclear uncertainties (by construction), their measurement can provide
a potentially telling test of fundamental theory. Given Ny, well-measured transitions
involving a specific type of atom and N,,. parameters governing nuclear contributions
to atomic energies, there are Nexp, — Ny independent observables for which a nucleus-
free prediction can be made.

While this counting is not so remarkable an observation in itself, what is perhaps
more surprising is how small N, turns out to be. In the applications made here,
for instance, precisely two nuclear parameters suffice even though our predictions are
accurate enough to include the effects of the nuclear charge radius, nuclear Friar and
Zemach moments, nuclear polarizabilities, effects of multiple photon exchange, and so
on. Only two parameters turn out to capture all of these different nuclear effects in our
examples because atomic energy shifts only sample nuclear physics at extremely low
energies relative to typical nuclear scales.

The precise value for N, depends on the accuracy that is required. This accuracy
is most precisely specified when atomic energy levels are expressed as a perturbative
expansion about the leading Bohr formula (for the binding energy of a nonrelativistic
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point-like lepton' to a static, charge Ze point nucleus),

(Za)*m,
2n2 7

(1.1)

where m, = mM/(m + M) = m + O(m?/M) is the reduced mass, with M the nuclear
mass and m the relevant lepton mass, while n = 1,2, - - - is the usual principal quantum

En = —

number. This expansion comes in powers of four small quantities: the lepton speed
Ve ~ Za; the fine-structure constant? a = e?/4r (which enters without Z in QED
radiative corrections, for instance); the ratio of lepton to nuclear mass, m/M; and the
ratio R/as ~ mRZa of nuclear and atomic length scales, where R ~ 1 fm is a measure
of nuclear radius (more about which below) and ay ~ (Zam)™! is the Bohr radius.
In terms of this expansion Ref. [64] found when working out to order m?R?*(Za)®
and m*R*(Za)® that only N,,. = 1 parameter was required (for each type of nucleus)
to capture all dependence of leptonic energy levels on nuclear substructure, at least for
spinless nuclei.® In this paper we extend this analysis to include nuclear-spin effects
to the same order, and find all effects of nuclear substructure require only a single
new parameter (so Ny, = 2). Furthermore, since this accuracy provides a precision of
about 0.01 kHz it is sufficient (with two exceptions) for current measurement precision
with elemental Hydrogen. The corresponding precision for muonic Hydrogen is about
1072 meV, and so is close to (but, as discussed at length in §4.3, not quite) accurate
enough for these measurements as well. A summary of this parameter counting as a

function of expansion order can be found in Table 1.
Our construction of nucleus-free combinations relies on identifying combinations of

observables for which the R/ap corrections cancel order-by-order in o and Z«, and our
tool for finding these exploits the fact that the expansion in R/az is most efficiently
captured using an appropriate effective field theory (EFT), described in detail below.

1.1 The EFT framework

It has long been known that these expansions are efficiently organized using EFT meth-
ods, since both the expansion in powers of v, and R/ay arise as low-energy approxima-
tions. In quantum field theory the expansion in powers of v, ~ Za can be systematized

1For simplicity of language we speak in the main text about ordinary atoms — i.e. electrons orbiting
nuclei — but our analysis applies equally well to muonic atoms. At various points in the text we point
out how the larger muon mass changes the relative size of different contributions.

2Unless otherwise stated we use fundamental units, for which h = ¢ =k, = 1.

3More precisely, although one parameter captures all nuclear effects for either an electron or a
muon orbiting a spinless nucleus, the parameter differs for the two so measurements of electrons
cannot be used to infer nuclear contributions to muonic atoms without additional information from
nuclear models.
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Abs. order Rel. order
m3R*(Za)? chg. rad.
m*R*(Za)? (mRZ«)
m®RYZ«)® (mRZa)?
miR*(Za)® (Za)?
miR3(Za)" | (mRZa)(Za)?
m*R*(Za)® (Za)*
ms(Za)? hfs
m?Rs(Za)* LO
m?R%*s(Za)® (mRZ«) v
m*R3s(Za)® (mRZa)? v
m?Rs(Za)® (Za)? v X 58 x 1071 2.1x107°
m3R%s(Za)" | (mRZa)(Za)? v X 1.2 x 1078 9.0 x 1078
m?Rs(Za)® (Za)* v X 31x107® 1.1 x107°
ms?(Za)* hfs? v v
m?Rs*(Za)® LO X : 6.7 x 1076
m3R%*s*(Za)® (mRZ«) v X 1.8 x 10711 2.8 x 1078
m*R3s*(Za)7 (mRZ«a)? v 3.7 x 10716 1.2 x 10710
m?Rs*(Za)" (Za)? v X 4.7x 1071 3.6 x 10710
m*R?s*(Za)® | (mRZa)(Za)? v X 9.6 x 1071° 1.5 x 10712
m?Rs*(Za)? (Za)* v X 2.5 x 10715 1.9 x 1074

Table 1: The order of magnitude of various nuclear contributions to atomic energy
shifts. Double lines separate blocks involving different powers of nuclear moments, iy,
where s ~ O(meuy/4m) ~ O(mR Za) — with m the lepton mass, R a measure of
nuclear size and « the fine-structure constant — is more precisely defined in eq. (2.35).
The checks and crosses indicate if a term of the given order actually arises (excluding
recoil effects and QED radiative corrections, which do not introduce new parameters)
for lepton states with j = % and j = %
constants for new modes are required, and cyan shading indicates the order where this
first arises, for different choices for j and powers of 5. The final two columns evaluate
the numerical size implied by the powers of s, Za and mRZ«, for ordinary Hydrogen

(electrons) and for muonic Hydrogen, using assumptions spelled out in the text below.

New parameters enter when integration

Green boxes flag terms required to achieve an accuracy of order 0.001 kHz for Hydrogen
(or 1073 meV for muonic Hydrogen). The yellow square flags a term not computed
here, which is likely to be relevant to muonic Hydrogen experiments.

135



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

using non-relativistic quantum electrodynamics (NRQED) [65], and efficiently allows
the inclusion of second-quantized radiative corrections with the standard Schrodinger
treatment of Coulomb bound states. One way to think about our formalism is as
a version of NRQED where the projection onto the single-nucleus sector is achieved
using first-quantized methods. This allows the matching of the nuclear-size effective
couplings to be performed very efficiently, using a near-nucleus boundary condition.

We do not explicitly start from NRQED here (though our formalism is also easily
adapted to the non-relativistic fields of NRQED), since it is equally easy to treat the
light lepton relativistically. So we instead choose to perturb around the relativistic
Dirac-Coulomb system, rather than the nonrelativistic Schrodinger-Coulomb system.
We do so because our main EFT focus is on those interactions that capture the R/ap
expansion.

If the nucleus® were a point particle its leading relativistic electromagnetic in-
teractions with leptons and photons would be described by the renormalizable QED
lagrangian

SMED:—/d“sc{}le,F“”%-@[]D%—m}\If+$[lD+M}<I>}, (1.2)

for electromagnetic field strength F), = 0,4, — d,A,, Dirac lepton field ¥ and spin-
half nucleus field ¢ (with D,V = 0,V + ieA,¥ and D,® = 0,9 — iZeA,P). Here
M > m is the mass of the nucleus where (as above) m is the lepton mass. In reality
(1.2) gets supplemented by additional renormalizable terms involving other light fields
(such as any other light leptons), as well as by nonrenormalizable terms describing
shorter-wavelength physics that is already integrated out (such as those describing the
weak interactions and so on).

From an EFT perspective the R/a expansion is captured by a subset of the higher-
dimensional terms not listed explicitly in (1.2). The ones that are relevant are those
— see e.g. [66-69] — consistent with the symmetries of the strong interactions (like
electromagnetic gauge invariance, parity, and so on), that couple ® to ¥ and A, non-
minimally, such as

S = / d'z {%@w@) Fo 4 2(T0) (B0) + 2 (T0) (B, ) + - - } 13)

Here y* := —% [y#,~"] and effective couplings like ¢; and ¢, have dimensions (length)?
for positive p. EFT methods exploit the fact that such interactions capture the low-
energy effects obtained by integrating out any kinds of nuclear degrees of freedom
besides the nucleus’ overall spin and position.

4For concreteness this discussion proceeds assuming a spin-half nucleus but our effective theory
works for arbitrary nuclear spin.
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The effective couplings obtained in this way dominate the low-energy interactions
of finite-sized nuclei at wavelengths much longer than nuclear size. Of the couplings
given above ¢; o< R captures the anomalous nuclear magnetic moment, ¢, oc R? is
related to its electromagnetic charge radius and so on. The precise interpretation of
parameters like ¢4, ¢, and ¢, is found using matching calculations that compare the
predictions of S¢opp + Snue for lepton-nucleus and photon-nucleus scattering, either
with measurements or (in principle) with ab initio predictions of the Standard Model
(in practice this is where calculations using nuclear models come in).

The arguments of this paper are easiest to make using a variant of the above EFT
that is better adapted to atomic calculations. Rather than treating the nucleus using
the second-quantized field ® the variant we prefer instead uses a first-quantized de-
scription (described in more detail in refs. [70-72]). A first-quantized EFT description
of the nucleus is more efficient because an atom includes only a single nucleus, making
the rest of the multi-particle Fock space accessed by ® unnecessary. In principle one in-
tegrates out all multi-particle degrees of freedom to arrive at an EF'T that contains only
nuclear collective coordinates: its centre-of-mass position and nuclear spin, interacting
with the second-quantized fields ¥ and A,,.

The resulting EFT is worked out for spinless nuclei in refs. [64, 72|, where the only
relevant nuclear degree of freedom is the position operator that describes the nucleus’
world-line, &: x* = y"(s). In this effective theory the remaining second-quantized
degrees of freedom are described by

Sopp = —/d%{iFuyFW-l-@[lD-l-m] \If} (1.4)
to which one adds the action describing couplings to the nuclear degrees of freedom:
S, = —/yds{\/—_y?M — Zei" Ay + co/ =12 (W) +ic, 4 (U, 0) +}
=— d%/yds {\/—_y2 M = Ze " A, + co/—12 (T0) (1.5)
ey (P )+ | 3o =50,

where the second line emphasizes that in the first line the ‘bulk’ fields ¥(x) and A,,(x)
are evaluated along the nuclear world-line x* = y*(s). y* here represents dy* /ds where
s is an arbitrary parameter along the world-line. Quantization proceeds by evaluating
the functional integral of exp[i(Sqrp + Sp)] with respect to y*(s) (which in particular
captures the response of nuclear recoil — more about which below) as well as ¥(z) and

A, (x).
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In this language the ®-dependent part of egs. (1.2) and (1.3) are replaced by S, and
the spin-independent part of effective couplings — e.g. ¢, ¢, of (1.3) — are captured
by the effective couplings — e.g. ¢, ¢, of (1.5) — within S,. For this to be possible S,
is again required to be the most general local action consistent with the field content
and symmetries, which in this case now also include arbitrary reparametrizations of the
world-line parameter s. On dimensional grounds the effective couplings ¢, and ¢, are of
order R?, and the ellipses in (1.5) contain interactions with couplings having dimension
(length)? for p > 2, with those — like the ones describing nuclear polarizability — arising
at order R* (but not involving nuclear spin) considered in detail in [64].

Physical interpretation is simpler if the world-line parameter s is chosen to be
proper time, 7 (in which case y? = n,, y*y” = —1). With this choice then y* = (1, V)
with 7 := dt/d7 = (1 — v?)™%2 and v := dy/dt, so once evaluated in the atomic
center-of-mass frame (1.5) becomes

Sy = —/@dT{M—Ze’)/(AO—i—V-A)—}—CS (V)
+ic, [(EVO\I/) +v- (@7\11)} + - }
= —/d4ac {\/1—7\72[]\/[—1—05 (@\D)} —Ze(Ag+v-A) (1.6)
+ic, [(@%\P) +v- (@7\11)} + - } §x —y(7)].

The terms of (1.5) and (1.6) involving M and Ze are recognizable as describing the
rest mass and Coulomb coupling of a point nucleus, while the subsequent terms carry
the leading information about nuclear substructure.

The v-dependent terms of (1.6) contain the nuclear recoil effects, with M+/1 — v2
capturing the usual relativistic kinematics £ = /p? + M?2. v-dependent terms that
also involve ¢4 or ¢, contain mixed nuclear-size/recoil contributions. Their size can be
estimated given that, in atoms, the nuclear momenta are of order |p| ~ Zam, and so
|v| ~ Zam/M. Similarly the leptonic matrix element (U~yW) ~ [h(0)|>v, is of order
(Zam)?(Za) and so c,v - U4V contributes to energies a shift of order ¢,(Za)>m*/M.
Given that the non-recoil term implies ¢, ~ ZaR? is a measure of the nuclear charge
radius, the energy shift is m*R?(Za)%/M. Since we work here to an accuracy of order
m*R3(Za)® and m® R?(Za)®, we must keep the leading mixed recoil /nuclear-size effects
in what follows.> Because recoil effects do not change the parameter counting given
below, we put them aside temporarily and return to them in §4.

5Recoil effects for point nuclei must of course also be included, as we do in what follows.
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Dropping recoil effects, in the nuclear rest frame (with the nucleus situated at the
origin) one finds

Sy =— /d4x {M — Ze A + ¢ (W) +ic, (UyoW) + - - - }53(x) : (1.7)

This first-quantized, point-particle EFT (or PPEFT) treatment of the central object
has been tested in a variety of other systems with compact central sources [64, 73-75],
and found to reproduce in a simpler way many standard results. In particular, ref. [64]
shows that its application to spinless nuclei — including some of the order-R?® terms
shown as ellipses in (1.5) and (1.7) — correctly captures the nuclear charge radius, Friar
moment, polarizability etc. that provide the leading contributions to shifts in atomic
energy levels.

A major purpose of the present paper is to extend the action (1.6) to include nuclear
spin — leading e.g. to eq. (2.5) — and to explore the consequences of new terms for
atomic energies.

1.2 Parameter counting for atomic energy shifts

In principle, the above discussion allows existing calculations of atomic energy shifts
due to nuclear size to be described in two steps. First use an explicit nuclear model to
compute effective couplings like ¢, or ¢, (which can be mapped to the various nuclear
moments encountered in the literature). Second, compute the dependence of atomic
energies on these effective couplings. Ref. [64] elaborates on this process in the special
case of spinless nuclei.

A virtue of proceeding in this way is its economy of effort: for a specific nuclear
model the first step need be taken only once, with the results usable in the second
step for any number of different type of observables (provided these are at low enough
energies to allow the assumed expansion in powers of R). Alternatively the second
step can be done once to obtain how a specific observable depends on the effective
couplings, with only the first step needing to be repeated to calculate these couplings
using a variety of different nuclear models.

For the present purposes, however, we focus specifically on step two (which we
generalize to include nuclei with spin). We do so because the PPEFT formulation of the
nucleus provides insight into the number of independent ways that nuclear structure
(or, equivalently, the effective couplings, ¢, ¢, and so on) can contribute to atomic
energy shifts. In particular it provides a systematic way to identify observables that
do not depend at all on the nuclear effective couplings.

Tracing how effective couplings appear in low-energy atomic observables is partic-
ularly transparent in the first-quantized language. This is because in this formalism
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observables like energy shifts turn out to acquire their dependence on nuclear properties
purely through the near-nucleus boundary conditions satisfied by the external fields ¥
and A, which in turn depends on the effective couplings like ¢, ¢,. This boundary con-
dition is found by integrating the equations of motion for these fields over a small ball
centred at the nuclear position (possibly weighted by spherical harmonics). It is only
because these boundary conditions depend on couplings like ¢, and ¢, that observables
like atomic energy levels are sensitive to nuclear structure.

For a familar example of this general argument, consider the field equations for Ag
obtained from the action Sqpp, + S, as given in (1.4) and (1.7). The field Ay satisfies
(in Coulomb gauge: V- A =0)

VZAg —ie Uy = Ze §*(x). (1.8)

Treating the Au@’y“\lf term of S,pp, — as well as all but the first two terms on the
right-hand side of (1.7) — as perturbations then allows (to leading order) the dropping
of the UV term in (1.8). Integrating what’s left over a small Gaussian pillbox centred
at the origin gives the standard Gaussian boundary condition®

/ d2Q(eT : VA0>

where e, denotes the outward-pointing radial unit normal. This boundary condition

L =4m lim r°0,4 = Ze, (1.9)

r=0 r—0t

fixes an integration constant of the Coulomb solution in the usual way to ensure A° =
Ze/(4nr). (Higher electromagnetic multipole moments are similarly found from higher-
derivative terms in S, that are linear in A, [76].)

Now comes the main point. The argument just given applies equally well for the
field ¥, and also once interactions are included in the equations of motion.” By changing
the boundary conditions at the origin the presence of the interactions in .S, necessarily
alters the mode functions and energy eigenvalues of the fields ¥ and A,,, and this is how
effective couplings like ¢ or ¢, end up affecting electronic properties. This observation
is useful because it means that many effective couplings can only appear in observables
in a limited way, as is now argued.

To see why parameters like ¢, or ¢, (and by extension the various nuclear moments)
only appear in specific combinations in observables, imagine finding the mode functions
for U by separating variables in its field equation in spherical coordinates. One then
iwt

seeks a basis of solutions of the form u,(t,7,6,9) = R (kr)Y,(0,¢) e ™" where k is

6In our metric conventions the usual electrostatic potential is A° = —A,.

7 As explored in more detail in [70-72, 76], once S, is not linear in the bulk fields this procedure nec-
essarily involves regularizing coincident divergences at the source position, and renormalizing effective
couplings in Sp,. (See also [77-82] for similar discussions in another context.)
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a function of the mode’s energy, w, while Y, (6, ) represent appropriate spherical har-
monics for which L denotes the collection of angular-momentum labels relevant to the
problem (e.g. for spinless fields L = {l,[,} is a pair of integers in three spatial dimen-
sions). The radial mode then satisfies an ordinary second-order differential equation,
whose general solution has the form

R.(kr) =€, RY (kr) + D, R (kr), (1.10)

with two integration constants, ¢, and ¥,, corresponding to the two basis solutions,
R?(kr) and RZ (kr), for each value of x and each choice of angular-momentum quantum
numbers L. The boundary condition at the origin fixes the value of 2, /%, and once
the interactions in (1.7) are included in the action this value also depends on effective
couplings like ¢, and c¢,. This is in practice how effective interactions localized at the
nucleus ultimately modify physics far from the nucleus, and in particular influence
the shapes and energies of the electronic energy eigenmodes. Furthermore, it is only
through such boundary conditions that these eigenmodes ‘learn’ about non-pointlike
nuclear-physics effects.

The above discussion is important because it shows that effective couplings typically
only enter into electronic energy shifts through the values they imply for the ratio
9, /%, for each choice for L. Furthermore, at low orders in the R/a, expansion only a
few angular momenta contribute at all, because of the suppression near the nucleus of
higher-L wave-functions. This leads to one of our main points:

If there are more effective couplings in S, than there are relevant integra-
tion constants €, 9., then the effective couplings cannot all appear inde-
pendently in observables: all that matters for experiments are the values of

./,

For spinless nuclei ref. [64] shows that out to orders m*R3*(Z«)® and m*R*(Z«a)®
(but not including order m>R*(Za)®) all nuclear-size contributions — i.e. the charge
radius, the Friar moment [29], the electromagnetic nuclear polarizabilities, leading recoil
corrections and a few others — contribute to atomic energy shifts only through their
contributions to one parameter: the value of %, /%, for S-wave modes. This is only
one parameter because this ratio has a predictable dependence on £ (and so also on the
principal quantum number n = 1,2, ---). Because the couplings ¢; capture all possible
nuclear-size effects, it follows that (to this order in Zaw and R/ap = mRZ«) all nuclear
finite-size effects can enter into atomic energy levels only through a single independent
parameter: the S-wave value of 7, /%, (for details see [64]).

A similar statement applies at higher orders. Starting at order m°R*(Z«a)® the ratio
9, /%, for the P-wave modes is also required when computing atomic energies, so to

141



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

this order (for spinless nuclei) all nuclear effects only enter atomic energies through two
independent parameters. One can continue on in this way to any order and identify the
number of independent nuclear contributions that can robustly arise. In all cases there
are fewer contributions than would be naively expected by counting nuclear effective
couplings (like ¢, ¢,, etc) allowed at this order in R (or by counting nuclear ‘moments’
within specific nuclear models, as is the usual calculational practice).

This paper

With the above logic in mind, we now can state what the present paper achieves.
We first extend the analysis of [64] to include nonzero nuclear spin. This allows us
to broaden the applicability of these conclusions to general single-lepton atoms and
ions, and in particular to those of most practical interest: Hydrogen (and muonic
Hydrogen). We find that the inclusion of spin introduces additional constants, but
to any fixed order it remains true that nuclear-size effects enter into atomic energies
through fewer parameters than might be expected based on nuclear modelling. Our
more detailed conclusions regarding the number of relevant parameters at any given
order are summarized in Table 1, which contains a list of contributions to atomic
energy shifts due to nuclear finite-size effects. The Table is organized into three blocks,
each containing terms that involve specific powers of the nuclear magnetic moment,
py (which enters through the small dimensionless parameter s o< mepuy). Successive
rows in each block list higher-order terms additionally suppressed by powers of Za or
R/az = mRZa. (The first block — independent of magnetic moments — reproduces in
particular the results of [64] for spinless nuclei.)

The Table’s 2nd column gives the suppression of each term relative to the leading-
order contribution that shares the same power of 5. The leading contribution indepen-
dent of s is the usual charge-radius term. For terms involving at least one power of s
the entry marked ‘LO’ contains the leading dependence on finite nuclear size R at this
order in 6. (The term before this one depends on nuclear size only through i, which
need not vanish even for a point nucleon).

The third and fourth columns of Table 1 indicate with a check or a cross whether or
not this size a contribution actually arises when computed using Dirac-Coulomb wave-
functions (and neglecting QED radiative corrections® that are suppressed by additional
powers of «). These two columns differ in the value they assume for the lepton’s total
angular momentum quantum number, j, with column 3 giving the dominant result for

8These radiative corrections are included within our formalism, as are recoil corrections, because
all of ¥, A, and y* are fully dynamic quantum operators. We discuss radiative and recoil corrections
in more detail in §4, but what is important is this: they do not introduce any new parameters (though
they do of course depend on the bulk-field mode functions, and so on the existing parameters, 7, /%.,).
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j = % and column 4 giving the same for j = g Comparing these columns shows the
angular-momentum suppression expected for nuclear effects due to the suppression of
the wave-function outside the nucleus near the origin. For instance j = g states are
irrelevant for contributions lower-order than m’R*(Za)®, but once this order is reached
a new constant enters because the value of 2, /%, for j = % contributes observably.

The final two columns give an indication of the numerical size of each term, with
column 5 providing the numbers for ordinary (electronic) Hydrogen while column 6
does so for muonic Hydrogen. Electronic and muonic Hydrogen differ only in the value
of the lepton mass that is used in the corresponding estimate, which implies that the
combination mR is not particularly small for muonic Hydrogen (and so R/a; ~ Za,
rather than being much smaller). For illustration purposes squares are shaded green
if the resulting estimate is of order 0.001 kHz or larger (for Hydrogen) or of order
1073 meV or more for muonic Hydrogen. The given numerical values evaluate R using
the charge radius, R = r, = 0.84087 fm, for s-independent contributions, but use
the Zemach radius, R = r, = 1.082 fm for s-dependent contributions [13]. The yellow
square flags a term not computed here that might also contribute observably for muonic
Hydrogen.

Only terms on rows shaded green are required if one works only to this accuracy,
and Table 1 shows that in this case nuclear finite-size effects enter through just two in-
dependent constants. One controls the contributions independent of nuclear spin (and
contains in particular the contributions of the charge radius, Friar moment, nuclear po-
larizabilities, leading recoil corrections and more [64]) and the second, spin-dependent,
parameter captures the nuclear Zemach moment. The nuclear magnetic moment also
enters into atomic energies at this order, though we do not count this as an unknown
nuclear parameter because its value is accurately determined by other means.

We see from the Table that the conclusions of [64] also apply for spinning nuclei,
though with one additional constant required at the accuracy discussed above. This is
so despite there being many more parameters apparently relevant in the first-quantized
action, S,, and in explicit calculations using nuclear models [29]. Of course, this does
not mean that the parameters of nuclear models are not intrinsically independent; what
it says is that only a small number of combinations of them ever appear in observables
at the extremely low energies relevant to atomic energy levels. As discussed below,
the two constants through which they appear to this order for spin-half nuclei can
be captured by 2, /%, for S-wave modes for the two different values of total atomic
angular momentum quantum number: F' (where F = I+ J as usual combines nuclear
spin and electronic total angular momentum).

Why care that the many moments of nuclear models (or parameters in the action
Sp) can only enter atomic energies through their contributions to the (comparatively
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fewer) mode constants 2, /%,?7 This observation is useful because theoretical calcu-
lations of nuclear moments are notoriously difficult and in some cases introduce the
dominant theoretical uncertainties in calculations of atomic energy levels. These un-
certainties can be larger than the size of other small effects whose measurement might
ultimately provide new tests of fundamental physics. Robustly knowing that these un-
certainties only enter atomic levels in a small number of independent ways opens up
ways to remove nuclear uncertainties from some precision atomic measurements. This
can be done in several ways: simply use experiments to determine the relevant nuclear
parameters (which, as argued above, are fewer than the naive number of nuclear mo-
ments); or combine observables in such a way that nuclear contributions completely
cancel, whose results are not subject at all to uncertainties associated with nuclear (or
other short-distance) physics.

We illustrate how this can be done in practice by identifying the values of the two
independent nuclear parameters using two particularly well-measured atomic energy-
level differences, with results for these parameters summarized in Table 2 for atomic
Hydrogen and Table 4 for muonic Hydrogen. These values are then used to predict
the nuclear component of other transition frequencies working at the order indicated
by green entries in Table 1. These predictions are presented for the best-measured
transitions of atomic Hydrogen in Table 3, while results for the much broader list of
transitions compiled in [6] are given in Tables 5 through 7. Each of these tables gives
the finite-nuclear-size contribution as computed for these transitions, together with an
estimate of the errors involved, at the orders listed in green in Table 1, as summarized
in §4.

As these tables show, at present the largest uncertainty comes from the error in
the theoretical prediction for the two reference transitions as computed using a point-
like nucleus (or the ‘point-like’ theory, for short). What is important is that the size
of all of these errors can improve in a way that does not depend on nuclear physics.
Although the required calculations are challenging in practice, improved computations
for a point-like nucleus are in principle straightforward to perform. The same is true
for the ‘truncation’ error given in Column 5 of the Tables, and of course experimental
errors do not require improvements in nuclear-physics calculations. As these errors
improve, so do the overall theoretical errors in the predictions like those in Column 2
of the Tables. Errors in nuclear calculations play no role in our predictions because all
relevant nuclear parameters are taken directly from atomic observations.

We find in this way a broad and robust class of predictions whose intrinsic error is
not set by our ability to compute with nuclear models. In the language of earlier para-
graphs, given precise measurements for Ney, leptonic energy differences (for a specific
nucleus), we make Ny, — 2 model-independent predictions for how nuclei shift atomic
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energies, essentially by eliminating the two independent nuclear parameters. What is
important is that the error in these predictions is controlled only by the accuracy of the
experiments used to determine the two parameters, plus the error implied by working
only to a fixed order in the small quantities Za and § ~ R/a; = mRZ« in both the
‘point-like’ theory contributions and the effective couplings.

The rest of this paper is organized as follows. §2 derives the point-particle effective
action for central sources with spin, keeping effective interactions with couplings out
to dimension (length)?. To the order we work the main difference relative to [64] is the
presence of the dipole nuclear magnetic field, and we use standard perturbation theory
to establish its consequences for atomic energy levels.

In particular, §2.4 then explores the near-nucleus boundary conditions implied
for the electron field by the relevant contact interactions at the nucleus, §3 gives a
discussion of the associated divergences in these calculations in the near-nucleus limit,
and derives the renormalization-group (RG) evolution of the new effective couplings.
These contact interactions also shift electronic energy levels in a way that competes
with the effects of the nuclear magnetic dipole field. These sections show in detail why
(for each nuclear isotope) only two parameters (plus the nuclear magnetic moment) are
required to describe all nucleus-dependent shifts to the order we work.

Next, §4 collects expressions for nucleus-dependent atomic energy shifts. §4.2 uses
the existing experimental data for Hydrogen to fit the two relevant nuclear parame-
ters, and applies these to make predictions for nuclear-size effects for other transitions,
with prediction errors that are independent of the limitations of nuclear models. §4.3
briefly discusses the same steps for muonic Hydrogen. Finally, §5 summarizes our con-
clusions and comments on possible future directions. Several appendices outline useful
calculational details, and in particular Appendix G provides a list of notation used.

2 PPEFT for sources with spin

To set up the position-space point-particle effective theory (PPEFT) for spinning nuclei
we couple second-quantized electron and photon fields to the first-quantized nuclear
centre-of-mass and spin degrees of freedom. The resulting action is the sum of a ‘bulk’
part and a ‘point-particle’ part, S = S; + S,, where the bulk part consists of standard
quantum electrodynamics (QED), as in (1.4) (repeated here, for convenience),

S, = —/d4x{iFWFW+@<ID+m>\If} . (2.1)

As before, F),, is the field strength for the electromagnetic gauge potential A, (x), and
U(x) is the spin-half Dirac field of the orbiting lepton with mass m and charge ¢ = —e
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(with covariant derivative D, = 0, + ieA,).

Our main focus here is in the formulation of S, for the first-quantized nucleus,
with the new feature relative to refs. [64, 70-72] being the inclusion of the nuclear spin
degrees of freedom in the first-quantized nuclear action, S,.

2.1 Spin on a world-line

The classical and quantum dynamics of first-quantized spinless relativistic particles
propagating in spacetime is discussed in many textbooks [83-85]. The extension to first-
quantized spinning particles started in the early days of supersymmetry where it was
found that first-quantized supersymmetric systems built using Grassmann (classically
anti-commuting) fields described spinning particles [86-91].

Classical Grassman variables naturally arise when describing spin because on quan-
tization they furnish finite-dimensional representations of rotations in the quantum
Hilbert space (as is seen explicitly below). The particle’s total spin quantum number,
s, is then fixed in terms of the dimension, 2s+ 1, of this representation. We here follow
this lead and use such a Grassmann field to describe nuclear spin, introducing a 4-vector
of new Grassmann fields, £#(s), on the nuclear world-line, which at the classical level
satisfies {&, &V} = 0.

Kinematics

Supplementing the unperturbed action for the centre-of-mass motion of the nucleus
with the free action for £ gives

Spo = — /ds {\/—_yQ M +ighé, — (Ze)y“Au} , (2.2)

where s is an arbitrary world-line parameter.

Once quantized, the classical anticommutation relation becomes modified? to be-
come [89]:

(6} = Ly 29

A technical complication arises when quantizing because this is a constrained classical
system, whose canonical positions and momenta are not all independent of one another.
Quantization requires the toolkit put together by Dirac in [92] and others [84, 93-95] for
constrained systems, combined with standard techniques for anti-commuting objects
summarised (for instance) in [96, 97].

The system’s Hilbert space (as usual) furnishes a representation of this algebra, and
we choose the spin of the nucleus when we choose the dimension of the representation

9See Appendix A for more details and for our Dirac matrix conventions.
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that is of interest. For spin—% fermions, we use a 4-dimensional'® representation in
terms of Dirac matrices,

g =1, (2.4)
since the Clifford algebra identity {I'*, T} = 2n*" then ensures (2.3) is satisfied. We
use the notation I'* (rather than 4#) here to emphasize that these matrices act in the

spin-space of the nucleus and reserve v* for the matrices that act on the bulk electron
field W.

Interactions

The EFT program for a first-quantized and spinning nucleus then asks for all possible
local interactions on the world-line that can be written using the fields y*(s), & (s)
as well as the ‘bulk’ fields A, (z = y(s)) and ¥(z = y(s)). One must write down all
allowed operators to a given order to capture all spin-dependent effects consistent with
the assumed symmetries (which for the applications below we take, as before, to be the
symmetries of the strong and electromagnetic interactions).

We require the point-particle localized interactions to be hermitian (this is not
always required for localized sources, see e.g. [73], but is appropriate for the present
application); to be Grassmann-even; to be invariant under Poincare transformations; to
be electromagnetic gauge-invariant; to preserve separately C, P and T transformations;
and arbitrary reparameterizations of the nuclear world-line: s — s’ = f(s). Then,
keeping only interactions out to order (length)?, the most general interactions work out
to be

Sp = Spo + /ds {WN\/ — g2 EHEVE 4 teemU"EPET O F
T [V (0t iataps T + e ) (25)
+2yu (Cv7u + C3Ea6’y(5§afﬁgy£5757,u) :|\Ij + .- } 5

where S, is as given in (2.2) and (as above) y*(s) is the bosonic centre-of-mass posi-
tion of the source, £#(s) is the Grassmann coordinate representing nuclear spin, while
overdots denote derivatives with respect to the world-line parameter. The quantities
[hxy Cem, Csy C2, Cy, Cr, €3 and so on are the effective couplings that arise to this order,
where p1y has dimension (length) and the rest have dimension (length)?.

We next turn to the boundary conditions for A, and ¥ that are implied by this
action, starting first with the electromagnetic field. We specialize when doing so to spin-
half nuclei (both for concreteness’s sake and with a view to applications to Hydrogen).

10This becomes two-dimensional once antiparticle states are projected out.
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2.2 Implications for the electromagnetic field

Varying A, in the action S; + S, yields the field equation
0,F" = —ieUy"V + Ze / ds 6* [z — y ()] + ipx 0, / ds /=37 |€4,€°] 6% — y(s)

itund,, [ ds [¢,6] 75" ~ y(o) (2.6
= —ieUN" U + Ze 8 6°(x) + pn T 0,6%(X) — com ™ 000,6° (%),

where the second line uses the spin-half version of (2.4) as well as the definition I'* :=
—i [['* T'¥]; we specialize to the nuclear rest-frame with nucleus situated at the origin —
i.e. y(s) = y(s) = 0 — and we parameterize the world-line using proper time (i.e. s = T,
with —g? = 1 and g* = d}). Specialization to the rest frame simplifies the discussion
by excluding nuclear recoil effects that are suppressed by inverse powers of the nuclear
mass, since these are not required for the applications we have in mind. But there is no
reason why such effects cannot also be included as corrections to the second equality of
(2.6), which would instead be obtained by evaluating the first equation in the atomic
centre-of-mass frame.

Neglect of inverse powers of nuclear mass also simplifies the above by allowing the
removal of its antiparticle states, leaving the two spin states of the non-relativisitic
nucleus at the origin, familiar from atomic physics. This is achieved by projecting
out the anti-particle solutions from the nuclear states (as described in Appendix A).
Together with dropping nuclear recoil this also means the only matrices to survive
unsuppressed by nuclear velocity are

. 1 ..
- —i1 and Ts[} — —it, and TY — §e”ka, (2.7)

which are 2 x 2 matrices acting in nuclear spin-space, for which our conventions use
T to denote the Pauli matrices (with the same matrices acting in electron-spin space
being denoted o).

With these choices the electromagnetic field equations (2.6) become

V-E=0,F" = —ieU7"V + Ze §(x),
(=0, E+V xB)' = 0,F" = —ieU~'V + juy ¢ 1,0,6%(x) (2.8)

1
2

nuclear spins. These show that the nuclear part of the electromagnetic current 4-vector

where I := = 7 denotes the nuclear spin vector, which is an operator in the space of

1S:
PP =Zed(x), = py e 0,6%(x). (2.9)
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Following standard practice, we work perturbatively in quantum-field interactions
like eAu@’y”\IJ, whose contributions can be tracked by evaluating the appropriate Feyn-
man graphs for QED. In principle we would like also not to perturb in the nucleus-
generated electromagnetic fields, and so include these in the evolution of interaction-
picture fields. The boundary conditions for the interaction-picture fields therefore are
derived by following the arguments leading to (1.9), but using the contributions of both
the currents 5 and j° of (2.9) on the right-hand side of egs. (2.8).

In interaction picture (and in Coulomb gauge) the solution to the Maxwell equa-
tions that satisfy the nucleus-dependent boundary conditions generated by the right-
hand side of (2.8) gives (1.9) as before (for the electrostatic potential), while use of the
7" boundary condition!! generates the standard magnetic dipole field [98, 99,

Ze Xr
A= A= A= Aot A = ’;? + Avad (2.10)

where!? p := p,I is the nuclear magnetic moment'® and A .4(r,t) denotes the operator-
valued radiation component of the interaction-picture electromagnetic field (whose
boundary conditions are the standard, nucleus-independent, ones).

2.3 Lepton mode functions

The previous sections show that the A,-dependent terms in the action (2.5) alter the
interaction-picture electromagnetic field only by capturing the nuclear magnetic mo-
ment (and by doing so give a physical interpretation for the effective coupling puy).
Repeating the above exercise for the electron field reveals more information, however,
leading to the field equation:

0= (D + m) U+ /dS (54[$ - y(5>] { V _y2 (Cs + icZ‘EuupaéuéyépéU’}/B + Z'CF £M£V7uy>
+ig (cm + 03euupaf“5”5”5”75w> }\I’ (2.11)

where, as before, the lepton covariant derivative is D,V = (9, + ieA,)V. Using again
the representation (2.4) and specializing to the nuclear rest frame (and parameterizing

UTn detail, the Ay boundary condition is obtained as before by straight-up integration of the field
equation over a small spherical Gaussian pillbox of radius €, while the boundary condition for A comes
from a similar integration, but weighted by an [ = 1 spherical harmonic [76].

2Notice u, here denotes the nuclear magnetic moment (not the nuclear magneton) including the
nuclear g-factor.

13That is, (2.10) is the classical solution obtained using the boundary condition that formally follows
from (2.8) with I regarded as a specified function. For first-quantized nuclei we may treat I as an
operator in the knowledge that A,,. ultimately appears within an expectation value between two
nuclear spins (as we see explicitly below).
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using proper time) then gives

0= ho (O +ieAy) + " (0; + ied;) + m} U+ 6% (x) [CS —icyy + %Feijklk%-j v,
(2.12)

where the terms involving ¢, and ¢z are proportional to I's :== —i['°T''I"*I"® and so vanish
in the nuclear rest frame — c.f. egs. (2.7) — and (as above) I := %7‘ is the nuclear spin
(acting in nuclear-spin space).

As above, our perturbative treatment of quantum-field interactions allows the term
A4 - U~V to be dropped in the interaction-picture evolution of the fields, though the
nucleus-generated Coulomb and magnetic-dipole fields do appear in the interaction-
picture evolution of the field operator ¥. Away from the nuclear position eq. (2.12)
then boils down to the Dirac equation in the presence of a Coulomb potential and a

dipole magnetic field:
0=[—i"" (w—eA]") +v - V+m] ¢ +iey At (2.13)

where A" and A, are the Coulomb and magnetic-dipole contributions given in (2.10).

The delta-function terms in (2.12) contribute once the equation is integrated over
a small sphere of radius e that includes the nucleus (possibly weighted by spherical
harmonics'®). For example (as described in more detail in Appendix B), for S-wave
modes integrating over a small sphere (of radius €) about the position of the delta

function implies a boundary condition
0= / e’ [V 46 —iv%, + e 1-Z] Y(e), (2.14)

for fields at r = €, where the couplings ¢; are related to the couplings appearing in S,
by & = ¢;/(4m€?) and By is defined by 7% = €7*%,;, where y* := —%[y# ~”]. This
near-nucleus boundary condition fixes some of the integration constants that arise when
integrating (2.13), and thereby allows them to depend on ¢y, ¢, and ¢p. It is through
this dependence that nuclear properties alter atomic energy levels.

Two new steps are required in order to compute the effects of the nucleus on elec-
tronic levels. First the Dirac equation (2.13) must be solved away from the nucleus in
the presence of the dipole magnetic field, which is done in this section by perturbing
in the magnetic moment uy. The second step (performed in §2.4 below) takes these
solutions and imposes the near-nucleus boundary conditions implied by (2.14) to deter-
mine some of the integration constants found when solving (2.13). In particular these

For the S-wave modes of later interest no weighting by spherical harmonics is necessary.
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solutions are not assumed to be bounded at the origin, and indeed the boundary con-
ditions following from (2.14) are only consistent with boundedness when the effective
couplings c¢;, ¢,, etc. all vanish. The full effect of spin-dependent finite-size nuclei on
atomic energy levels receives contributions from both of these two steps, as we now see.

2.3.1 Dirac-Coulomb modes

We start by reviewing the properties of modes, u(x,t), of the Dirac equation in the
presence of a Coulomb potential but without a dipole magnetic field. Denoting mode
energy by w one seeks solutions of the form u(x,t) = e“!)(x). Away from the origin
the function v satisfies:

0::L%vo@w—eA$ﬂ—%7-V—FW4w. (2.15)

where (as above) Aj" is the Coulomb potential of eq. (2.10).

The standard Dirac-Coulomb Hamiltonian mode functions separate in polar coor-
dinates, and are labelled by the quantum numbers |njj,@) where n is the principal
5.3, -wand j, =—j,—j+1,---,j— 1,4, stand for total elec-
tronic angular momentum, and @ = = is the parity quantum number.'® Working in

quantum number, j =

a basis for which 7° is diagonal, the corresponding mode functions are Dirac spinors

72, 100):
o Qpw(0,0) Fas(r)
Ve <i9ﬂ/jzw(0, ®) gnj(r)) ) (2.16)

where ;5. denotes a 2-component spinor spherical harmonic,

Hwjts
@\~ Y5.-1(0,0)

Qjijow = , (2.17)
l—wj.+1
V # Yi,jﬁé(e’ 9)

with total, orbital and projected total angular momentum quantum numbers (7,1, j,).
Here the orbital quantum numbers [ and I’ are related to j and parity by | = j — %w
and I' = j + 3w. Yy, (0, ¢) are the usual scalar spherical harmonics.

The functions f,;(r) and g,;(r) are the solutions to the radial part of the Dirac
equation (more about which below). Skipping details — see [64] for an enumeration of
more steps using much the same formalism, but for spinless nuclei — the radial functions

158trictly speaking the parity of a state is (—)! where [ := j — %w, so w determines the parity, but
need not be equal to it for all j. This distinction does not matter in practice for the states of most

interest, for which j = %
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are given by
foj(r) = vm+w e "2 {%Pg_l [Ml - (%) ./\/12] + .@P_C_l [Mg — (ﬁ) My } )
a
_|_

Onj(r) = —vVm —w e~ P2 {%pc_l [Ml + (%) Mg] + 9p¢1 lMg

where % and & are integration constants and the functions M; are given in terms of
confluent hypergeometric functions — defined in (E.16) — M(8,; z) := 1F1[5;7; 2] with
different arguments:

My = M(a,bip) , Ma:=M(a+1bp),
M3 =M (CL/, blvp) ) M4 =M (CL/ + 17b/ap) : <219)

The various parameters appearing in (2.18) and (2.19) are defined by

7 ow

A
e a’:=—<<+%>, bi=1+2(, b:=1-2(,

Z
c:=R— am’ p = 2k, K:=vVm? —w?, C:=+VR— (Za)?, (2.20)
K

where R is the Dirac quantum number, defined by

R=—w <j + %) =F (j + %) for parity + states. (2.21)
For later purposes we note that only M; and M are bounded at the origin, and so the
the radial functions are bounded at the origin only when 2 = 0, as is usually chosen
when working with a point-like spinless nucleus.

Bound states have w < m and for these normalizability at large r requires the
integration constants to be related by

B (2) 1 42¢ [~ — (Zaw/k)]

%)= T=2 T - (Zawfw)] - 222)
The Dirac-Coulomb bound-state energies are then determined by choosing w to ensure
that (2.22) is consistent with the condition on Z/% that comes from the near-nucleus
boundary condition (described in more detail in §2.4).

As mentioned earlier, for a point-like spinless nucleus — i.e. in the absence of the
nucleus-dependent ¢3(x) terms in (2.12) — these boundary conditions simply state that
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the solution is bounded at the origin, which implies 2 = 0. Using 2 = 0 in (2.22) then

implies the standard point-nucleus Dirac-Coulomb energy spectrum w = wy;, where
KD 2
why =mA |1 — <#> (2.23)
with
L mZa 2(n — |R])(Za)?
kP = ——— and N =ny/l— 2.24
NN 2+ 1) 220
Here n =1,2,--- is the usual principal quantum number.

More generally, when 2/% is nonzero but small the solution obtained by solving
(2.22) for w becomes'® Wy pjm = WY + OWnrjw With dwppje given [64] by eq. (C.10) of
Appendix C.

In what follows it is important to keep in mind that the mode energy, w, is not
the same as the physical single-particle energy measured in atomic systems. The entire
energy relevant to experiments includes many corrections, and (to the order required
here) takes the form

_ ,.D ) mag QED rec
Wnrjm = wnj + 5wnF]w + 6nFjw + gnFjw + EnFjw : (225)

The first of these is the single-particle Dirac-Coulomb spectrum of (2.23), while dwyrjm
denotes the shift in the mode spectrum coming from having 2/% # 0 when solving

eq. (2.22). As we see explicitly below, nonzero values for /% arise when nuclei are not

point-like, and so provide part of the influence of nuclear structure on atomic spectra.
mag - _ 5(1). + g(}w)

nFjw nFjw nFjw
netic field, A, which to the accuracy desired here can be computed perturbatively.
1)

nFjw)?

The contribution ¢ contains the influence of the nuclear mag-

The first-order effects we denote by & whose calculation is described at length be-
low. This term contains both spin-dependent point-nucleus contributions (such as the

hyperfine splitting) and spin-dependent finite-size nuclear effects. Higher-order contri-
(ho)

butions, denoted ¢,/

are also relevant [116], though for current precision their form
for point nuclei is sufficient.
The next contribution arises when perturbing in the radiation component of the

PEQED | oN-QED with £P*9PP degeribing standard QED

: QED __
electromagnetic field, e*"? =} .= nFjw NP

corrections (such as the Lamb shift) as computed for point nuclei, and eV =97 describing
nuclear-size effects in these QED corrections.

16The subscript F' anticipates that éw depends on the total atomic angular momentum quantum
number, F', through its dependence on the quantity Z/%.
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The final contribution in (2.25) contains recoil corrections (those terms suppressed
by powers of m/M that are not simply the result of using the reduced mass in the non-
relativistic problem). As described above — c.f. the discussion surrounding eq. (1.6)
— this also divides into point-nucleus and a nuclear-structure piece, e;7, . = efl};;ec +
g;f;c, both of which contribute at the order we work.

The next two sections compute the energy shifts dw and V) in some detail, with a

€

view to counting systematically the number of relevant nuclear parameters. While both
types of QED corrections are relevant to modern experiments, as are recoil corrections,
we argue in §4 why these contribute only to predictions for the value of the two nuclear
parameters, rather than introducing new independent parameters themselves. As such
they are not conceptual obstacles to identifying nucleus-free observables.

2.3.2 Effects of the nuclear magnetic dipole

This section reviews the form of Dirac mode functions in the presence of the nuclear
dipole magnetic field, with the magnetic field treated perturbatively. Discussions of
this perturbation expansion are given in the literature [101-103], though for point-like
nuclei (i.e. where the unperturbed radial-mode integration constants satisfy /% = 0).
We redo these calculations here explicitly however because nonzero /% is required by
finite-size nuclear effects. Because this is conceptually straightforward (though tedious)
only the main features of the calculations are described here, with more details given
in Appendix D.

As described below, for the present purposes we need work only to linear order
in the nuclear spin-dependent effects. For the point nucleus it would therefore suffice
to compute the linear-order energy shift without also needing the first-order change to
the Dirac mode functions. An important change relative to the point-nucleus prob-
lem is that the determination of 2/% to first-order also requires knowing the leading
perturbative corrections to the mode functions as well.

We choose a basis of zeroth-order energy eigenstates, |nF'F,jw), that also diago-
nalize total atomic angular momentum, F = J + I, that sums nuclear spin I with the
total leptonic angular momentum J. We do so by combining the Dirac-Coulomb states
described above with nuclear spin states to make states that take definite values for F?
and F,

j7w .
Unpjw(r,0,0) == (r,0,0|nF f.;1,j;w)0 = <Zy%f§gfmw22> , (2.26)
. Ynjw
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where the functions )/f;iw are defined in eq.(D.20) to be

j+%+afz L
j,w . 2]+1 j7lafz_§’w 2 27
2j+1 Gl fetd @

with €2j;;, defined in (2.17) and the nuclear 2-component spinors defined by

M1 = lé] and 71 1= H ] . (2.28)

To avoid confusion we use square brackets to denote spinors in nuclear-spin space and
round brackets to denote the same in electron-spin space.

First-order energy shift

States with different F, are degenerate at zeroth-order in the magnetic-moment field,
necessitating the use of degenerate perturbation theory. Consequently one seeks a basis
that diagonalizes the perturbing interaction Liy = —ey%~y - A within the degenerate
subspace of interest. For a degenerate eigenspace with fixed j the states with definite
values of F' and F, provide precisely the required basis.'”

The first-order energy shift for these states becomes

€

© <£> J P r? iy (ux )y (2.20)

wEe M J Pty |
e 1 R T ), — 0 j,— T Revs
- () 5 [ (4 w97 - o) 2045 farrea,

where

Y:=i(Ixt)-o and D::/drr2 (FF+¢%) . (2.30)

and we suppress the quantum numbers {n, F\ j,w} on ¥ and the radial functions to
avoid notational clutter.

' j:w
F,f2)
r - o is the radially-pointing Pauli matrix acting on the leptonic spin space, and a

This can be further simplified using the property ﬁ}f = —0 where 0" :=

17This is not to say that eigenstates with fixed F, F,, j, j. diagonalize the entire perturbing Hamilto-
nian, since mixing between opposite parity states that share the same values of F, F, but with different
J quantum numbers, can still occur, as has been known for some time [104, 105]. This mixing first
appears in the energy at second order in the magnetic moment, and at first-order in the corrections to
the wave-functions (as we describe in more detail later). Because its contributions to nuclear finite-size
energy shifts are smaller than the precision to which we work in this paper, we do not calculate them
in detail.
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(21 +1) x (2 +1) = 2 x 2 unit matrix acting in nuclear-spin space is not written
explicitly. Additionally, using

oo’ = {]1 , —ia¢,z’09} , o0o= {]1 ,ia¢,—i09} ,
Ixt) (o0" —0"0) =-2i(I%" + I°0?), (2.31)

the first-order mode-energy shift simplifies to

1) _ (e Jdri-g
8SnFj‘w - ( A > RXF {de' T2 (f2 i 92) } . (232)

This expression evaluates the angular integration as in the literature [102]

2 / &0, (V27 (I%° 4 196°) Y7 = —RX,, (2.33)
where the variable X is defined by

% __F<F+1)—j(j+1)—1(1+1>_{(j+1)—1 if F=j+43
o jG+1) =g

and the final equality specializes to [ = %

(2.34)

The numerator of (2.34) arises ubiquitously in what follows because it is the eigen-
value of 21-J = (I+J)* — J? — I? evaluated in a state with definite nuclear, electronic
and total atomic angular momentum quantum numbers 7, 7 and F'. In all of the energy
shifts discussed below the dependence on F' appears through this combination, as is
ultimately required by rotational invariance.

It is convenient to extract the dimensionless combination
mefly

= 1 2.
5 <L (2.35)

where m is (as usual) the lepton mass, because this is the small quantity that controls

the size of nuclear-spin effects. Because our focus is on nuclear finite-size effects, and
because current experimental precision for both atomic and muonic Hydrogen is insen-
sitive to finite-size effects at order s, for our purposes it suffices in what follows to
work to linear order in s. At this order (2.32) implies the energy shift is

o _ SRX, Jdri-g B AR
L= e = e () (3) e

The last equality of (2.36) evaluates the radial matrix elements inside the braces,

for which both numerator and denominator naturally divide up into three parts. That
is, defining

o) 2
/ drf-g—: —%m (2.37)
0
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one finds

17 72%
N =Ny + <%> M+ (?) Ny, (2.38)

and defining ® as in (2.30),

E*m
D [ (o) = G ©, (2:39)
implies it can be written
17 2\°
D = th + <%> D+ (?) D, . (2.40)

In these expressions the subscript ‘pt’ labels the contribution of a point-like nucleus
(i.e. one for which the radial mode functions have 2 = 0) and the remaining Z-
dependent terms represent the nuclear-size dependent contributions (described in more
detail below). An explicit factor of the integration constant ¢ is factorized out of
these definitions to emphasize how the energy shift depends only on the ratio /%,
and not on each of these constants separately.

The contributions to (2.38) and (2.40) are given in terms of a basic class of integrals
of the form,

o = / dpe P P MM, (2.41)
0

where i,j = 1,2,3,4, corresponding to the functions M; defined in (2.19), and p is a
real number that depends on which of the M; appearing in (2.18) are relevant. For
some of the choices of p encountered below the integrals Ii(jp ) diverges at the p — 0
limit, a divergence that below gets renormalized into the effective coupling c.

Explicit formulae for 9T and ® obtained by performing these integrals are given in
egs. (E.14) and (E.15) of Appendix §E, which state

Mo = 260 - () 250 (2.2
and
m =2 |77 - (%) 727
Ny =I5 - (%/)21242“’ , (2.43)
while
Dy = [21}30 - %"J (2)z8 +2 (%)212(30] , (2.44)
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and
[ 2w (d 2w /a aa’
_ O _ 2w (d)\ o 2w ra\ 0
o, =2y - (C)IM — (C)123 +2(C2 >1241 (2.45)
o, 2 |72 20 (¢ 20, (@) 220
2 33 m c 34 c 44

The integrals appearing in 91, Ny, O, and D, are the ones that can diverge as p — 0,
and when present this divergence is regularized by restricting the integration to p > n
(or, more simply, using dimensional regularization) as described in Appendix E.

As a check, consider first the point-nucleus contributions, M, and ;. These
involve only the confluent hypergeometric profiles, M; and My and converge in the
limit p — 0, making them easy to evaluate (for details see Appendix E), leading to

_ AT B () (2
P42 —1)(2Q)D [1 + ¢ + Zaw] (g — Zam) m )’
A1+ 20T (1 — ¢ 4 2o (Zom)

AR (R R Ty R .

K

Using these, the energy shift for a point-like spin-half nucleus obtained from (2.36) by
using (2.46) and 2 = 0 in (2.38) and (2.40) is

3\ (1 - 28w
8}715:]-73 = —5RXF (%) ﬁ <247)
2(Za)* rm, 1 —28/1— (Za)2/N?
= —RX, W (%)3 N;é (4{; _a1)>/ (Hydrogen),

where the second line specializes to Hydrogen and evaluates s using k = m,Za/N
with reduced mass m, = mM/(m + M) (where M is the nuclear mass) and N as
defined in (2.24) with R given in (2.21). Also used are the definition (2.35) of s and
Ly = gp(Ze/2M) with g, the proton’s g-factor. When evaluated to compute the energy
difference between the nSf::f/Q and nS fjlo/Q states in Hydrogen, this expression agrees
with standard results for relativistic hyperfine splitting [102, 103, 106].

So far so good, but what about non-point-like nuclei? To capture the finite-size
effects we must use the modified near-nucleus boundary condition for ¥ implied by
the nuclear effective interactions in S, (which imply 2/¢ # 0). This also requires

dealing with the divergent integrals that appear in expressions (2.43) and (2.45) for the
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magnetic-moment dependent energy shift, whose explicit form becomes

NORY l1+(@/%)(ml/mm)+(@/%)2(m2/mpt>]
MIE IR AL (2/ ) (D1 D) + (/) (D2/ D)

N K3\ (1 —28w/m) c

and in the second line ¢ and C, are n-independent constants. Of these ¢ is defined

(2.48)

below in (3.9) and so contains the various nuclear effective couplings. Unlike ¢, the
constant (), depends on the regularization parameter, 7, associated with the near-
nucleus divergences described above. In practice the detailed form of C, does not
matter in what follows because it gets absorbed into the nuclear effective coupling c;.

What makes possible the absorption of () into a counterterm is the fact that
neither ¢ nor C, depend on the principal quantum number and so the n-dependence in
(2.48) is either explicit or contained within the standard expressions (2.23) and (2.24)
for k and w. As shown in detail in §3, it is only because C,, does not come together
with additional n dependence that its contribution to the energy is proportional to
1/n3 and so can be absorbed into a counterterm like ¢, for an interaction localized at
the nucleus’ position (whose contribution to the energy is proportional to [¢(0)]? and
so is also oc 1/n?).

The same is not true of the term ¢/n in (2.48), whose n-dependence is a genuine
prediction. As argued below (see also Appendix E) matching to nuclear properties
implies ¢ ~ O[(mRZa)? and so given that ™™ ~ O[(Za)*(m?/M) ~ O[(Za)*m?R —
with M ~ 1/R being the nuclear mass, see e.g. (E.40) — the constant ¢ turns out to
contribute to the energy at order m(Za)*(mRZa)3. For electrons this is smaller than

the Om(Za)*(mRZa)?] and O[m(Za)*(mRZ«)?] contributions computed here.'®

First-order mode-function correction

As described above, eq. (2.48) is not the whole story. Previously we have mentioned
— c.f. (2.25) — that at the accuracy of interest here finite nuclear size contributes to

electron energies in two different ways: through the contributions of Z/% t0" dwypjw
(1)
nFjw:*

In both of these contributions nuclear properties enter through the values implied

and to ¢

for /% by the near-nucleus boundary conditions — such as (2.14). Since it turns

18This also makes this contribution competitive with the O[m(Za)?(mRZa)*] contributions that
are also not computed here, but which can be important for muonic Hydrogen.

9Because we compute by perturbing using zeroth-order Coulomb bound-state wave-functions, each
of which satisfies (2.22), the new eigenstates found by perturbing with A, are automatically nor-
malizable assuming only that (2.22) is satisfied.
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out that calculating the implications of (2.14) for Z/% requires knowing the first-
order correction to the radial wave-functions, f and g, due to the magnetic moment
interaction, we now pause to compute this.

Using standard first-order Rayleigh-Schrodinger perturbation theory, we find the
following leading correction to the relativistic Dirac state due to the nuclear magnetic

field:

. CﬁnFFZ Tovs ~ . ~
InFF,jw), = Z O ! T [nFF.jw), + (j terms), (2.49)
n#n EnFjw - EﬁFjw

where ‘(5 terms)’ denote contributions coming from summing states with } # j; terms
that can be neglected in what follows as explained in Appendix E. The displayed sum is
only over principal quantum numbers that differ from that of the state being perturbed,
and the coefficients are

S 3, 2 7%
CinFF.jo = (47TD> /d T wnF.&.,’Y v (X 1) Yppjo, (2.50)
° % k% ~ ~
- (5) fan (055) o« o5, [ar (Fo+5r).

with B

~ Y~ E*m ~

— 2 (2, w2\ _
D’_/dw (F+) = @R (2.51)

defined in the same way as is D — in eq. (2.30) — but evaluated for the state ¢ (for more
detail see Appendix D).

Notice that the integrals ’Dpt, D, and @2 appearing in ’D are defined in terms of
D using (2.39) and (2.40) — i.e. with € — €, k — &, n — 7 and so on — the only new
quantity here is the radial integral in the numerator. Defining

N = _%L(g/ooo dr <¥g -I-ﬁf)
= m(2%)L2R) T (R4 R) (2.52)
X {mgt+ (%) N + (%) N + ((ij) m}

and evaluating the angular integral for (;, @) = (j,w) the first-order state correction

given in (2.49) becomes

5(2R)3RX N ~
InFF,jw), = _Z ((0/?) 0 < ) InF'F.jw), + (j terms)
n#n 2m? (EnF]w o EnF]m) (gg
= 56X, Y [AFF.jw),+ (j terms), (2.53)
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where the last equality defines the i operator, which is therefore given by

o ARBRARK)S (R + k)72 (€N
Y [RFF.jm)y = - o O (g@pt (2.54)
n n#n (EnFjw EnF]w) pt

L () 94/ o+ () 9/, + () o/t
1+ <g~> D1 /Dyt + (%)2 D /Dy

‘ﬁ{,‘ﬁi and 15 appearing here are given explicitly in terms of in-

|ﬁFszw>0

The integrals 91°

pt’

tegrals similar to Iij P in Appendix E, in egs. (E.87) and (E.89) and subsequent para-
graphs.
The solution to the leptonic equations of motion correct to first order in s then is,

15 (R0 () + s X0 () +
V7 (00 () +sXp gl () + )

with the ellipses representing terms of order O(s?) or higher and the first-order function

(2.55)

¢nFjw =

corrections are given by
1
(1) Z o (r) and g (r) Z o) (r (2.56)

This concludes our perturbatlve calculations of the lepton modes to linear order in s.

2.4 Near-nucleus fermion boundary conditions

We next determine the values of Z/% required by the fermionic boundary conditions,
obtained by a more careful treatment of the delta-function terms in the fermionic
field equation (2.12). This section quotes the main results, with more details given
in Appendix B. Because it happens that the dominant effects arise from boundary
conditions for j = % modes, we focus here on these. The relevant near-nucleus boundary
condition — applied at distance r = € from the nucleus — is given in (2.14), repeated
here for convenience

0= / Qe [V + & — 7°¢ + 1 B Ynpjwle) (2.57)

where (as before) ¢; = ¢;/(4me?).
As applied to the positive parity j = % state, performing the angular integration
implies the boundary condition for the radial function becomes

9n%+(€)
fn%+(€> ’

Gy — Cp+ Zp by = (2.58)
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where Z, := 1 [F(F +1) — 3] = Z,; where Z, is defined for j = 3 states as (see
Appendix B)

_2w+1
6

3] 2w+l
FF+1)-I(I+1)- %] = w8+

Zro Xy, (2.59)

where the last equality uses the definition (2.34) of X,. Repeating the same exercise
for the negative parity, j = % state similarly gives (see Appendix B)

és—f_év—l_;:’yFéF:

(2.60)

As elaborated in Appendix B, both egs. (2.58) and (2.60) use a compact notation that
suppresses an implicit dependence of the couplings on both F and @ (see e.g. eq. (2.61)).

As usual, there are two equivalent ways to read these last two equations. The
simplest way is to evaluate the right-hand side of these equations using the solutions
(2.18) to the radial equation, and regard them as being solved for /% as a function
of the ¢;. This shows explicitly how the integration constants are determined by the
effective nuclear couplings. Because physical quantities (like leptonic energy levels) can
be expressed as functions of /% they also acquire a dependence on the ¢;.

The other way to interpret these equations is as renormalization-group equations
that define the running of the renormalized couplings, ¢;. That is, if the value of € is to
be changed without modifying physical quantities (like electron energy levels), then the
explicit e-dependence visible in (2.58) and (2.60) must cancel against an e-dependence
that is implicit in the couplings ¢; [64, 70-72].

The remainder of this section focuses on the first of these two points of view, and
we return to the second approach in §3 below.

2.4.1 Solution for /%

The goal is to solve egs. (2.58) and (2.60) for the integration constant /%, to linear
order in s. Because the explicitly calculable terms of egs. (2.58) and (2.60) depend
on nuclear spin only through the spin-dependance of X this suggests that the same
should also be true for the couplings ¢, and integration constants /% at O(s). This
leads to the ansatz

Csw = ) + 86X, ) + O(s?), (2.61)

where the first terms are the couplings found in [64] for spinless nuclei that are indepen-
dent of the total atomic angular momentum, F'. The second terms are the first-order
corrections whose F-dependence is guaranteed by rotation invariance to be propor-
tional to [F(F+ 1) —j(j+ 1) —I(I +1)]. The integration constants are then solved
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perturbatively in s, using

(%) = (%)m) +5X, (g)m e (2.62)

where the F-independent part of egs. (2.58) and (2.60) determine (2/%) and (2/€)"
is fixed by their X -dependent terms.

With this in mind we also expand the right-hand side of these boundary conditions
to linear order in s, using the state-correction result from first-order perturbation theory
n (2.55), to write it as,

O L gx oo, (0) (1) (1)
g_w:gw T5Xp G T gw 145X, Yo w —I—O( ) 7 (2.63)
feo fg) +5X; fz(vl) 4 fw ggj)) (0)

where @ = = is the electron state’s parity, gw ,fm are glven by (2.18) and g fq(,—Jl) are

f(l) are themselves functions

given by (2.56). Because the functions gw ,fw and gw ,
of the ratio % /%, which itself can depend on nuclear spin — c.f. (2.62) — to find all
terms that appear at O(s) requires using (2.62) in (2.63), expanding in powers of s and
grouping terms.

What is important when doing so is this: because all of the O(s) terms in (2.63)
are proportional to X both sides of eqgs. (2.58) and (2.60) share the same dependence
on nuclear spin out to linear order in s. This is no accident because, to linear order,
rotation invariance implies the nuclear spin appears only through the combination I-J,
whose matrix elements give the spin-dependence in both X, and Z,, o« X,. This
shows how (2/%)® is determined in terms of the coefficients ¢” and ¢ and by
fg)/gg) — as in [64]. Similarly (2/%)V is given in terms of the O(s) parts of ¢, ¢ et
and ¢\ together with (fg)/fg)) — (gg)/gg)) and f(o)/g(o).

The details of this calculation can be found at the end of Appendix F and here we
only quote the results, separately for each parity choice w = =+.

Positive parity states

Using the small-r asymptotic form for the radial solutions of eqgs. (2.18) in the parity-
even boundary condition (2.58) then gives, at zeroth order in s,

-2
d0 0 — (c+a)+(c+a) (2:/6)" (2ke) % 7 (2.64)
(c—a) + (c— @) (24 64)® (2n0) %
where the parameters on the right-hand side are given in egs. (2.20) and
m—w
X m—+ w ( )
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Inverting (2.64) then gives the integration constants in terms of 0 _ a0,

(%) = (& ) e—a)+ et o
i (égo) — égo)) (c—d)+ x(c+a)

(2k€)*, (2.66)

as is also found in [64] for spinless nuclei.
Next, consider the O(s) terms on both sides of the boundary condition (2.58) which
reads — using Z, = Z,, = 5 s X,

3

s (e — ey + o Cr (2.67)

., (=2)xc(a' — a) (2Ke)72¢ _+ + A,

(c=a)+ (e = a) (24/€1)® (2e)2 ]
where A, is given by
) ] ] E-+ @) (9:/4)" R
te | [ B
| E+ra)+E+a) (%/%Z) Y (2R

X <X (2.68)

(€—a)+(c—a) (9+/ %)(O) (2Fe) ™

(c+a)+ (c+d) (2. )€)” (2“)_21 }
(c—a)+ (c—a)(2,)€.)" 2re)2%| |’

- X

and comes from evaluating the terms involving g( ) and f(+1) in the square bracket of
(2.63). In particular, A does not depend on (Z, /€, )W.

As shown in detail in the paragraph surrounding (3.9) below, the two quantities in
the final braces in (2.68) cancel one another — at least to leading order in (Z«)? — which
in turn ensures that A, vanishes to the order we require. This simplifies enormously
the above boundary condition, whose solution for 7, /¢, becomes

. (%>(1) o [5 (égl) & )> +3 éF} (2.60)

C dxc(a' — a)
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Eqgs. (2.66) and (2.69) solve the problem of obtaining the integration constant ratio
9 /%€ as functions of the effective couplings, ¢, ¢, and ¢, for positive-parity j = %
states. The next step, in prinicple, is to use these expressions in formulae like (2.36)
and (C.10) for atomic energy shifts to predict how these are influenced by finite nuclear
size. Before taking this step we first repeat the above exercise for parity-odd j = %

states.

Negative parity states

Returning now to the boundary condition (2.60), repeating the same steps as before
(i.e. expanding the radial functions and integration constants to linear order in ) leads
to two separate relations that determine (Z_/%_)©® and (Z_/¢_)" in terms of ¢,, ¢,
and ¢p. The parity-odd counterpart to (2.64) is given by

0 1 a0 — 1 (c—a)+(c—a) (9—/%—)(0) (21€) > , (2.70)
X | (c+a)+ (c+a) (D_)€)Y (2ke)-%
which, when solved for the integration constants, gives
(0) X<()+C£)>(c+a)+(c—a)
(%) = (2k€)% . (2.71)

¥ (&4 &) e+ @) + (- )

as the counterpart to eq. (2.66).
Similarly, the O(s) terms of the parity-odd boundary condition (2.60) are, again
using Zp X P

. i . )
5 (D 4 &) 4 r _ g 2 el —a) (2re)F Z-) A
C 8 (0) ?
[<c +a)+ (c+a)(2_/%.) (2,%)—24]
(2.72)
with A_ given by

\/m e (2 <—1C @E+a)+(@E+a) @_/Cg_)(o) (2fe) %
‘5 e (26€)IC| | (e 4 a) + (c+ a) (2 )€ ) (2ke)~%

. /%7)(0) (2Fe) X

g (2.73)
9.6 )( ) (27e) %
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coming from evaluating the terms involving g(_l) and f(_l) in the square bracket of (2.63).
As before, A_ does not depend on (Z_/%_)V) and, as argued in the discussion sur-
rounding (3.13), the two terms in the final braces of (2.73) cancel to leading order,

ensuring that A_ vanishes to the order we require. This allows the solution

g W x|s (& +&Y) +
5(?) - [<2c(a’2)

oolw

“ (2.74)

X

(0)
(c+a)+ (c+a) (%) (2&6)21 (2k€)% .

3 Renormalization

So far so good. But as things stand it looks like all predictions of nucleus-induced shifts
on atomic energy levels depend explicitly on the arbitrary parameters e (the position
where the boundary conditions (2.58) and (2.60) are imposed) and 7 (the regularization
scale associated with the divergent integrals 91, My, 1 and D, — introduced e.g. below
eq. (E.42)). We now address how sensible predictions are possible despite the presence
of these arbitrary scales.

Physical predictions are possible because all of the dependence on these arbitrary
scales can be renormalized into the definitions of effective couplings like ¢, ¢, and cp.
That is to say: what counts are physical predictions that relate observables to other
observables, and effective couplings just play a role in intermediate steps when making
these relations. For instance, in practice measurements of some observables are usually
used to determine the values of the effective couplings, and any real physical content
only emerges once these values are used to infer the numerical size of other observables
(that can themselves be measured). What is important is that all of the arbitrary
dependence on € and 7 cancels out once observables are related to observables. In
detail, this cancellation happens because any explicit dependence on € and n cancels
with an implicit dependence that is hidden in the values that are used for és(e,n),
¢o(€,m) and ¢p(e,m). If € and n were varied then the inferred values these couplings
acquire on comparison to measurements also change, and they do so (by construction)
in precisely the way that is required to keep physical observables fixed.

3.1 Cancellation of e-dependence

To see how this works, start first with the cancellation of e-dependence. We do so first
for those nuclear finite-size contributions that do not depend on nuclear spin and then
repeat the exercise at linear order in nuclear spin.
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3.1.1 Contributions independent of nuclear spin

At one level the dependence on € that is required of the couplings ¢ and & is simply

given by the boundary condition itself: eq. (2.58), provided this is interpreted as giving
the left-hand side as a function of €, with the parameter (2, /%) held fixed. In
this point of view most of the information contained in (2.58) specifies the class of
trajectories along which any couplings like ¢ and ¥ must evolve in order to keep
observables independent of €. The constant (2, /%) is then regarded as specifying

precisely which trajectory within this class the couplings of a particular nucleus lie.

4 .

Al ]

v(e) of |

ol |

B S I S SN S 1 N T S S E S S S S|

-10 -5 0 5 10
Ln[e/e, ]

Figure 1: Illustration of the two categories of RG flow described by the solutions
(F.13) to the evolution equation (F.11). This figure plots the universal variable v(e)
against the logarithmic variable In(e/e,). An example of each of the two categories of
flow is shown.

This picture is laid out in more detail in [64, 70-73] and briefly summarized for
convenience in Appendix F. The upshot is that relations like (2.64) and (2.70) can all
be regarded as special cases of equations of the form:

A(2ke)* + B

C(2ke)* + D’ .

g(e) =

where A, B,C and D are known parameters and ¢ is a representative coupling (i.e. a
specific combination of the couplings ¢, ¢, and ¢g). For any such evolution it is possible
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to define a universal coupling v(e€), such that

1/A B 1/A B
- (£-2 (L2442 2
w0-3(5-35)0+;5(5+3) 32)
and for which the evolution of v with € is simple. As is easily shown (e.g. in Appendix
F), egs. (3.1) and (3.2) ensure that v satisfies

dv

€% =((1—0%). (3.3)

whose general solution is

(ot )(efe)X+(o—1)  (efe)X +y,
(vt 1)(efe)X = (vo—1)  (e/e)* —y (3-4)

Here the first equality chooses the integration constant to ensure v(eg) = v, and the

second equality instead chooses v(e,) = 0 (if y, = —1) or v(e,) = oo (if y» = +1), where
Y, = sign(|v| — 1) = %1 is a universal constant along the trajectory (in the sense that
it does not depend on ¢).

For ¢ > 0 eq. (3.4) describes a universal flow that runs from vy = —1 to v, = +1
as € flows from 0 to oo, corresponding to the initial variable flowing from gy = B/D
when € = 0 to goo = A/C as € — co. Plots of these flows for each choice of y, = £1
are given explicitly in Fig. 1. Physically, this flow describes the crossover between
the two independent solutions to the radial mode equation with increasing distance
from the source at the origin [73] (i.e. in the present case, from the nucleus). This
crossover happens because the two radial solutions have different small-r asymptotic
forms (typically power laws, with powers related to the two fixed points of the above

flow equation), with one solution or the other dominating at large or small radius.

1

To keep things concrete we next show how things work for positive-parity j = 35

states, and then return to describe the extension to negative-parity states.

Positive parity

For the specific case of j = % parity-even states the evolution equation predicted by

(2.58) has the form of (3.1) if we identify g = — <ég0) - &@) /xanduse ( = /1 — (Z«)?

and

_cta  —1+(—(m+w)Za/k _
c—a —-1-(—-(m-wZa/k
ctd —1-(—(m+w)Za/k  4n

:c—a’:—1+C—(m—w)Zoz//<;_(Zoz)2+”.' (8:5)

Sl Qe
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The approximate equalities here specialize to the leading Coulomb expression m —w ~
(Za)?m/(2n?) + -+ and so k ~ Zam/n+--- as well as ( ~ 1 — 1(Za)* 4 -+, with
ellipses describing contributions suppressed by additional powers of (Za)?.

Applying these expressions — as well as x = v/(m —w)/(m +w) ~ Za/(2n) + - - -
—to (3.2) then shows that the evolution of the quantity

(c+a)+ (c+a) (2. )6,) " (2r€)~%
(c—a)+ (c—a) (24 )€) Y (2re)%

] : (3.6)

has the equivalent form

5 +a c+d\ X [(c+a c+d
)\(O)Z_K ¢ - 0y X
+ 2\c—a c—da U+ (6) 2 c—a+c—a’

X [(c+ta c+d X [(c+a c+d
_ X _ X 3.7
2<c—a c—a’> 2< * > (3.7)

c—a c—dad
Using the values given in (2.20) for the parameters a, a’ and ¢ then gives

- 1 1

which drops terms suppressed by (Za)? relative to those shown.

(€/€*+>2C + Yt
(E/EH—)QC — Yurt

(€/€r)” + yur
(E/E*Jr)z< = Yst

Comparing egs. (3.6) and (3.7) reveals something interesting. Although the inte-
gration constant (2, /%,)® appears in both B and D, it completely cancels out of
the differential evolution equations, which depend only on the ratios A/C and B/D.
This shows that (2, /%,)® can also be regarded as the integration constant obtained
when integrating (3.3), and so carries the same information as do the parameters €,
and y,+. Rewriting (3.7) to have the form eq. (3.6) makes this explicit:

2.\" _ c—a 2( 16y, (mey)® (2Zame,y \*
(‘Z) s (c — a') (e = = n(n+1) ( n ) o
= ————— +0[(Za)?¥, (3.9)

where the last equality defines the n-independent constant ¢ = 16y, (me,, )% Since
observable quantities (like electron energy shifts) depend on the boundary conditions
only through the value 2/%, eq. (3.9) shows that observables also only depend on the
renormalization-group invariant parameters, like (e, y,), that characterize the effective
couplings.

Another important property of (3.8) is its n-independence, at least at leading order
in (Za)?. This considerably simplifies the O(s) renormalization story, starting with
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being responsible for the vanishing of A, as defined in (2.68). In particular, notice that

_ ~(0) ~(0) _
the contents of the final braces in (2.68) have the form )\S?) — A, where A| and )\9
differ only by being evaluated using different quantum numbers — such as n and j as

opposed to n and j and so on. But because (3.8) is independent of these state quantum

numbers it follows that Xf = 5\@ to the accuracy to which we work. Furthermore, as
mentioned above (and is seen explicitly below), the n-dependence appearing in (3.9) is
precisely what is required to reproduce the proper energy shifts found in the literature
for non-Coulomb nuclear structure related energy shifts [29, 106].

Negative parity

We next repeat the above story for nuclear-spin independent interactions, but for j = %
negative-parity states. At zeroth order in s the relevant boundary condition [64, 72] is
as given in (2.70)

A0 =0 o0 = L
X

(3.10)

(c—a)+ (c—d) (2_)€ ) (2re) %
(c+a)+ (c+a) (2 )E )Y (2re)2% |

which defines the variable ;\(,0). This again shows how égo) + aﬁo) must depend on €
to ensure that physical quantities do not. It also falls into the category of evolution
considered in (3.1), with g = —5\(_0))( =— (égo) + éq(jo)> x and

A _c—a_ 1-¢C-(m-w)Za/s 1 >,

C c¢4+a 14(—(m+w)Za/s 4n(Za) *

B _c—d 1+(-(m-w)Za/s 1

D c+d 1-C—(m+w)lal/s n (3:11)

The universal evolution equivalent to (3.10) then is
_ 1 — —d 1 _ _
PRI (e v () — — L (3.12)
2x \c+a c+d 2y \c+a c+d
1 fc—a c—d (/€)% + y, 1 c—a_l_c—a’
2y \c+a c+d (e/ec)* = yy 2y \c+a c+ad)’
whose leading form for small Z« is
- 1} , (3.13)

- 1 1
<0>N__< <0>_1) -
AT e A - Za{

(6/6*—)% + Yuo
(e/e)* =y
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which again drops terms suppressed by (Za)? relative to those shown. Rewriting (3.12)
to have the form eq. (3.10) allows (2_/%_)©® to be expressed in terms of ¢, and y,_,

2.\ c+a
(%) = Y- (c + a/> (2he,)* (3.14)
B 202
~ —4y,_ <nn3 1) (Zame,_)? <—22am6*> +oe

n

giving

Note the O[(Z«a)?] suppression of this relative to the corresponding result (3.9) in the
parity-even case, as expected due to the near-nucleus suppression of [ = 1 electronic
states relative to [ = 0 wave functions.

3.1.2 Nuclear-spin dependent contributions

The arguments made to this point are special cases of those used for spinless nuclei in
[64]. This section now extends these considerations to include terms at linear order in
5, focussing in turn on j = % states with even and odd parity.

Positive parity

Consider first the apparent e-dependence coming from the O(s) part of the boundary
condition (2.58), as given explicitly in (2.67). As in previous sections the e-dependence
of the couplings can be read off directly from the boundary condition, which in this
case states that

_ 3 (¢
)\E:) — égl) — o) + = (C_F> (315)

_ D+ ) 2¢ (a' — a) (2ke)™% '
(7) (= a)+ (= ) (2./6.) (re) ]

This expression uses the positive-parity results w = +1 and 2w+ 1 = 3. It is useful to
trade the dependence on (2, /%, )® in this expression for e, using (3.9), leading to

- [<e/ei/>€5<+12;+12 @7)() (Gre)™. (310

Just like in previous sections, the requirement that observables remain e-independent

requires 5\(+1) (and so also its particular combination of égl), 61(,1) and ¢p) must vary with

¢ as indicated in this expression, with (2, /%, )™ held fixed. Notice, in particular, that
this coupling evolution does not require any new invariant parameters beyond ¢,, and
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Figure 2: A plot of how 5\9(6, n) runs as a function of e (with 7 fixed), based on (3.16).
The RG-invariant scale €, appearing here is the same one that also labels the running
of the spin-independent interactions in 5\9. The vertical scale is arbitrary because this
depends on choices made for the value of 7, as described in the main text.

Y+ already encountered in the running of /_\S(_)). With these definitions the expression
(2.69) for (2, /%)™ becomes

2
@+ (1)_ (C - a)2(2/€€*+)2( c 2¢ €xr \ X A1) A1) 3Cr
) (Z) ~ 2xc(a’—a) <Z> B (?> [5 (@7 -at)+ ?] ’
9 20—2 2¢ 2 2¢
- _8Za(me)” (2Zame,, KRN - (€*+> (3.17)
n(n + 1) n (S €

3¢
A1) _ A1) o
xls(cs C“)—l_s]'

There is an important difference between this expression and previous discussions.
The difference is that s (égl) — 65,1)) + gép = 5\53) = 5\23)(6, n) must also depend on
the other regularization parameter, 7, in order to cancel the explicit n-dependence
hidden in C), in expressions like (2.48). This n-dependence is hidden in the couplings

A1) A1 L D i
cg ), CS,) and ¢, since these are the parameters whose renormalization absorbs this

particular dependence. So although the e-dependence of s (égl) — 61(11)) + %éF cancels

the explicit e-dependence in (3.17), the same cannot be true for the 1 dependence,
implying (2, /%, )" is implicitly a function of 1. The ultimate cancellation of this
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n-dependence is described below after first summarizing how the e-dependence cancels
for parity-odd states at O(s).

Negative parity

Consider first the apparent e-dependence coming from the O(s) part of the boundary
condition (2.60), as given explicitly in (2.72). For negative parity this states that

_ 3 /¢
A = e e 3 (%) (3.18)

A W 2¢(a’ — a) (2ke)™2%¢
X \%- ©) (o, y-2c]*
[(c+a) + (c+a) (/) (2me) %]
Trading the dependence on (2_ /%) in this expression for ¢, using (3.14) then gives

30— lQC(a'—a)l [( (e/ex-)* <%>(1) (266, )X (3.19)

x(c+a)? ] [(e/e, )% — vy, \E-
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Figure 3: The running of AY as a function of ¢, based on (3.19). The RG-invariant
scale €,_ is the same as the scale controlling the running of A9 For plotting purposes
we hold 7 fixed and so the vertical axis has an arbitrary scale that depends on the
precise values chosen for 7.

As before, this shows how AW (and so also the particular combination of égl), éh
and ¢, characteristic of negative parity states) must vary with e, with (Z_/%_)" held
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fixed, in order to keep observables e-independent. The solution, (2.74), for (2_/%_)"
then becomes

2
2\Y  xlc+ a)?(2ke, )% e \* €\ 2 3¢
- — * — il A1) L a() -F

5<(5) 2¢(a/ — a) (e*) Yo ( € ) {5 &+ e+ 8 }’

2(n — 1)(i§)3(m6*)2 <zzamﬁ*>2c2

- (3.20)

e \* ’ €\ 2 3¢
X <—) — Yo () {5 [égl>+é§}>}+—F},
€or € 8

again exhibiting a P-wave (Za)? suppression relative to the parity-even case. This

evolution is shown in Figure 3.

3.2 Cancellation of n-dependence

We now return to describing how divergent n-dependence found in earlier sections gets
renormalized.

To this end recall that to linear order in s the nuclear-structure contribution to
electronic energy levels has the form given in (2.25), of which the main focus in this
section is on the first two terms on the right-hand side:

&UnFjw + E'Ezl}?)‘jw = (5(’07(32]12' + 5w1(‘LlF)‘]w> + <62§jw + 5551112jw> : (321)
Here 5w7(10F)jw and 5W7(Llp)jw are the spin-independent and O(s) contributions to dwypjem,

given by using 2/¢ = (2/%€)® + 5(2/€)") in the energy expression (C.10), while

elfs. is the hyperfine (point-nucleus but nuclear-spin dependent) energy shift of eq. (2.47)

nFjw
and
se)  _ nfs [1+(2/€) (M /Ny) + (2/€) (M2 Ny) _1]
IR L+ (2/€) (D1 D) + (2] €)DD)
VAN T

— hfs el “1 A

=& (Cg> (mm %) + ] (3.22)

can o, Se]

(1)

nFjw

hfs

is the nuclear-structure part of the contribution to e nrje Nas

of eq. (2.48) once ¢
been subtracted out.
The issue to be addressed arises because the integrations appearing in 55,(113]-@ di-

verge in the near-nucleus (r — 0) limit; a divergence that is dealt with using a regulation
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parameter 1. This section traces how this unphysical n-dependence is renormalized by

the effective couplings égl), e and ¢r that appear in (5w7(LlF)jw

on (2/%€)Y) (such as, e.g., eq. (3.17)).

To display this cancellation explicitly we require the dependence of &ng)jw
(2+/ %+)(1). This is found by expanding the general result (C.10) of Appendix C —
found by solving (2.22) for nonzero 2/%. Specializing (C.10) to positive-parity, j = 3
states one finds

through its dependence

on

bn(n+1) (24/64) 1= (2= 20) (Hupr +9) |

5 (01) ~
w”§+ 2m2Za $H
8y (Za)2m(me, )2 (2Zame, \ >
~ T (3.23)
n3$ n
and
5 W o ey /ﬁ%n(n +1) (D4 (1)
“nrbe T TR\ To 070 [ L
A(Za)Pm(mey)? (2Zame, .\
~ 3 - (3.24)

¢ 2 ;

€ €t \ R R 3¢
x[(_> ~ e ( +>] lﬁ(cgl)—@S”)Jr—F Xpt-oe )

Ext € 8

where the second lines of (3.23) and (3.24) respectively use (3.9) and (3.17), as well as
w0+ 1) (24/62)° [1 = 401 = Q) (Hor )]

4(1-¢)
N Ay,i (mesi)?
_1+W+---, (3.25)

H=1- —5(1 =)+

with H,, = Y _, 1/k being the harmonic numbers and ~ being Euler’s constant. As we
shall see, matching implies me,; « mRZa and so the ratio me,. /(Za) proves to be
small for electrons (though only order % for muons). The ellipses in these expressions
represent terms that involve additional powers of one or both of the small quantities
(2:/€,) or (Za)*.

The n-dependence of the couplings is now determined by requiring physical quan-
tities not depend on n. This implies

d (Za)*m(n +1) < 7 > @

— | —sX,

o 22 —0, (3.26)
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and so, using (3.22)

d (2. )\ 2 ey dC,  2X,Za dC
— <_) Xy~ 2 T~ i <327)
(Za) )

dn \ €, 2(n+1 sm dp  n(n+1) dgp

Since C), is n-independent (at leading order in Z«) and since eq. (3.17) implies
the same is also true of n(n + 1)(2, /%)W, it follows that the n-dependence can be
cancelled by performing an n-dependent but n-independent shift of the combination
s (égl) _ @5}1)> + 2 4. The integral of (3.27) then is

AT A N on2 g};§%+ .
. NG s (Za)R(n+1) \sXem | T

94_ @) 2ZO&

phys

where the first term is both e- and n-independent and inversely proportional to n(n+1).
Although the above discussion cancels the n-dependent part of (557(11; 1 there is (as
always) clearly considerable freedom in choosing the finite parts of the2 counterterms.
We here use this freedom to define the new n-independent RG-invariant parameter €,
through the definition (notice the resemblance to (3.9), apart from overall sign)

2, \V c—a\ (2Zamer\*  16(mens)? [(2Zameny \
— = ~ . (3.29)
Cy c—a n n(n+1) n

phys

With this definition the net spin-dependent energy shift at this order simply becomes,

3 (1)
1) - kpn(n+1) (D, hfs ¢
5wnF%++5€nF%+ ~ —5XF om27a Z +€nF%+ (On_ﬁ>
2\ [n(n+1) (2,\V ¢
= X, (2 )| ——= (= — 3.30
: F(m2> 27 <(€+)phys+n ( )

Za)? 27 %2
~ —5X, l( az, m] 8(mepy)? <—am€”> +
n n

where the last line drops the ¢/n term, as appropriate at the order we work. This is to
(0)

nF%+
A similar story goes through as well for j = % negative parity states, in principle

be compared, say, with (3.23) for dw

involving the definition of a new parameter €,_, however we do not pursue this further
because the additional (Z«)? suppression of P-wave states makes the contribution of
this new parameter to atomic energy shifts too small to be relevant to the order we
work. We therefore drop the parity label and in what follows simply use €5 := €, to
denote the parameter relevant to nuclear spin-dependence.
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3.3 Matching to nuclear moments

The previous sections show that without loss of generality all nuclear finite-size effects
can be described — at least out to contributions with dimension (length)? — in terms of
the three RG-invariant parameters €, , €, and €.

In this section our goal is to illustrate how the values of these parameters can in
principle be calculable in terms of known nuclear moments from an underlying nuclear
model. Later sections describe how our parameters can also be obtained from precision
measurements of atomic energy levels. Besides providing some intuition for how big our
parameters should be, relating them to nuclear moments allows a check on our energy-
level calculations, which must reproduce those of specific models once specialized to
the model’s assumptions.

3.3.1 Nuclear moments

Perhaps the simplest nuclear models replace the nucleus with specified charge and
magnetization distributions, p. and p,,, and although these are over-simplifications of
the real quantum systems, they do allow explicit calculation of finite-size effects in the
nucleus’ electromagnetic response. These distributions are normalized such that

Ze = /d3xlpc(x’), fy = /d3xlpm(xl), (3.31)

where (as in earlier sections) Ze is the total nuclear charge and py is the nuclear mag-
netic moment (including the g-factor). Because atoms are so much larger than nuclei,
atomic observables tend to sample only the first few moments of these distributions,

defined by

1 ! / 1 / /
(ﬂ“)c = /d3x rkpc(x ), <rk>m = ,LL_ d3x rkpm(x ). (3.32)
N

For instance, the first model-independent parameterization of a nuclear-size atomic

energy shift was written down by Karplus, Klein and Schwinger for Hydrogen in [27]
for the n.S;»* state, giving

ow

iy = (Za)mi(r?),, (3.33)

HC)
Wl o

where m, is the reduced mass.

20Here, and in the rest of the paper we use the spectroscopic notation, nL7, where n is the principal
quantum number, L is the orbital angular momentum quantum number, j is the total angular momen-
tum quantum number of the orbiting lepton and F' is the total atomic angular momentum quantum
number (if appropriate and necessary).
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A further step was taken by Zemach in [28], who computed the influence of the
magnetization distribution to find (for total atomic spin F' =0, 1)

dwl|  ~ 28X, ( mr> (Za)*m(r)em + -+ -, (3.34)

1
1r5+

with s as defined in (2.35) and the first Zemach moment, (r).,,, being one of many such
moments defined by

<T cm

[ [Eyitnemiy). (3.35)

Friar categorized finite-size effects [29] out to third-order perturbation theory in Za

Ze,uN

as a function of nuclear moments and showed (among other things) that for positive-
parity j = % (i.e. nSy/,) states they can be written as,

0l = 520 2 {2 - Jn(20)(1*) - (Zay? | g g

I 3
) (o - B [ 2] )

m2(Za)? lI;“R + I 4 §<r2>c <<r2 In lw > (3.36)

L), ( H  4n— 4n3;t 3>> + (Y o(r)e + %22 + (r5>c(r1)C] } o,

where H, are again the harmonic numbers — defined below (3.25) — while ~ is Euler’s
constant, the ellipses represent terms of order (Za)” or higher, and IJ'®, [N} [REL [REL
are parametric integrals whose detailed form plays no role in what follows (but, for those
interested, can be found in [29]).

Calculations like these based on fixed distributions of charge and magnetization
miss dynamical effects, such as those due to nucleon motion and polarizability (that
are not included in [29]). These effects are included in the modern approaches to pre-
cision atomic calculations that dominate the more recent literature [50, 52, 55, 57],
which involve more detailed modelling of nucleon substructure, nucleon motion and
inter-nucleon interactions. Some of the results of these more sophisticated calcula-
tions nonetheless overlap with egs. (3.36) and (3.38), typically when describing ‘elastic’
contributions (for which the nucleus is assumed to remain unexcited within internal
lines when evaluating the relevant Feynman graphs — such as those describing virtual
photon exchange with the orbiting lepton). Other contributions fall outside the above
expression, such as those inelastic contributions that sum over excited nuclear states
and are related to the electric and magnetic polarizabilities of the nucleus. As can be
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seen in calculations for deuterium in [45, 57], the split between elastic and inelastic
contributions can be artificial, and they are better considered together.

Combining these dynamical effects [57] with the results given above then gives (for
the nuclear-spin independent shift of nS; ), states),

%), = 2 (20)'™ {<r2>c — 2 (Z0) () (Za){r?). (H TR
—3+1In [M] +1n[<rm>]) +m2(Za)? m:ﬁ (3.37)

#2020 (Haa by = Lo g (emebred )y

n

where the ellipses now only denote terms of order O ((Za)") or higher, (r®)°T is an
effective radius that takes into account the inelastic contributions of the two-photon
Coulomb exchange?', and (r¢,), (re,) are again other nuclear moments, whose defini-
tions from [57] we do not repeat here as they do not qualitatively contribute to our
discussion.

For some purposes it is also necessary to know similar results for the nucleus-
induced energy shift for parity-negative j = % states (nP/2). These are suppressed by
the small size of the wave-function at the nucleus, which introduces two more powers

of Za, with the result coming from a static nuclear charge distribution [29] to order
O [(Za)b] given by

2

%)= ”3—71_51(204)47;@3 {%(Zoz)2<r2>c + %(Za)me<r4>c} o (33
where the ellipses again denote terms higher order in (Z«). Nuclear finite-size related
polarizability contributions for Hydrogen do not yet contribute at order (Za)% for P-
states and so can be ignored. (Even if present, such terms would not change the
arguments made below.)

Energy shifts sensitive to nuclear spin — such as (3.34) — are also relevant at order
(Za)8, since — c.f. eq. (2.35) — for Hydrogen s ~ (m/M)(Za). Since m/M ~ Za
for electrons the result (3.34) suffices to present experimental accuracy for ordinary
Hydrogen, but the larger muon mass (and high experimental precision) implies that
corrections involving both nuclear structure and spin can also be important for muonic
Hydrogen. These are written in terms of momentum-space integrals over the proton

ZThere is a cancellation between the original (r®).. term in (3.36) (known as the Friar moment)
and a certain part of the polarizability [45] but since the inelastic contributions at this order depend
on the lepton quantum numbers the same way as the elastic contributions they can be combined to

define the effective nuclear moment, (r3)eff.
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form-factors in [107], and a position-space equivalent is calculated in [56] as a part
of elastic nuclear-structure corrections, leading (in our notation — see eq. (2.25) and
(3.21)) to the total spin-dependent result

I
nF 5+ n?) m

n <2Zam<rpp>> +ﬂmj } 4 (3.39)

n 4n2(r?)

sX 2\ 2 4 1
5w(1)%+ + 5851113 ~ {2 (ﬁ) (Za)* m2(r)em — g(Zoz)Smf(rZ)c l_ﬁ +y+ H,

with atomic spin F' = 0,1 and with ellipses representing terms of (Za)" or higher. Here
(rpp) 18 yet another nuclear parameter (whose detailed form is found in [56], but whose
precise definition is not needed in what follows).

3.3.2 Matching to RG-invariants

Egs. (3.37), (3.38) and (3.39) seem to involve a lot of nuclear parameters. But while it is
true that these parameters all capture something different (and in principle measurable)
about the electromagnetic properties of nuclei, a major point in this paper (and of [64])
is that these nuclear parameter do not all appear independently if one’s interest is only
the very low energies accessed by atomic energy shifts.

The formalism used in this paper captures nuclear effects using dramatically fewer
parameters, and can do so because it expands from the get-go in powers of the small
ratio of nuclear to atomic size. It is the timely use of this low-energy approximation that
underlies its simplicity. Furthermore, it does not make assumptions about the validity
of any particular nuclear models (including dynamical effects, such as polarizabilities).
It is therefore guaranteed to capture all possible nuclear effects for atomic levels, and
must in particular include the predictions of any specific model. In particular, this
means that the energy-shift formulae (3.37), (3.38) and (3.39) must agree with those
computed in earlier sections, for some choice of the parameters €, , ¢, and €.

In this section we compare our predictions for the nucleus-generated nS;,, and
nP,j; energy shifts to the above results and by doing so identify (or ‘match’) how the
parameters €,, €, and €, are related to the various moments appearing in (3.37),
(3.38) and (3.39). Doing so also shows that the traditional moments always appear
together in these three combinations, so for the purposes of calculating atomic energy
shifts there are fewer independent ‘effective’ nuclear moments than one might naively
think.

To this end, the energy shift computed for n.S;/, and nP;, states using the steps
above starting from (C.10), for the spin-independent nuclear-size contribution — accu-
rate to order (Za)’m*R? and (Za)%m?®R? — written using the RG-invariant €, is given
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by [64]
0 8(Za)? (my\2 4 9 , [12n* —n —9
(5wn%+ = 3 (E) My Yet-€ip 1+ (ZO[) m (340)
i <2Za;nr6*+> L2y Hn+1] } 4.
2__1 2
5w® = 19 <” _ > (Za)* (ﬁ) mie_ ... (3.41)
e n m

where the ellipses represent terms of higher order in (Za)? and (me,) than those written.
In this expression we evaluate ,,; = Zam,/N ~ Zam, /n+---, with m, = mM/(m+
M) being the system’s reduced mass.

Earlier sections in this paper also compute the nuclear-size-related effects at linear
order in the nuclear spin — i.e. linear in § — using the effective couplings with dimension
(length)? in S,. The result obtained from (3.30) and (3.29) gives,

8(Za)? (ﬂ

s, = —sX, 3
n

1
nF2+

m>2mfei+---, (3.42)
where ellipses represent terms higher order in me, and (Z«)? than those written (such
as the mixed hyperfine, finite-size effects for negative-parity, 7 = % states found in [30]).
To this same accuracy no finite-size corrections enter into the j = % negative-parity
energy shift.

We now can compare formulae to read off expressions for the RG-invariant scales €,4
and e,. We do so starting with the parity-even spin-independent shifts — 7.e. equating
(3.37) to (3.40), excluding the terms suppressed relative to the leading one by (R/a)?,
— which requires the following terms to agree for all n:

8(Za)® rm.N2 5 , [12n* —n —9
o . 1+ (2 e oY
n® (m) e B i vy
2Zam,€f
$9 oy Hyp—ln (_m)]}
n
2 LM 5 [ 1 9
2Z0omy(ros) m, 5/,.3\eff
—In (T — 3n3<ZOé) (roYe. .

First off, agreement on the overall sign requires y,,. = +1. Second, although these
at first sight appear to differ in their n dependence, writing H,.; in terms of H,
(and a little algebra) shows this to be an illusion. They agree provided only that the

181



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

RG-invariant €, is chosen to be (at this order)

e, = @ <%)2{(r2>c 1+ (Za)? (1+%1n [(%)2%]” -

—%mr(Za)<r3>eﬂ} | (3.44)

cc

A similar exercise for the parity odd states compares the leading term in (3.38) to
(3.41), giving agreement when

a2 ) (). (3.45)

My

to the order required. Several things are noteworthy about these expressions

e First, notice that to the order we work this also implies
€xp = € = €4, (3.46)

as perhaps might have been expected for a parity-preserving nucleus. In particu-
lar, to the order we work only a single parameter controls the entire contribution
to spin-independent nuclear-size-related energy shifts.

e Second, nuclear effects ultimately enter through so few parameters because they
can only influence atomic properties by changing the value of the integration
constant Z/% arising when integrating the radial mode equation. The total
number of independent parameters necessary is therefore given by the number
of integration constants available. Although each partial wave contributes an
independent integration constant, each partial wave is also suppressed at the
nuclear position by additional powers of Za. Constants associated with higher
partial waves can only enter energy shifts once a minimal precision is required in
powers of Za.

e Third, notice that matching implies the overall size €, ~ ZaR, where R ~ 1 fm
is a typical nuclear-physics scale (that arises from (r?). ~ R?). This shows how
€, encodes both the nucleus’ intrinsic size, but also the strength with which this
size is probed. Because electromagnetic forces are weak it follows that ¢, < R.

e Finally, matching shows that the independent parameters ¢, and €, depend explic-
itly on the lepton mass, and so parameters as measured using atomic Hydrogen do
not directly apply to muonic Hydrogen. Although in principle this mass depen-
dence can be computed, its calculation involves more detailed information about
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the nuclear moments. From the point of view of minimizing nuclear-physics re-
lated errors we therefore treat parameters like €, as being independent for muonic
and electronic Hydrogen.

A similar comparison can be done for the spin-dependent nuclear-size contributions
— t.e. egs. (3.42) and (3.39). Since (3.42) only works to leading-order accuracy we
restrict to comparing only with the first term in (3.39) when inferring the value for €.
Doing so shows they agree provided we identify
2
o _ (Za)*(r)em
€p = —————— + . 3.47
F 4mr ( )
The ellipses show that this comparison can receive corrections once the matching is
done at higher orders in the ratio of nuclear to atomic size (R/az), or of a.

4 Predictions for energy shifts

This section takes the previous section’s results for how atomic energy levels depend on
finite nuclear size, and uses them to identify observables from which nuclear effects can
be eliminated. Most of the discussion is aimed at electrons orbiting a proton (ordinary
Hydrogen), but (motivated by the prospects of improving measurements) implications
are also explored for muonic Hydrogen.

4.1 Isolating finite-nucleus effects

The main idea is simple: electronic energy levels are given (to the accuracy needed
here) by (2.25) — and the discussion immediately following (2.25) — using also (3.21).
The result is rewritten here as

_ bt NS
Wnrjw = Wppjo + Wnrjw (4'1>
where
pt R ») hfs (ho) QED pt—rec
wnFjw - wnj + EnFjw + 8nFjw + 8nFjw + 5nFjw
NS _ (0) (1) (1) N—QED N-—rec
nFjw 5wnjw + 5wnFjw + 55nFjw + gnFjw + 8nFjw : (42)
pt . . . . . D
Here w, .., contains all terms that would be present for a spinning point nucleus: wy;

being the Dirac-Coulomb energy levels of (2.23) and (2.24); eh. _ given by the hyperfine

nFjw
(ho)

structure (2.47) caused by the point-nucleus’s magnetic moment; ¢,,.; containing the

QED
nFjww

in powers of a that give all the QED corrections to the first two (including the Lamb

higher-order magnetic moment effects for a point nucleus; ¢ describing the series
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shift), also computed for a point nucleus; and £, -** containing all point-nucleus recoil
corrections [108] to the assumed order. All of these contributions are under good
theoretical control and can be calculated in principle with very high precision. For our
purposes all these contributions are conveniently summarized to our assumed precision
in [105] for electronic Hydrogen and in [116] for its muonic counterpart.

All of the influence of nuclear size resides in w7, of (4.2). Of these, the first two
terms, 5w7(g-)w + (5w,(11F)jw, give the change of energy — c.f. eq. (C.10) — induced by the
change in the small-r boundary condition that the presence of the nucleus generates.
The superscripts on these expressions indicate their dependence on nuclear spin, with
5w being proportional to s*, with s given in (2.35). For nS1/2 and n P, states these

are given explicitly by egs. (3.40), (3.41) and (3.42). The contribution set!

nrjms O the

other hand, describes the nuclear-structure modifications to the hyperfine energy, given
by the ez-dependent (and, in principle, ¢-dependent) terms in (3.30).

The rest of this section exploits the fact that nuclear effects enter into these quan-
tities (to the order computed here) only through the two independent parameters e,

and €.
N—QED

N—rec
nrje  and €

The remaining nuclear terms, ¢ nrjw » complicate the details (but not
the logic) of this exploitation, by complicating the formulae involved. These terms
represent the non-pointlike nuclear finite-size contributions to the QED corrections
and to recoil corrections, which are calculable (see below) but only depend on the value
of €, (or change the relationship between e,, €, and nuclear moments), but do not

introduce any new parameters of principle.

4.1.1 Nuclear corrections to QED contributions

There are several ways that QED corrections enter into the above story. The most direct
way is as the perturbative expansion in the bulk interaction L,ppint = z'eAp@fy“\I/ of
the bulk lagrangian (1.4). For graphs involving only electrons and photons these may
be evaluated in the usual way, with the usual results.

What is unusual about the QED Feynman rules obtained from the action given
in (1.4) and (1.5) is the Feynman rules for the nuclear degrees of freedom. In the
effective theory used here the only nuclear degrees of freedom are its first-quantized
center-of-mass position, y*(7), and its spin, £#(7). In deriving this action all other
nuclear degrees of freedom are integrated out, leaving them to contribute to low-energy
observables only through their contributions to effective interactions like c,, ¢,, ¢ and
so on. But the graphs can nonetheless be evaluated, with the functional integration
over y* capturing in particular nuclear-recoil effects associated with the nucleus’ motion
in response to electron/photon interactions.
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From this point of view the nuclear finite-size corrections to long-distance QED
effects are calculated by evaluating Feynman graphs involving the nuclear effective cou-
plings ¢, ¢, and so on. No new independent constants enter in these corrections because

they are explicitly built from the same couplings that are used to define the parameters
¢, and €, implying the existence of a formula of the form e, 27" = e 2" (e,, €x),
whose explicit form we require in the steps outlined below.

Rather than evaluating the ¢;-dependent Feynman graphs (with i = s,v, F)) to
compute this function ab-initio, we instead are able to infer the result using standard
evaluations of nuclear corrections to QED effects found in the literature. The procedure

is very different for electrons and muons, so we treat them separately in what follows.

Electrons

For atomic Hydrogen one-loop QED corrections involve a vacuum polarization loop
as well as one-loop vertex corrections for both the electron and nuclear couplings.
The energy shift obtained by evaluating these graphs in a second-quantized theory of
nucleons coupled to QED gives the following nucleus-dependent QED energy corrections
[106],

VPP (o) — g (41n2 - 5) a(Za) " (1), (4.3)

nF%+
m.\2 a(Za)t 5 4 A? 317
+Xe () Sl (55 [ () ~ Tos) -

Here A is a nuclear energy scale related to the dipole parameterization of the nuclear

form factors used when evaluating the nuclear electromagnetic vertices in these graphs.
To translate this into a useful form for the present purposes, all of the model-dependent
variables — like A and the moments (r?), and (r).,, — must be traded for a dependence
on the existing variables €, and ¢, (as we know must be possible).

This is a particularly simple process for electrons, and it is simple because the
important scales circulating within the QED loops have energies of order the electron
mass. As a result they involve very high energies relative to the scales allowed in
our low-energy effective description. Because of this any QED loop-generated effects
that explicitly involve nuclear properties can only influence physics within a Compton
wavelength of the nucleus, and so from the point of view of the EFT can be described
by a local operator localized at the nuclear position. But because the action S, of
(1.5) and (2.5) contains the most general local interactions involving the given degrees
of freedom, any nucleus-dependent QED loops can simply be regarded as shifting the
values of the effective couplings that are conceived to be functions of nuclear properties,
and so correcting the formulae (3.44) and (3.47).
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Because of this the nucleus-dependent energy shift contributed by QED loops are
given by precisely the same formulae as above — i.e. egs. (3.40) and (3.39). Within this
picture the spin-independent and spin-dependent parts of (4.3) are completely captured

N—QED

by omitting £ oLy and then simply by using the modified results

& = (Z1°2“>2 (%>Q{<r2>c 1+ (Za)? <1+—1 [<m> %]) +

a(Za) (41112—5)] - %mT(Za)(rsﬁf +.. } (4.4)

622:%{1+%(§lln<2—2>—%§]—Z)-l-"'} (4.5)

instead of (3.44) and (3.47) in the remainder of the energy shifts: eqs. (3.40), (3.41)
and (3.42).

and

Muons

Incorporation of nucleus-dependent one-loop QED corrections can be done in a similar
way for muonic Hydrogen, though with an important difference. The explicit one-loop
calculation has been done for muonic Hydrogen, with the result [30, 106, 109, 110]

gNQED(M):§<41n2—5) o(Za) "5 (), (4.6)

nF%+
m, 2oz(Zoz)4 5 5 4 A? 317
s (5) T miren 15— 5 (02 )~ Ts

T R G Y N

9n3 T

+

NI

and

ev-amn(yy = 4 2 [“<Z“)4] me{i - jzamiile, . an
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The quantity =, appearing here vanishes (to the order we work) for j # %, and is

given for j = % by

2
_ m.\ nn—01-1) [ _ 2
(Za) 21 = {< ) STES | amem 12 )

m) i+ )P

x/:odxe@ii)%” (1+%> x2—1}
* {fj[@)l!]); (2) (757)

43 )
x / 0 L (G (0 0) L (0) (4.8)

o me |\ _nz 1 1'2—1
() 32
></1 dz e )(Z)O<1+2x2> p }(5w+a

in which the factor of (Za)? is extracted so that Z,1_ is order unity.””

In these expressions m and m, denote, as usual, the muon mass and the muon-
proton reduced mass, m, = mM/(m + M). The electron mass is here (and only
here) denoted m, to emphasize that it is not the orbital lepton’s mass, and enters
through the contribution of electrons in virtual loops. The orbital-angular momentum
quantum number [ is the unique one consistent with j = { £ § and @ = (—), while

po = 2m,Zar /n is the non-relativistic dimensionless radial variable of the Schrédinger-
Coulomb problem and L*(z) are the associated Laguerre polynomials,

)~ S 4D
Ly () = Z<_1> (n —p)i(k +p)'p!

p=0

P (4.9)

Finally G'(x,0) is the reduced Schrodinger-Coulomb Green’s function for n.S;  states,
which is not known for general n but is computed for n = 2 in [110] to calculate the
above radiative corrections for the 2P — 25 Lamb shift in muonic Hydrogen.

All of the terms in (4.6) that do not involve =, 15 come from the contributions of
virtual muon loops, and so have the same functional form as did the electron loops for
electronic Hydrogen. Because the important loop momenta for these graphs is set by
the muon mass, their contribution to nucleus-dependent effects can also be captured
by modifying the effective nuclear couplings. They consequently contribute to a shift
in €, and €, of the same form as in eqs. (4.4) and (4.5), but with m and m, denoting
the muon mass and the muon-proton reduced mass.

2This factor of (Za)? can be displayed more explicitly by rescaling the integration variable z —
t:=z/(Za).
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It is the =, 1, terms that are the key difference between the result (4.4) for elec-
tronic Hydrogen and (4.6) for muonic Hydrogen. These terms come from the vacuum
polarization graph, in which virtual electrons circulate within the loop. Although the
dominant momenta in this loop still have magnitudes of order the electron mass, the
electron Compton wavelength is not much smaller than the muonic Bohr radius. This
precludes absorbing this graph into the value of an effective coupling like €, or €.

To summarize, the full calculation of nucleus-induced energy shifts in muonic Hy-
drogen, including QED contributions [59, 106, 110], is captured by using the modified
parameters €, and €, of (4.4) and (4.5) in the energy shift (3.40), (3.41) and (3.42),
and including only the electron loop separately, using

ZN=0ED () _ 16 la(Za)zl <%>2mi)€

[1]

x* N

P L v - it (4.10)

For electronic Hydrogen this last contribution is not separately required.

4.1.2 Structure-dependent recoil corrections

The arguments used above for QED corrections apply equally well to recoil corrections.
Recoil corrections for a point nucleus are well-known, sf’lg-gc, 55%?;" [111-114] as are
many explicit nuclear-size contributions, the leading ones of these that are not simply

due to substitutions of reduced mass into the charge-radius term give [29, 52, 108, 109]

Noree (Za)® (%) (Fem + (4.11)

n3

where we see the Zemach radius, (r)., emerge in a spin-independent context.
What matters is that to this order the n-dependence of this result is precisely the

same as that of egs. (3.40), and so it can be absorbed into 5“532]@

by shifting €, from
the value given in (4.4) by adding the new contribution

b = — <Z§)3 (%)2 “X;m . (4.12)

The upshot is that these nuclear recoil terms, though numerically significant, only

modify the relationship between ¢, and nuclear properties; what they do not change is
the functional form of (3.40) as a function of e,.

4.1.3 Observables

The above sections use a first-quantized EFT to compute all spin-independent nuclear-
size contributions to atomic energy levels that arise at orders (Za)*m3R?, (Za)*m*R3
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and (Za)®m3R?, plus all contributions linear in nuclear spin out to order s m*R(Za)*.
We show that the results agree with the extant calculations in the literature [105, 106,
116]. Most importantly these calculations show that, on very general grounds, the many
nuclear moments that arise in standard calculations are all captured as contributions
to only two independent effective parameters, our ¢, and €,. In this section we use
these results to predict the size of numerous atomic transition energies. By fitting the
two parameters €, and €, themselves from well-measured atomic transitions we remove
the usual nuclear uncertainties from these calculations.

We focus first on atomic Hydrogen, since for this many more transitions are mea-
sured, but these same techniques can equally well be applied to muonic Hydrogen. The
main difference for muonic Hydrogen is the relative scarcity of measured transitions,
though those that have been measured have been done with spectacular accuracy. We
provide a single prediction for a soon-to-be-measured muonic Hydrogen transition at
the end of this section.

As ever, our starting point is the energy-level expressions (4.1) and (4.2), repro-
duced again here:

Wnijo = Whyio + Wheic ) (4.13)
where (4.2) gives the point-nucleus contribution, and is regarded here to be a known
quantity (since our focus is on nuclear contributions), evaluated to any desired accuracy.
Eq. (4.2) also gives the nuclear-size part of the level shifts as

N—QED
nFjw + gnF]w )

WV = w4 5wl

nFjw njw nFjw

+ o'l (4.14)

where the first three terms are considered in detail in this paper given by (3.40), (3.41),
(3.42) and (3.22), in which the parameters y,, = +1, as well as ¢, and €, first arise.
The final term is the nuclear QED radiative correction 2" of (4.10), that only
need be considered for muonic Hydrogen (because, as shown above, all of the other
nucleus-dependent QED effects can be absorbed into (3.40), (3.41) and (3.42) when
one uses (4.4) and (4.5) for €, and € rather than (3.44) and (3.47)). ¢ nF]r;C is omitted
from this formula because it can also be absorbed into (3.40) through the shift (4.12).
In practice the nuclear corrections of interest here are only important for j = % states;
the case to which we specialize below.

Of course, the observables of experimental interest are not atomic energies, they
are the frequencies, v (an —n'Ly" /), of radiation emitted in a transition between an
initial state nL; and a final state n' LQ,F ". These are what can be measured with great

precision, and are given in terms of energy differences of the initial and final states,

F rrr BT\ pt N—QED N—QED
v (nLJ _nLj’ ) - (wnFjw _wn’F] w’>+(5 nFjw 5wnF]w>+<5nFjw _gn’F’j’w’) :

(4.15)
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The next two sections use the two best-measured values for these frequencies to
determine ¢, and €, from which predictions can be made for all other levels without
introducing any uncertainties associated with the model-dependence of explicit nuclear
calculations. What makes this strategy work is the observation that only these two
parameters are needed, to the accuracy we work. All of the many potentially relevant
nuclear moments that are naively needed to this accuracy actually only appear in
atomic energy shifts through the two formulae (4.4) and (4.5) that predict the values
for the two parameters €, and €.. But one never need compute these two parameters
from moments if one instead infers them directly from atomic experiments.

Precisely how many parameters are required for any given accuracy? The answer
depends on the number of powers of Za and in R/a,; one wishes to keep (where ay
is the relevant Bohr radius and R ~ 1 fm is a typical nuclear length scale), since this
controls when the values of new integration constants like /% for higher spherical
harmonics become needed. Table 1 gives the size of various nuclear contributions to
energy levels, obtained by estimating the size of nuclear moments to be (r*) ~ R¥. For
each order in the expansion in powers of Za and R/az ~ mRZa«, this table also shows
how many parameters are in principle required.

Estimates for the numerical size of each contribution is given in Table 1 for both
atomic Hydrogen (for which mRZa < Za), and for muonic Hydrogen (for which
mRZa ~ Za). We consider each of these two cases in turn.

4.2 Atomic Hydrogen

In atomic Hydrogen the three most accurately measured transitions are [6, 8, 105]
v <1Sf=1 _ 1Sf=0) —: 1y, = 1420405751768 (1) kHz,
2 2
v <2Sf =1 _9gF :0) —: Vyg,,, = 177556.8343 (67) kHz, (4.16)
2 2

y (23{“ =1 _ 1515—1) —: vy1 = 2466061 102 474.806 (10) kHz,
2 2

which have experimental errors of size 107%kHz, 6.7 x 1073 kHz and 10~2kHz respec-
tively. A large library of other measured transitions having experimental errors of 1
kHz or worse is given in [6], and similar precision also arises in more recent experiments,
such as the recent 3S1=! — 154=! and Lamb shift measurements of atomic Hydrogen
in [25] and [26] respec%ively. M;ny of these transitions are reproduced here in Tables 5
through 7.

As Table 1 shows, for atomic Hydrogen the two parameters €, and e, suffice to
describe nuclear contributions to atomic energy shifts down to an accuracy of about
1073 kHz, which is much smaller than the ~ 1 kHz experimental accuracy listed [6]
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for most of the transitions appearing in Tables 5 through 7. For ease of comparison,
contributions of order 1072 kHz are shaded in green in Table 1. Notice in particular

that these estimates show that the contributions of 557(1112]-7” coming from ¢ in (2.48),
which first arise at order s m*R?*(Za)®, are too small to be relevant at an accuracy of

a Hz, and so can be neglected in what follows.

Fitting for ¢, and ¢,

Before providing more precise numerical estimates for nuclear transitions we provide the
explicit formulae to be used to obtain them. Recalling that all €, and e, dependence
appears in egs. (3.40), (3.41) and (3.42) and that (3.22) can be neglected, and that

N—QED

we can set . = +1 and (for electrons) ¢,,2*" = 0, the nucleus-dependence of the

parity-even j = 3 levels is
6 NS . 8 my ? VA 2, 3 2 1 VA 2 9 H
wnF%Jr(e) = — ( a) my 4 €ee |1+ ( a) I

n? \'me
I <2Zozmre*ve> N 12n? —n — 9>]
n dn?(n+1)

- (%) Za e?eXF} (4.17)
where the subscript ‘e’ again emphasizes that this expression applies only for electronic
(and not muonic) Hydrogen-like atoms with spin-half nuclei. Here X is defined in
(2.34) and we leave factors of nuclear charge, Z, explicit in the answer (for applications
to general spin-half nuclei), although take Z = 1 for our numerical applications to
Hydrogen. As above, M denotes the nuclear mass and we write its magnetic moment
as piy = Zegy/(2M) (specializing to Hydrogen via the replacement gy — g,). The
analogous formula for parity-odd j = % states is

2 2
5w, (e) = 2(Za)* (” 1) (m) mie,. (4.18)

n® Me

Since terms not proportional to X, cancel from any hyperfine interval, we fix €
using the experimentally measured 25 hyperfine splitting frequency (4.17). Using (for
Jj = % states) Xy = —|—§ for FF'=1and X, = -2 for F' =0, gives

& [m, 2 gnMe

Me

It is convenient to group together the experimentally measured value and the theoretical
point-nucleus effects, since these are both regarded as given when effects related to
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nuclear size are of interest. Define therefore the precisely known quantity

Ans,,, = (wt — ) - (4.20)

1
n1§+

in terms of which €, . is accurately determined by

N 8 (my ? gnTTle
Ko, =5 () () (Zapmie,. (1.21)

Notice also that these formulae also predict the nuclear-size contributions to the two
hyperfine transitions given in (4.16) are related by

Awss,,. = 8 A, . - (4.22)
We similarly use v9; to fix €, ., while using (4.21) to eliminate €z ., and so
_ pt pt
Va1 = (w21§+ - u)11§+>

2
) 17
+<ZO()2 (ﬁ) mieie {]_ + (ZO()Q l2 - — E — ln(ZozmTE*,eﬂ }

me
2
2 (M 3.2 2 5
—8(Za) <—> mie; . {1 + (Za) lQ ey ln(QZozm,«e*yeﬂ }
Me ’
1 —_— —_—
_Z_l Aw2shfs + 2 AWQShfS, <423)
which can be rewritten
—_— 7 —_—
ACUQl = _Z A(,UQShfs <424)
2
r 81 8
+7(Za)? (%) me:, {1 +(Za)? lm 7= In2— ln<Za mre*,e>] } :
which defines the precisely known quantity
@21 = (u)g;%_’_ — wffé+> — U791 . (425)

For numerical purposes it is useful to have numerical values for these quantities, which
are [105]

Awss,,, = 58.07(57) kHz, Aw,g,,, =7.22(57) kHz and Aw,, = 955.31(57) kHz,
(4.26)
which also shows that (4.22) is satisfied, within the errors.
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Eq. (4.24), has the form
Le=2.(9.—Inz.) = —z.In (e*""'ze) , (4.27)

with z. := (m, €,.)? and

2 <me>2 (B +§ B,
Le = -

m, Tm,.(Za)t ’
2 81 16
= ———2In(Z — —2y——1In2. 4.2

This is to be solved for z, and so has solutions given by branches of the Lambert
W-function?
(mene)? =€V with Wi=W_ (—r.e™) + .. (4.29)

The Lambert W-function returns real values only for real arguments in the range
x > —e !, and is double valued for arguments —e™' < x < 0. One of the branches
takes values —1 < Wy(z) < 0 while the other satisfies W_; < —1 in this range. We
choose the branch, W_;(z), here because (m,€,.)? is both real and small, and because
Za < 1 implies v, > 1. These two statements are only consistent with one another,
and with eq. (4.29), if W(z) is order —y, for x near zero. The numerical values inferred
in this way for €, and €, are given in Table 2.

Given these explicit solutions for €, . and €, . as functions of the two well-measured
energy differences (combined with well-understood point-nucleus theory contributions)
we may now use these to directly express predictions for the nuclear part of the energy
shift for any other energy levels, without direct reference to nuclear physics. For parity-
even j = 3 states this gives

2
01, (0) = (20 () e

n3 Me

27« W 12n2—-n-—-9
14+ (Za) |2 =y = Hyppy —In (22 22 2r —n—?
Qe ot (T8) 5
3 —
KPS (430

while for parity-odd 5 = % states one instead finds

)y (e) =2 (" ) (za’ (ﬂ)m . (431)

n® Me

2T (2) is defined as the solution to W (z)e"V®) = 2, and is multiple-valued with branches labelled
by an integer k. The branches relevant for real z are Wy(2), which is defined for z > 0, and W_1(z),
whose argument satisfies e=! < z < 0.
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Transition (255/:21 — 2Sf/:20) <251F/:21 - 1Sf/:21>
Experimental value | 177556.834 3 (kHz) | 2466 061 102 474.806 (kHz)
Experimental error 0.0067 (kHz) 0.010 (kHz)

Pt. nucl. theory | 177564.05 (kHz) | 2466061 103430.12 (kHz)
Pt. nucl. error 0.57 (kHz) 0.57 (kHz)
Inferred param. (mepe)? (mey)?
Fitted value 3.71 x 1078 2.1020 x 10711
Prop. exp. error 0.0035 x 1078 0.000034 x 10~
Prop. theory error 0.29 x 1078 0.0025 x 10711

Table 2: The experimental values (row 2), the experimental errors (row 3) and the
point-nucleus theoretical values (row 4) and errors (row 5) for the reference transitions
in atomic Hydrogen used for fixing the values of the two nuclear parameters listed in
row 6. The last 3 rows give the values inferred for these parameters (row 7) and the
errors they inherit due to the experimental uncertainty (row 8) and the precision of the
point-nucleus calculation (row 9).

Transition frequencies are then simply given by differences of the above, for different
choices for n and F.

There are three main sources of error when using expressions (4.30) and (4.31) for
transition frequencies. One of these — the ‘truncation’ error — arises because the above
expressions drop terms beyond a fixed order in Za and mRZ«. For electronic Hydrogen
this truncation puts a floor of about 0.001 kHz to the nuclear contribution to atomic
energy shifts. To this must also be added two other sources of error: the experimental
accuracy with which the input quantities vy, and vyg,,, are measured (with current

values given in (4.16)), and the uncertainty with which the point-nucleus prediction for
t

gFjw

sources of error can be much smaller than is permitted for explicit calculations of the

W is known (which is limited in principle by the persistence of theorists). All three
nuclear moments using nuclear models, and can also expect to improve into the future
unconstrained by limitations in nuclear modelling.

Table 3 lists several atomic levels (taken from [6] and [25, 26]) that are measured
to better than 10 kHz accuracy, and compares for each the overall size of the nuclear-
structure prediction of eqgs. (4.30) and (4.31), as well as the three sources of error in
this prediction described above. Tables 5 through 7 list these similar information for a
larger class of measured transitions given in [6]. In all cases the nuclear error is much
smaller than the current experimental uncertainties. Many rows of these tables share
the same values because the only shift that is larger than 1072 kHz in size arises from
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Transition Vexp AE® AE®P | AEt | A Etrune
2Pt — 25770 909 871.7(3.2) ~143.70 | 0.0069 | 0.57 | 0.00031
157750 — 18775° 1 420 405.751 768(1) ~57.8 | 0.054 | 4.5 | 0.0033
8515t — 25175 770 649 350 012(9) —134.348 | 0.0014 | 0.080 | 0.00010
8D, — 2575 770 649 504 450(8) —136.481 | 0.0014 | 0.081 | 0.00010

8D, — 2575 770 649 561 584(6) —136.481 | 0.0014 | 0.081 | 0.00010
12D5 %" — 257 7! 799 191 710 473(9) —136.481 | 0.0014 | 0.081 | 0.00010
12D; % — 25771 799 191 727 404(7) —136.481 | 0.0014 | 0.081 | 0.00010

357, — 185" | 2922 743 278 671.5 (2.6) | —1051.35 | 0.011 | 0.62 | 0.00079

Table 3: Transitions from [26] (row 2), from [6] (rows 3-8) and [25] (row 9) that are
measured with better than 10 kHz accuracy in atomic Hydrogen. Column 2 gives their
experimental values (with experimental errors in brackets); all values given in kHz.
Column 4 gives the nuclear-finite-size contribution to the transition energy predicted
by egs. (4.30) and (4.31). Columns 5-7 give the uncertainties in this prediction: column
5 is the error from measurement errors in the reference transitions; column 6 gives the
error due to theoretical uncertainty in the point-nucleus finite-size effects [105]; while
column 7 is the error due to neglect of higher orders in s, Za and R/ay = mRZ«a
beyond those given by green squares in Table 1. Uncertainty in values for a and Ry
give errors significantly smaller than those listed.

the shift of the S-wave state, which is common to many transitions in the list.

In our numerical evaluations of these formulae we use the values for binding ener-
gies as given in [105] to fit the two parameters €, ., €. .. The errors given in [105] for
the point-nucleus parts of the theory are at the 0.1 kHz level (which as these authors
report, is satisfactory for the current experimental precision). The implied uncertainty
for transition energies (and so also for €, .) then is effectively twice as large because
transition frequencies involve energy differences. The same large uncertainty inherently
exists for €, ., which is found through a different interval of binding energies. Currently
this error dominates both the experimental error and the ‘truncation’ uncertainty men-
tioned earlier. The good news is that the theoretical error in the point-nucleus part
of the energy differences can be made much smaller simply by including higher-order
calculations.
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4.3 Muonic Hydrogen

Lastly, we comment on how the above calculations are adapted for muonic Hydrogen.
The most accurate measurements of transitions in this system are [5, 19, 115]

ve = v (2P537 — 25755") = 206.2927 (27) meV,
vy = v (2P];" — 281,°) = 225.8536 (43) meV, (4.32)

with an experimental uncertainty of approximately 1072 meV.

The last column of Table 1 shows the size for muonic Hydrogen of each term in
the expansions in powers of Za and mRZa, and in particular shows that the same
orders considered above for electronic Hydrogen — i.e. spin-independent contributions
at order m*R*(Za)*, m*R3*(Za)? and m3R*(Za)® together with the Zemach moment
contribution at m*Rs(Za)* — also control nuclear effects in muonic Hydrogen down to
a precision of about 0.01 meV. To this accuracy there are therefore only two nuclear
parameters relevant, e, , and €, ,, whose values can be inferred using the experimen-
tal results (4.32). Once a third transition frequency is measured nucleus-independent
predictions can in principle be tested.

Calculations reaching the experimental precision of 1072 meV, however, likely also
require including contributions at order m°R*(Z«)® (indicated in yellow in Table 1).
Although these can be computed using the methods in this paper, we do not do so here,
for several reasons. First, proper treatment of boundary conditions to this accuracy
also requires generalizing S, to include spin-independent effective couplings out to
dimension (length)?*, and spin-dependent couplings out to order (length)®. This in turn
involves analyzing the running of the existing couplings out to higher accuracy in p.
than was performed here. Furthermore, as Table 1 shows, this new term introduces the
additional complication that corrections to the j = % modes first become relevant at this
order, potentially introducing a new integration constant, % /%, and possibly requiring
the addition of a third RG invariant parameter. Although this requires nothing new
conceptually, it is a considerable complication that we defer to future work.

In what follows we instead work only to the 0.01 meV accuracy that our calculations
above already capture, and identify how the two independent parameters ¢, , and €,
are determined by existing observations, and sketch how to use these to predict the
nuclear-structure part of the predictions for any other muonic Hydrogen levels that
might be measured in the future.

Determining ¢, and ¢,

The finite-size effects in muonic Hydrogen, written in terms of RG-invariants and ap-
proximately accurate to order 107® meV in the spin-independent sector but only to

196



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

1072 meV in the spin-dependent sector are captured by the sum of the contributions
from (3.40), (3.41) and (3.42), as applied to the muon, as well as adding (4.10), giving

8 /'m 2 2c
—Q _ T 2 3 2 -
bty )+ e = o () (Zapmit{e, |1+ (3 ) 2
27 am..e 12n%2 —n—9
Za) (2 — —H,—1 Uil
tZa) ( 7 Hu ( " >+ WD) )]

— (%) (Zoz)e?uXF} (4.33)

which is of almost exactly the same form as in the electronic case, except for the

N[

term proportional to =, (defined in (4.8)) which encodes the radiative corrections to
finite-size effects due to electron vacuum polarization. Similarly

2_1 m, 2
sy 0+ =2 (M2 ) e (20) ke, (4.3)

2 n

2
§ 28 JalZal) (m" e =,
3n3 T my, (el

We follow ref. [116] and define two useful combinations of the two measurements of

(4.32), which help isolate the complications due to the electronic vacuum polarization.
The first linear combination of measurements in [116] is largely dominated by the
hyperfine energy contributions and is useful for extracting €, , directly, much in the
same way as was done for the 25 hyperfine splitting in the electronic case, leading to

. t t pt pt
Vs =t = <w§1§+ N w§0§+> B (w22§+ B w21§+)
8 (m\° M€y 2,32
3 (m,) (F57) (Zaymic,.  @3v)

In this expression the point-nuclear theory terms combine into the hyperfine splitting
combination for the 25}/, and the 2P;/, states, motivating the definition

A t t t t
Awpps = <w§1é+ - w50;+> — (w§2§+ — w§12+> — (1/8 - yt>, (4.36)
in terms of which a numerical value for €, , can be obtained, since
T AN (Tt (Zaymd & (4.37)
3 \my, A ToRR '

For later convenience we record the numerical value for the point-nucleus theoretical
expressions, as collected by [116]. For the transitions vs and v; of (4.32) they are

wgf%+—w§g%+ = 209.9450 (26) meV  and w§;%+—w§f%+ — 229.6813 (34) meV, (4.38)
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while for the hyperfine intervals one has

W — WPt =1229858(26)meV  and WP, — W, =3.2480(2) meV, (4.39)

212+ 205+ 2234 213+

which also include the state-mixing ¢ contribution® [116] that is part of egfj?w.

The second useful linear combination, i(us + 314) is defined so that the mixed
hyperfine, finite-size effects tracked by the variable €., cancel — to the accuracy used
here — and hence for our purposes also allows for a direct fit of the €, , parameter. The
contributions that survive in this second combination are separated by the authors of
[116] into various point-like theory effects including the traditional (QP% —25; ) Lamb
shift, and the nuclear-size dependent piece. In our present notation this second variable
becomes

1 1 3
o pt pt pt pt
1 (Vs + 3Vt> 1 <w21§+ N CL)20§+) + 4 <w22§+ a w21§+)

2
. 1
_ (m ) (Zoz)QmieiH {1 + (Za)? lﬁ —~v—H;— ln(ZozmTe*,#ﬂ

48

200 /_ _
to (:2%+ - :2%+) } . (4.40)

Some useful numerical values as transcribed from [116] with the help of [115] are
also quoted here for later use,

1
T(m, - ) 3 (bt — bty ) = 2148846 (1) meV,

4 \ 7215+ 205+ 4 \"228+ a1l
2
and 3—0‘ (EQ%+ - EQ%+) — 0.0038556. (4.41)
T
These motivate the following definition
U . 1 t t 3 t t
AWpamp = 1 (cuglng - w§0%+ - V5> + 1 <w§23+ - w§1%+ — Vt> : (4.42)

which simplifies solving (4.40) for the value of €, .. From here on in the argument
proceeds much as for electrons, defining

L= 2, (t)u —In zu), (4.43)

with parameters

r=2 (m“>2 Aam ,

m, ) (Za)*m,
2 200 /_ _ 15
= Zay l1—|—3—7r<:2é+—:23+)] +§—27—21n(Zoz), (4.44)

24This is a point-nucleus mixing of the F' = 1 levels for j = % and j = % that arises at second order
in the nuclear magnetic field.
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Transition Vg — Uy i(l/s + 31;)
Exp. value (meV) 19.5609 211.1829
Exp. error (meV) 0.0051 0.0023
Pt. nucl. theory (meV) 19.7363 214.8791
Pt. nucl. error (meV) 0.0030 0.0025
Parameter (mer,,)? (mey pu)?
Inferred value 3.51 x 107% | 3.30506 x 10~®
Prop. exp. error 0.10 x 107 | 0.00056 x 10~
Prop. theory error 0.060 x 1079 | 0.00064 x 10~®

Table 4: Measured transitions in muonic Hydrogen and linear combinations of these
measurements (row 2) that are useful for fitting finite-size effects. The experimental
errors are given in row 3, the point-nucleus theoretical contributions in row 4 and the
errors in these in row 5. The parameters that we fit for are given in row 6, their fitted
values are in row 7, and their uncertainty coming from the propagated experimental
error are in row 8, while that coming from propagated point-nucleus theoretical errors
are in row 9.

leads to a solution involving the Lambert W-function

(mrep)® =€V where W= W_q (—r.e7%) +1,. (4.45)

This last equation, with (4.37), give the required solution for both €, , and €, ,
in terms of well-understood point-nucleus parts of the theory and experimental values.
Using these in (4.33) and (4.34) for other energy levels allows other transition energies
to be computed without the usual nuclear uncertainties. Predictions made in this way
are completely independent of nuclear models and their associated inaccuracies.

As an application of the predictivity of these techniques consider the planned mea-
surements of the ground state hyperfine splitting experiment of muonic Hydrogen,
whose precision is expected to be ~ 107 meV [23, 24], and whose value is expected to
provide the Zemach moment of the proton to a higher accuracy. As discussed above,
to obtain this same theoretical accuracy using the techniques pursued here requires
including higher-order terms than have so far been computed. We nonetheless pre-
dict here, for illustrative purposes, the nuclear contribution to this amplitude to the
accuracy possible with the calculations given above, and find

5wi’1s%+(u) + sfl_%iED(u) - (5wi’§%+(u) — sfo_%im(u) = —1.415(48) meV,

(4.46)

with the total uncertainty resulting from a net experimental error of (0.041) meV, net
point-like theoretical error of (0.021) meV and a truncation error of (0.013) meV. For
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comparison, a similar calculation directly using (3.39) and (4.6), and simply quoting
the values of (and errors for) nuclear moments (and the parameter A) estimated from
nuclear models [116] instead gives
6wTIS%+(u) + 8?1_%3”(/“4) — 5wf§%+(u) — 5?0_%6_9:3[’(/1) = —1.385(47) meV, (4.47)
which are consistent with comparable quoted errors. Even if one accepts that the errors
in nuclear models used in (4.47) are well-understood, because the errors in (4.46) are
controlled only by experiments and theory calculations using point nuclei, they can
improve dramatically as these are improved, without needing new approaches to nuclear
theory.
Although not yet at an accuracy of 10~ meV for muonic Hydrogen, we regard the
above exercise to be a proof of principle that nuclear-modelling uncertainties can be
banished for muonic Hydrogen using essentially the same steps as for atomic Hydrogen.

5 Summary and Outlook

To summarize, this paper extends earlier arguments based on first-quantized EFTs
for spinless nuclei (PPEFTSs) [64, 72] to include nuclear spin. The response of ‘bulk’
electromagnetic fields and a Dirac lepton field to this point nucleus is computed in
order to capture how nuclear structure alters leptonic energy levels.

Spin is included by supplementing the nuclear center-of-mass coordinate, y*(7),
with Grassmann (anti-commuting) classical variables, £#(7), that are also localized on
the nuclear world-line. Once quantized, the Grassmann variables £* fill out a finite-
dimensional quantum state space that represents spatial rotations (and thereby encodes
the finite-dimensional space of nuclear spin-states). General EFT principles ensure
that such a first-quantized effective action can capture the low-energy behaviour of any
spinning nucleus provided one includes all possible interactions in the first-quantized
nuclear effective action, subject to the other symmetries of the problem and unitarity.
The effects of the effective nuclear couplings get transferred to electromagnetic and
lepton degrees of freedom through a set of matching boundary conditions [70-72] that
govern the behaviour of bulk modes in the near-nucleus regime r = ¢ < az, where ag
is the lepton’s Bohr radius.

Experience with spinless nuclei [64, 72] shows that although there are many effective
couplings (or nuclear moments) these only turn out to contribute to atomic energy shifts
through a limited number of combinations. Ref. [64] showed that when computing
atomic energy shifts for spinless nuclei of size R, and if one is expanding energies
in a powers series in Za and R/ay ~ mRZa, then up to and including effects of
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order m*R3*(Za)® or m®R?(Za)® all nuclear moments contribute only through a single
parameter, €,, that has dimensions of length. Although €, can depend in a complicated
way on nuclear moments — typically with €, ~ (Za)R — the leptonic energies themselves
are functions of these moments only through their dependence on «,.

We here show that a similar statement also holds once nuclear spin is included.
Working to the same order in Za and mRZ«, and also including similar sized nuclear-
spin-dependent terms, shows that all nuclear moments appear in atomic energies only
through two parameters, €, and e¢.. We verify that we reproduce the explicit nuclear
calculations in the literature (to the order we work) and provide explicit expressions
for how these parameters depend on nuclear moments.

A technical issue that arises in these calculations concerns the divergences that one
finds when computing matrix elements found when perturbing in the nuclear magnetic
fields. These divergences arise because the presence of nonzero nuclear size makes modes
external to the nucleus more singular near the origin. Strictly speaking this divergent
behaviour stops once nuclear structure intervenes, but nuclear structure is not present
to do so within the PPEFT formalism, wherein nuclei are replaced by point objects
with many effective couplings. We show that sensible predictions can nonetheless be
made, because the near-nucleus divergences can be renormalized into the values of the
effective nuclear couplings.

We have carried through this EFT program and applied it to compute nuclear ef-
fects in atomic Hydrogen. We correctly capture existing results for the energy shifts due
to the charge radius, nuclear polarizabilities, Friar and Zemach moments and others,
and thereby verify that these all contribute through only the two independent param-
eters €, and €., down to contributions at the 1072 kHz order in atomic Hydrogen. By
fitting these two parameters to two particularly well-measured transitions, we can pre-
dict the nuclear-size contributions to a large number of energy levels listed in [6, 25, 26].
Our uncertainties are independent of nuclear models, and are currently dominated by
the precision with which pure QED corrections have been computed for point nuclei.
Our errors are reduced by at least one order of magnitude compared to what is reported
in [105] for such finite-size effects. Our results are summarised in Tables 2 and 3 for the
best measured transitions, and in Tables 5 through 7 for a broader class of transitions.

We repeat the exercise for muonic Hydrogen, with results given in Table 4. Again
two parameters suffice to capture finite-size nuclear effects down to errors of order
0.01 meV, although this is not yet competitive with the accuracy of current (and
upcoming) measurements. The required improvement is a straightforward extension
of the methods used here, making them much easier to perform than are traditional
nuclear methods.

We remark that the same techniques apply equally well to nuclear-structure con-
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tributions to energy shifts for heavier and more complicated spinning nuclei such as
deuterium, tritium, various helium isotopes, lithium and beryllium, with convergence
of the low-energy EFT expansion expected to be quickest for those nuclei with the
largest internal gap to exciting internal nuclear degrees of freedom.

In future work we hope to carry out a meta-analysis of available data for most
low-Z electronic and muonic atoms and make predictions of the finite-size effects in
transitions of these system that are relevant for future experiments [23, 24] that are
equally well unclouded by inaccuracies of nuclear moments as they only depend on
non-finite-size theory and experimental measurements.
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Transition AE® (kHz) | AE®P (kHz) | AE"™ (kHz) | AE"™™¢ (kHz)
OPI=T — 250 ~143.70 0.0069 0.57 0.00031
QPI=T — 95— ~143.70 0.0069 0.57 0.00031
3PE=T —25F=1 | _136.480 0.0014 0.081 0.00010
3PI=0 _95F=1 | _136.480 0.0014 0.081 0.00010
3PI=2 —25F=1 | —136.481 0.0014 0.081 0.00010
3PE=T —25F=1 | _136.481 0.0014 0.081 0.00010
85T _25F=1 | _134.348 0.0014 0.020 0.00010
SDF=2 _9GF=T | 136481 0.0014 0.081 0.00010
SDF=T —28F=1 | _136.481 0.0014 0.081 0.00010
8DFF— 2871 | —136.481 0.0014 0.081 0.00010
SDF=2 —25F=T | _136.481 0.0014 0.081 0.00010
10DFZ3 —28F=1 | —136.481 0.0014 0.081 0.00010
10DF=2 — 28F=T | —136.481 0.0014 0.081 0.00010
12DF=" —28F=1 | _136.481 0.0014 0.081 0.00010
12DF=T —98F=T | —136.481 0.0014 0.081 0.00010
12DF=3 —287=1 | 136481 0.0014 0.081 0.00010
12DF=% —28F=1 | _136.481 0.0014 0.081 0.00010
3PI=1 _ 3GF=0 —42.58 0.0020 0.17 0.000092
3Pf§2 — 385t —40.439 0.00042 0.024 0.000031
3PI=2 3570 ~42.58 0.0020 0.17 0.000002
3PI=T _ 3gr=T ~40.439 0.00042 0.024 0.000031
3Pf§1 — 35F3° —42.58 0.0020 0.17 0.000092
3DES? — 383! —40.439 0.00042 0.024 0.000031
3DI=2 _ 35F=0 4258 0.0020 0.17 0.000092
3D§§1 — 35{51 —40.439 0.00042 0.024 0.000031
3DE=T — 35F=0 “42.58 0.0020 0.17 0.000092
3DF=2 _ 35F=0 “42.58 0.0020 0.17 0.000092

Table 5: Finite-nuclear-size effects (column 2) with three sources of errors (columns
3-5) for Hydrogen transitions listed in ref. [6] that can be measured at the 0.01kHz
level. See Table 6 (and main text) for more detailed descriptions of the column entries.
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Transition AE® (kHz) | AE®™® (kHz) | AE™ (kHz) | AE™ (kHz)
4PN 4SF=T [ 17.060 0.00018 0.010 0.000013
4PIT4SF=0 [ 17.962 0.00086 0.071 0.000039
APIS0 4SPT [ 17.060 0.00018 0.010 0.000013
4PEY —48F=0 | 17.062 0.00086 0.071 0.000039
4D§/§2 — 4851 —17.060 0.00018 0.010 0.000013
4DES? — 4SS0 —17.962 0.00086 0.071 0.000039
4DE=T —4SF=T [ Z17.060 0.00018 0.010 0.000013
4D§/§1 — 48F30 —17.962 0.00086 0.071 0.000039
4P52:2 — 45551 —17.060 0.00018 0.010 0.000013
4PE —48F=0 | 17.962 0.00086 0.071 0.000039
4P?f?2:1 — 4851 —17.060 0.00018 0.010 0.000013
4P§§1 — 45{;0 —17.962 0.00086 0.071 0.000039
4DF=3 —4SF=T [ 17.060 0.00018 0.010 0.000013
ADIZ5 —48F=0 [ —17.962 0.00086 0.071 0.000039
4D§/§2 — 45{7/;1 —17.060 0.00018 0.010 0.000013
4D§/§2 —48F30 —17.962 0.00086 0.071 0.000039
5PI= — 55121 | —8.7346 | 0.000001 0.0052 0.0000066
5PI=T — 5GI=0 ~9.197 0.00044 0.037 0.000020
5P1F/2:0 — 55{51 —8.7346 0.000091 0.0052 0.0000066
5PI=0 — 5GF=0 ~9.197 0.00044 0.037 0.000020
5P£2:2 —5S8FS1 —8.7348 0.000091 0.0052 0.0000066
5P§2:2 — 55530 —9.197 0.00044 0.037 0.000020
5PI=T—55F=T | —87348 | 0.000001 0.0052 0.0000066
5PI=T _557=0 | 9197 0.00044 0.037 0.000020

Table 6: More nuclear-size effects listed in [6]. Column 2 gives the nuclear-finite-
size contribution to the transition energy predicted by eq. (4.30). Columns 3-5 give
errors inherent in column 2: column 3 is the error due to uncertainty in %, /%, due
to measurement errors in the reference transitions; column 4 gives the uncertainty due
to uncertainty in the unperformed parts of the calculation not associated with nuclear
finite-size effects; column 5 is the error due to neglect of higher orders in s, Za and
R/az = mRZa beyond those given by green squares in Table 1. Uncertainty in values
for & and Ry give errors significantly smaller than those listed.
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Linear combination of transitions AES | AE™P | AR™ | ARtrunc

(kHz) | (kHz) | (kHz) | (kHz)
(413521—251/2)—}1( I —151/2> 102.35 | 0.0029 | 0.16 | 0.00021
(413520 255?)-;11(25{/21 15{};) 102.35 | 0.0020 | 0.16 | 0.00021
( e —281/2>—§( I —151/2) 119.41 | 0.0028 | 0.16 | 0.00020
<4P§22 1/2)—;11< I 1/2> 102.35 | 0.0020 | 0.16 | 0.00021
<4P§21—2Sf/21>—i(QSf/Zl—le/?l) 102.35 | 0.0020 | 0.16 | 0.00021
(485" — 25151) - L (28151 - 15%51) | 10235 | 0.0029 | 0.16 | 0.00021
(405/22 25521>—}1(25521 135;) 102.35 | 0.0020 | 0.16 | 0.00021
(6555—2855)—}1(35521—15521) 131.41 | 0.0031 | 0.17 | 0.00022
<6D5/2 251/2>—;§( . 1/2) 126.36 | 0.0031 | 0.18 | 0.00022
(6275 - 5551>—}1(3521—1Sf/21) 126.36 | 0.0031 | 0.18 | 0.00022

Table 7: Contribution of nuclear-size effects and the errors in this prediction for specific
linear combintions of transition energies (whose motivation comes from experimental
considerations), as taken from [6], that are observable at the 0.001 kHz level. See Table
6 for more details on the definitions of each column.

A Spin formalism

This appendix summarizes the quantization procedure for the Grassmann fields, £#(s),
and sketches the derivation of the final form for the nuclear action described in the
main text.

Quantization

The free spinning particle has action

S:/dsﬁz —/ds [M\/—Tﬁirig“éu} , (A1)

where the configuration variables are the bosonic coordinate y*(s) and the Grassmann
variables £#(s). This proves to be a constrained system because the symmetries of the
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problem (such as reparameterization invariance along the world-line) imply that these
variables and their canonical momenta are not independent.

As described in detail in [95] the canonical quantization procedure for systems
with constraints proceeds as follows. First identify the conjugate momenta and the
Hamiltonian, using

5S = / ds (5@# D, + 6€" m) , (A.2)

and so
oL My 0L
Pu = o /—_y.2 a Ty = 85” =

In principle one wishes to invert these expressions to write the velocities, g and &

i€, (A.3)

as functions of the momenta, and to use these to construct the Hamiltonian from the
Lagrangian. For constrained systems, like the one considered here, this inversion cannot
be done. For instance, for the Grassmann field the é’“ does not even appear in m,, while
the bosonic momentum satisfies the identity

prp, = —M?, (A.4)

(which is the correct dispersion relation for a relativistic massive particle). The inability
to solve for velocities in terms of positions and momenta arises because the system’s
positions and velocities are related by the following two primary constraints,

¢1:=p* + M* =0, and ¢, :=m, —i, =0. (A.5)
It is useful to incorporate the primary constraints into the Lagrangian,
Lo=—My/—? —it'¢, — 01 — ©"D,,, (A.6)

where 6 and ©" are Lagrange multipliers. The variation of £ with respect to y* and
&' subject to the constraints (A.5) is equivalent to the unconstrained variation of L.
provided that the new variables 6 and ®, are also varied. The Hamiltonian of this
theory including the constraints is then:

H, = yupu + é#ﬂ'u - L,
= 0¢p1 + @“q)u. (A.7)

Primary constraints like (A.5) need not exhaust all of the constraints because even
if the primary constraints are imposed on any initial conditions, additional constraints
might be necessary to ensure that (A.5) remain true for all times. The time evolution
of any function of canonical variables, A(q, p,t), is given by

dA 94

7= TAH)R=0, (A.8)
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where (---,---)p denotes the Poisson bracket, defined for Grassmann even and odd
variables by [96]:

(B, 5,), = (2E10B: 0B 0F, OE, 0E, 0E,0F,
PP g aph 9ge apl 9t ors 9 ol )

(E.0) :(3E80_80 3E) <3E 80+3O 8E>
PP\ 0 Oph 0q> Opl o ot 0 ons )’

0. - (ao OE  OF 30) B <ao OF | OF ao>
CE T\ 0ge Oph 0q> Opl RS

(A.9)

B 00,005 00500, 001005 005 00,
(01,02)p = <8q0‘ opd, i g~ 0193) (85“ ons, * g awg)

Any further constraints required to ensures that primary constraints hold for all times
are called secondary constraints.

For the constraints of (A.5) we find:

doy

1 = @OuH)p= 0 (p° + M*,p* + M?) , + O (p* + M* m, — i), =0, (A.10)

and

do
S = (@, H)p = 0 (7 — i€, 7 + MP) , — O (" — i€, — i6,),

= O (—idhoy — ing, 000" 105) = 20", (A.11)

and so the evolution of the bosonic constraint yields no new restrictions while preserva-
tion of the fermionic constraint in time constrains the Grassmann Lagrange multiplier
to vanish.

The primary constraints have the following Poisson brackets with one another

(61, 01)p = (61, 2")p = (B*, 1) p =0 and (D, D,), = 2in,, . (A.12)

Writing these constraints as a 5-component column vector, ¢, = {¢1, ®,}, these brack-
ets can be arranged into a matrix,

0 0 ] | (A.13)

Aug = (¢a, 08)p = [0 207,10

Zero eigenvectors of this matrix are called first-class constraints, and are obstructions
to the program of quantizing by using commutators to replace Dirac brackets, defined
by

(A, B)D = (A» B)P - (A, ¢a)P (A_l)ag (Cbﬁv B)P . (A-M)
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Zero eigenvectors are associated with local symmetries for which gauge conditions
must be chosen as supplementary constraints. In the above example A is diagonal
and so its only zero vector corresponds to the bosonic constraint ¢, corresponding
to the freedom to redefine the world-line parameterization. This symmetry can be
removed by choosing a gauge condition and checking its time evolution. The freedom
to reparameterize time can be removed by fixing a coordinate condition like

o=y —s5=0, (A.15)
and the evolution of this new condition now fixes the final Lagrange multiplier, since

dy

=—1+20p"=0. A.16
P + 20p (A.16)

With this choice the variable 3° is no longer dynamical and only the spatial components
of the position-vector need be quantized. Their conjugate momenta are
My;
bi = —F—;
V1—19?

which can now be inverted for the velocities:

(A.17)

[ — (A.18)

Voipi + M2
Finally, quantization proceeds by replacing Dirac brackets with commutators and
anticommutators, so

Z.(El,Ez)D_) |:E1,E2] , Z(O,E)D—> [OA,EA:| and i(01,02>D—> {01,02}
(A.19)
Using this for the variables {y*,£#,p'} in the present instance leads to

, . Al a 1
[#,p;] =i60  and {5“,51’} =", (A.20)
as used in the main text.

Representations

The bosonic commutators in the previous section are easily represented using posi-
tion and derivative operators, but it remains to choose how to represent the anti-
commutator. Defining é“ = %F“, we see that the anti-commutator goes over to the
Clifford algebra,

{T#, TV} =20™, (A.21)
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and any representation of this Clifford algebra provides a quantization of the Grassmann
fields.

In the main text we work in the rest-frame of the nucleus, making it convenient
to choose a basis for the matrices that make it simple to distinguish particles from
anti-particles, and so use the 2n x 2n matrices

M= []é _01] and  TF = (i) l_OTk Tok] (A.22)

and so defining I's := —iT°T' I gives

() 01
[sTF = (—i) l 0 —rk’] and I'5=— lﬂ 01 : (A.23)
while '™ := —% [['* T"] implies
; k ) 1 . k
Imzélggl wdrwzfﬂ{gg]‘ (A.24)

In the above expressions 1 denotes the n x n unit matrix and 7¢ denotes the n x n
representation of the rotation generators, whose choice determines how nuclear spin is
represented. For spin-half nuclei the 7% are Pauli matrices,

L (01\ ., (0-i\ . (10
7'—(10),7'—(@.0),7'—(0_1), (A.25)

while for spin-one nuclei the matrices

010 0—2 0 10 0
R B L T N I (A.26)
@)= 5 T3 T T —U| . T3 = ; :
V2 010 V2 0 0 00 -1

are instead used, and so on.
In this basis the particle and antiparticle states in the particle rest frame are given
by

!¢>=ew“lg], (A.27)

where o and 3 represent the particle- and anti-particle solutions respectively. It is the
state a for spin-half nuclei that appears in the main text, and for these only I'® and I'!
have nonvanishing matrix elements for nuclei at rest.
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Comparison with second-quantized nuclei

It is instructive to compare the first-quantized action found above with what a second-
quantized field theory with two fermion species would yield. Let us write down the
lowest order terms in each case, assuming the fermions are now also charged under
electromagnetism.

The lowest-order second-quantized effective action that respects all the previously
mentioned symmetries (and a U(1) gauge symmetry) for two charged fermions is:

S = —/d4:v {iFMVFﬂ”+E (D +me| U+ ® [P+ M|+ ay (PI"P) FW+---},

(A.28)
where PV = v# (9, +ieA,) ¥ and P& =T* (9, — iZeA,) ®, for a nucleus with charge
+Ze. This action contains two parameters for each fermion species, the mass and the
electric charge, just as does the leading first-quantized action

§=— / ds {MM-g2 M, — QU Ay — i€ Fy } , (A.29)

and it contains the same number of parameters.
Notice that writing Fj, = ejlel for a magnetic field B turns the last term into

, . . —u-B 0
inegiep, — _Mypitp Y ik, pm | Tk O _ |~ A.30
iung’E Fy 9 jl 4 € Ejim 0 7 0 —p-B|’ ( )
when the Hamiltonian is computed, confirming the identification of uy as the nu-
clear magnetic moment (and once the magnetic-moment contribution is extracted from
®(I)+ M) it transpires that a, contains the contribution g—2 to the nuclear magnetic
moment fiy).

B Fermionic boundary conditions

In the text, the boundary condition (2.14) is described as arising as in the classic
delta-function potential: by integrating the fermion field equations over a sphere of
radius €, and dropping all but the derivative and delta-function terms. This does not
mean that it requires an explicit extrapolation of ¥ right into the nucleus, however.
Indeed, the PPEFT formalism is designed expressly to avoid dealing with the physics
in the core. Though qualitatively correct, the delta-function description is not really
precisely defined. This appendix outlines the more detailed derivation of this boundary
condition, following the discussion in Appendix A of [70] (and fleshed out in [64, 71—
73, 76]), focussing specifically on the special issues that arise with first-order fermionic
field equations.
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Within the PPEFT approach used here all of the internal degrees of freedom for
the nucleus are integrated out, leaving only the centre-of-mass position, y*(s), and spin,
£"(s). These variables are regarded as collective coordinates: i.e. modes that appear
in the low-energy theory because they are related to the action of Poincaré symmetries
on the nuclear state (which in general is neither translation nor rotation invariant).
The coupling between these two modes and the bulk fields given in the text is found by
writing down the most general action that involves them all while properly realizing the
symmetries, organized in an expansion in interactions of successively higher dimension
—eq. (2.5). We reproduce the important interactions from that action for the electron
field ¥ here for convenience:

S = - /ds U (y(s)) [V —0? (€5 + iCoeaprsE EEE s +icr € )
+7'yy (60'7;1 + 63604,6’7560[665756’75’7#) :| \II(y(s)) + e (Bl)

In particular, ¥ is evaluated ‘on the world-line of the nucleus’, but in an EFT sense
wherein spatial resolutions are limited to be only over distances L > R, where R ~ 1
fm is a representative size of the nucleus. Notice that to the dimensions of interest in
this paper only terms bilinear in ¥ are required, which simplifies the discussion because
it allows the neglect of any two- or higher-body contact interactions.

The task is to make precise how the effective couplings in (B.1) can be translated
into the correct near-nucleus behaviour of W. To this end define the world-tube swept
out by a ball B.(y) of radius € that is instantaneously centred on the nucleus. The
radius of this ball is chosen so that R < € < a; (where, as in the main text, ap is the
electronic Bohr radius). In principle one could imagine specifying the value of W itself,
or of its radial derivative, on the surface of this world-tube, but this is too prescriptive
because the precise value of a bulk field at any particular position on this world-tube
depends not only on the sources situated inside it, but also on any other sources or fields
that are outside (though with an influence that falls off with that source’s distance from
the ball). What is sought is a construction that is dynamical, in that it can respond to
the presence of all sources that play a role in the path integral.

The required dynamical boundary condition is found by defining a ‘boundary’
action, Ig, on the surface of a world-tube swept out by B.(y), defined by the property
that the path integral over W, y* and £* exterior to B.(y) reproduces all of the results
of the full theory, and thereby makes precise the implications of an action like (B.1).
The formulation of such an action is simplest in the limit where recoil corrections are
neglected, because in this limit the position of B.(y) does not move.

Concretely, writing the field as a sum over a basis of modes (as in the main text)
v=>" 5 Vg, in the nuclear centre-of-mass frame the interactions in the boundary action
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required to work to the same accuracy as (B.1) is
it = /dQQ € Z@g(e) (¢s(B;€) — icu(B; )Y’ 4 éx(B; €)1 - X)) Usle) (B.2)
B

where we discard ¢y and ¢3 as in section 2.3 (since they are not relevant for a nucleus
at rest after projecting out the anti-particle solution), and as in the text I = %‘r and X
satisfies 7 = ¢*Y,. For applications to atoms we take 3 = {n,j, F,...} to run over
the mode labels described in the main text.

In principle there is an independent boundary coupling, ¢, ¢,, and ¢y, for every
mode [ [73], and this is required because each eigenmode satisfies slightly different
boundary conditions in the nuclear region. These all separately depend on € because
the boundary condition required to capture the effects of a nucleus depend on the size
of the ball B, that is used. In general the couplings in (B.2) are found by matching to
nuclear properties (as usual for EFTs), but for S-wave modes the connection between
the couplings of (B.2) and (B.1) is simply given by dimensional reduction: schematically
Are?e; = ¢;.

As usual the e-dependence of these couplings is chosen to ensure nothing physical
depends on the value of €, and so changes in € generate a renormalization-group (RG)
flow amongst these couplings. What is important is that the RG-invariant parameters
(like €, and € of the main text, on which physical observables depend) do not depend
on the mode label 3, for the reasons described in more detail in Appendix F. This
independence of 3 expresses the fact that the physical effective properties of the nucleus
should not depend on the quantum numbers of the electrons that are used as probes.

The boundary conditions implied by the action Iz are found when evaluating the
path integral over W, with the nucleus replaced by Iz. In a semiclassical evaluation
this involves computing the saddle point, against which the total action is stationary
against variations of ¥ both away from and on the ball B,. Stationarity with respect
to variations that vanish at e leads to the standard bulk field equations, with mode
solutions as given in section 2.3. Stationarity with respect to variations on the boundary
B. then gives boundary conditions for each mode, of the form

V4 65(Bs€) — iy (8;€)7° + ep(B; €)1 - B Wg(e) = 0, (B.3)

where the 4" term comes from an integration by parts in the bulk action.

For a second-order field equation (like the Schrodinger or Klein-Gordon equations
discussed in [70, 71]) this would be the whole story, since the analog of (B.3) then
gives a relation between the field and its radial derivative at r = €. Interpreting (B.3)
is trickier for fermions because it is not a differential condition, and has nontrivial
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solutions for Ws(e) only if the matrix in the square brackets has a zero eigenvalue.
To see the implications of this observation consider how (B.3) constrains the radial
eigenmodes found in the main text.

Radial Boundary Conditions

For convenience, we restate here the eigenmodes given in (2.26). We do so working
in the same Dirac basis for leptons as for nucleons (A.22), reproduced here for ease of

1 0 0 o
0 L2 ’ .

and = — B.4
) Z(O ]12>7 Y l( r 0)7 ( )

where 15 is the 2 x 2 identity matrix. Writing Wy = =545, we define:

77Z}nFjw = ( i i«lz fnjw<r>> . <B5>

reference:

iVELT Onje(T)
These modes satisfy the useful identity for the action of ¢",

r j7w jv_w

o Vi =~ Vig - (B.6)

The action of I- ¥ appearing in (B.3), restricted to a degenerate subspace with specific
electronic angular momentum j, can be evaluated using the projection identity [117]:

Zpim = (1.3 = % (B.7)
1 . .
:W[F(FJFU—I([+1)—J(]+1)HJ(J+1)—l(l+1)+5(8+1)],
14 w@(2j+1) " _1
gl [F(F+1)—](j+1)—[(]+1> (s=3)
_ [1+w(2j+1)]x
8 "

Here the first line defines the constant Z,;, the second-last line specializes to s = %

and | = j — £ w and the last line uses the definition (2.34) of X,. Specialized to states
with j = % this gives

2 1
ZFw = ZF%w = w8+ XF, <B8)
which for I = 1 becomes
2 1
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In general, I- X is not diagonalized by the states in (B.5) because it turns out
that I -3 mixes the same opposite parity states as does the hyperfine interaction,
i.e. states whose angular momentum quantum numbers only differ in their value for

j. Consequently the boundary condition needs to be handled with care. However,
1
2
by additional factors of mRZ« relative to the diagonal elements, and this puts them
5

for the j = 5 states relevant for this paper, the off-diagonal elements are suppressed

beyond the precision with which we work in this paper.?

Restricted to the j = % eigenspace we may treat I - X as if it were diagonal in

the basis (B.5). Using the identity in (B.7) the boundary condition (B.3) for ¥ modes
reads?:

lw
R e Vi b=l ) o (Bag)
. A -~ ~ 3 B . .
o C;ﬂf + ZF,—w C?f + Clvwf Zy}g‘}:w gnF%w(6>

The superscript on the couplings éfg r is meant as a reminder that they depend in
principle on the mode’s parity @ = + and the atom’s total spin®’ F' = j + % =0,1.

Coupling constraint

For generic couplings the boundary condition (B.10) implies f,,, %w(e) = G,r %w(e) =0
whenever the pre-multiplying matrix is invertible. So having a nonvanishing spinor at
r = € requires the boundary couplings must satisfy

3 ? 1 3 ?
1+ (éff —% [F(th 1) — 5] é‘;?f) = <é§’f +5 [F(F+ 1) — 5] éff> . (B.11)

for both F' = 0 and F' = 1. This shows that the couplings chf and ¢/ are not all
independent of one another.

This relationship amongst the effective couplings can be made explicit order-by-
order in s, keeping in mind that ¢Z7 starts at O(s) while emd = (éfu)(o) +s (&= )(1) +

S,V

Z5This suppression arises because the negative-parity j = 1/2 Dirac-Coulomb mode-functions go as
p<~! ~ p¥, which yields diagonal expectation values of (I-X)q ~ (mRZa)2U+1/2)=2 < 1 on theI- X
operator, but leads to matrix elements mixing this state with the positive-parity j = 3/2 state that
g0 as (I X)og_q ~ (mMRZa)I 7'~ ~ (mRZa). As such, this mixing effect arises at the next order in
the R/ap expansion of the EFT action and is therefore not considered here.

26Tt might seem unusual to assign an F-dependence to the Dirac mode functions, however this
dependence arises because the integration constants Z/¢ differ for different F', as we see from the
boundary condition derived below.

2TWe use lower-case f to denote dependence on nuclear spin F due to the unfortunate notational
choice that already uses capital F' to label the coupling ¢;.
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At O(s°) the leading constraint shows that (éw )(0) satisfy the F-independent

S,V

constraint found for spinless nuclei in [64]

2 2
1= @) - @] (B.12)
while at first-order,

e[ @) - @0 )] =~ E Trer -3 [0 2w

2
(B.13)
This last expression is consistent with ¢% being F-independent while (é’ff )(1) and
(évwf)(l) are proportional to F(F + 1) — 3.
Boundary condition
To identify more explicitly the implications of the boundary condition for the radial
functions, rewrite (B.10) as the two conditions
L w
(65 + Zemey! — &) fo — 0] Vi, =0 (B.14)
1 o
[—ife +i (5T 4+ Zp ¢ +677) 9] V2.7 =0,
which for brevity writes fe = f, .1 _(e)and g, == g, 1 _(€). Although this looks like two
conditions for each choice of @w and F', they are not independent because of condition

(B.11). The implications for the radial functions then are the ones used in egs. (2.58)
and (2.60) of the main text:

(ef+Z2eet—¢f)fr—94 =0, and (¢, + 2,6, 4+¢)g-—f-=0, (B.15)

where in both boundary conditions Z, := Z,, = 1 [F(F +1) — 3].

C Finite-size energy shift

In this section we compute the finite-size energy shifts in terms of /%, including
its (Za)? corrections, which allows us to capture finite-size energy shifts in electronic
atoms of O (m*R?(Z«a)%) magnitude.

Energy shift in the single-zero, single-pole approximation to O [(Za)?]

As described in the main text, the normalizability of the zeroth order wave-functions
requires that the ratio of integration constants in the radial solutions satisfy:

_ (2) D[4 2T [ - Za]

¢)  T[1-20T[¢— 2] (-

K
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Our goal in this Appendix is to solve this equation for w as a function of /%, following
the steps taken in [64]. In particular, we seek solutions that are nearby to the standard
Coulomb-Dirac expression for w, and k, = \/m , for a point nucleus, (2.23) and
(2.24), that are the solutions when 2/% = 0.

Since ( = /K% — (Z«)?, it is close to the value of |R]] and so |R|—( ~ O [(Z&)Q} <
1. At the same time, the value of the poles of the gamma functions in the denominator
are slightly shifted due to the nucleus having a finite-size, which we implement by
taking w = w,,; + 0w and it is dw < wy; that this normalizability condition allows us
to find as a function of the ratio of the integration constants. Additionally, as we have
noted in the main text, the Dirac energies have the property that { — :—% = —N, where
N is a non-negative integer, related to the principal quantum number, n, through

N =n—|R|. (C.2)

Then, to first order in dw this combination without the subscripts becomes

2
A <Zam )&u, (C.3)

3
K K3,

which allows us to write the condition in (C.1) as a function of the small quantities

dy=2|R-2(~0O [(Zoz)z} and O0r = — <Zam2> dw, (C.4)

3
Kp

as

B (.@) _ T[218]+1— 0y T [—(N +2|8]) + 92 + dy] (C.5)

¢ T [—(2|8] — 1) + 6y T [-N + 6z]
Now, to capture the energy shift to an accuracy of O [(Zoz)z] we need to expand
this formula for small dx, 0y and keep terms of order O (dx, 0y, dxdy) and potentially

O (6y?) but not higher. In general, using the special property of gamma functions that
2l[z] = I'[z + 1] we can expand them around their poles in the following way,

T[N +1+4062 T[1+ dz]
Pl=N+07) = (-N+0z)  (=N+02)(-N+1+0z)---0z

1]
T (1+05+-)
(=DNNV6z(1—0zHy +-++)
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where the ellipses of (C.6) contain terms higher order in z. Carrying out this expansion
for each gamma function® in (C.5) we end up with (after some algebra),

B <g> (28 - DA (5355y)< S (1+ 4[] o) + - )
o

¢ N +2|]])! (62 [1 — 20y (Hy1om +7)] + 0y — 0y? [Hysoim +7])
(C.7)
which uses the identities:
I"[1] I[2|R| + 1]
il S R — = = Hyq — H. Hyg_1 = 1+ 4|8 H
F[l] s F[2\ﬁ] n 1] 208 — 7 218 T I128)-1 = 2’ﬁ| ( + | | 2|8|— 1)
(C.8)

Pulling out a factor of dy from the denominator yields

Y

<@>_ (218] = DIV (32) [1 = 52 (1+ 4RI Hayqy ) + -
(

v N+ 2[8])! (1 + 0z [% — 2 (Hyon + ’Y)} — 0y (Hysom +7) + - >
(C.9)
and rearranging this for éw (hidden inside dx) and writing it in terms of the principal
quantum number n gives the desired result for the finite-size energy shift to order
O (Za?) as a function of the small parameter 2/
KyB(2/€) [1 — oy (Hoyja) + 7)]

ow ~ —

mQ(Zoz) ]. — SB (@/%) [((53/)71 — 2 (Hn+‘ﬁ| + ')/)} 2|R| (1 + 4|R|HQ‘R| 1) }
(0.10)

where the ellipses represent terms that involve higher powers of dx and

(n +|R)!

P A @IR)I@IA - D

(C.11)

D Perturbing in the magnetic dipole

This appendix derives the contributions to lepton-mode energy shifts due to the nuclear
magnetic-dipole electromagnetic field. This is to be combined with the effects of finite-
size nuclear effects in the main text. For the applications there we work to first order
in the leptonic wave-functions, and energy shifts.

ZNote that the arguments of the gamma functions in (C.5) that depend on N in both numerator
and denominator simultaneously approach negative integers in the limit §z,dy — 0 and this necessi-
tates expanding both gamma functions around their poles, hence the name “single-zero, single-pole”
approximation.
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Degenerate perturbation theory

The discussion of the main text shows that the leptonic mode functions satisfy the
equation of motion (2.13), reproduced here (after multiplying through by i7°) as

w = [i’yo'y -V +iy"m + eA3“C} Y — (e’yo'y cAne) ¥, (D.1)
where A{" and A, are given by (2.10), also reproduced here:

Ze uXxr
_ A ™ .
Ay’ Amr3

Apee

(D.2)

This is to be solved perturbatively in A,,.. To do so we regard (D.1) as a special
instance of the eigenvalue condition,

[HO + AV] |¢A> = Wy W)A> ) (D'3)

with
Hy ="y - V+ir"m+eAl™ and V =—ey"y A, (D.4)
and A being a parameter that formally helps keep track of the order in V' (but that is

set to unity at the end) [118, 119]. Seeking eigenstates and eigenvalues order by order
in A,

w=w® 20 2% 1 and  [Y) = [P, F A |), N [Y), ..., (D)

gives the hierarchy of conditions,

o) Hy |¢>0 = w©® W’)o
O\ Hol), +V )y = wO i), +w® [¢),,
0 ()‘2) D Hol), + V), = w® 1), + w ), + w? V)

and so on.

Zeroth order

The leading equation is:

Hy |¢>0 = w© |1/1>0 5 (D.6)
) _

which in the present instance is the Dirac-Coulomb equation, whose eigenvalues, w,;
wy; are given in (2.23), and whose eigenstates are labelled by the electronic principal,
angular-momentum and parity quantum numbers described in the main text, and by

the nuclear spin. That is, the zeroeth-order eigenstates are

Injj.w;I1.)o = [njj.w)o @ |I1.)o, (D.7)
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where j =3,3,--- and j, =—j,—j+1,---,j—ljand L =—-1,—T+1,---  I—1,1
and w = =£.

Notice that these energy levels are degenerate, with (21 4+ 1)(2j + 1) states distin-
guished by j, and I, sharing the same energy. This makes it necessary to use degenerate
perturbation theory in what follows. That is, within any degenerate eigenspace a basis
|E,a)o of energy E the zeroth-order eigenstates should be chosen to ensure that V' is
diagonal:

o(Eb|V|E a)g = V(E,a)dq. (D.8)

In practice the required basis are the states that are eigenstates of the total (combined
nuclear and leptonic) angular momentum F = J 4+ I (see below for details).

First order

At first order in A the eigenvalue equation is
[Ho — O] 1), = [w = V] [1)g. (D.9)
Following the usual steps this implies the first-order energy shift for a state |w®, a)g is

0 0
WO = V(WO q) = o(w®, alV|w® a)g
ol a

and the corresponding zeroth-order energy eigenstate at this order is [w(®, a),.

: (D.10)

The first-order correction to this energy eigenstate implied by (D.9) is then

jw®, a), = DTDV ’W(O)aa>0 ; (D.11)
[w©® — H|

where D denotes the projection matrix onto all zeroth-order states that are not degen-
erate with the original state |w(®, a),.

Eigenstates of total atomic spin

Although the nuclear magnetic moment splits some of the degeneracy of Dirac-Coulomb
levels, rotational invariance ensures that the resulting states retain a residual (2F +1)-
dimensional degeneracy where F' is the total angular momentum quantum number for
the entire atom (nucleus plus lepton): F = J + 1.

This section writes these states out for the special case of a spin-half nucleus, as
is relevant for our main application to muonic and atomic Hydrogen. We would like
these functions to satisfy

F*Yi7 = F(F +1) ;;7, EYVIT = £LYVIT 12yﬂ%7 =I(I+1) ;;7,

JQy]f _]<]+1) Ff7 SQyjf _8(5+1> Ff? Lzyjyf _l(l+1)
(D.12)
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Any such state also diagonalizes I-J and S - L, with
2
ﬂ-J:(L+ﬂ TR R=F(F+1) - II+1) -+ 1)
2
and %-L:(S+L)—SKJP:jU+U—s@+U—uL+U.(DB)

The electron spinor harmonics, €2, satisfy the last three of conditions (D.12)
for s = 1, as well as J.Qi;.» = j.€ji;.~. These are defined in egs. (2.16) and (2.17),

l+wjz+%
Qi1j.w(0,0) Fni(r) W\ T Yl,jz—%(a o)
)= ( e ) with Q. = ’
Zle/jzw(e, QZ5) gnj(T‘> ———
pE Yz,jz+%(6a¢)

repeated here for convenience:

(D.14)
where the left-hand equality gives the 4-component electron spinor — in a basis for which
7" is diagonal, see (B.4) — in terms of the 2-component electron spinor harmonics 2,
defined in terms of ordinary scalar spherical harmonics in the right-hand equality. In
the right-hand equality @w = =+1 is the parity quantum number and in the left-hand
equality ! and I’ are related to j and parity by [ = j — jw and I' = j + %w.

Similarly the nuclear I-states,

1 0
M1 = lO] and 71 1= ll ] : (D.15)

satisfy
Iznnz =I(I+ 1)y, and L, = L. . (D.16)

We adopt the convention where square brackets denote nuclear-spin spinors while round
brackets denote spinors in electron-spin space.

In general, states of definite total spin are built from product states with given j
and I by

|F7 f2’> = ZZZ <j7jZ;I7IZ|F7 fZ> |]7]Z7]7 IZ>7 (D]-?)
Jj o Jx I:

for an appropriate set of Clebsch-Gordan coefficients, (j, j.; I, I,|F, f.). For a spin-half
nucleus, I = £, this reduces to [119],

1 L4 7, 11 1
F=7+- . = + A A L, — ==, +=
‘ J 2,f> 211 5[ 22+—>+

[i+3Ff | 11 1
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Using the explicit position-space representation given above the new basis of spinor
harmonics with definite F' are the 4-component mixed electron/nuclear spin quantites

. 1 . 1
Vrters. =\ T 11 Yte Mt T\ T 11 Yt Meds (D.19)

and so using (D.15) the explicit 4-component spinors with fixed F' are

[i+5+v

y.ﬁw' y — 2]“’1 Js 7fZ 27w (D 20)
F:]+§7fz j+%_,/fz Q .

2j+1 Jibofet 3@

where v = + corresponds to the choice for F' = j + % =7+

¢ and w@ is the parity of
the electron spinor harmonic, and [ = j — %w.

As a concrete example, consider F'=1, f, = 0,41 and j = % states with positive
and negative parity, for which the above give the explicit positive-parity (S-wave)
angular functions,

y1%6+ _ 1 [Q;,o,—gﬁr

V2

while the negative-parity (P-wave) states instead are

1 1 [ Qi 1 1 Q11 1
’ - 2057 9 ’ _ s 1ys, ) .
Vig = Vi = e, Vi =

’ 0

y%’—‘r — 9%507%7—"_ y%’J’_ —
5 +1 = ; 1,-1=

Ql 1
§7Oa+§7+

\/5 Q14 0

2 7+%77
The orthonormality of the spherical spinors and of the nuclear spin states,

20T 9T

0
%ol ] (D.22)

2
/d QZ Q;[",l’,j;QjJ,jz = 5jj/5”/5jzj; and 77;127]1/’1/2 = 512’1/2 <D23)
ensure the above spinor harmonics are orthonormal

-/ w/ -i- w
/d292 ( i":fé) ﬁﬂ”fz - 5FF,5jjl5féfz(sww, . (D.24>

E Evaluation of matrix elements

This section evaluates the radial integrals that arise when evaluating the magnetic-
moment contributions to energy shifts. Some of these integrals diverge due to singu-
larities in the integrands as » — 0, and for these we also evaluate the regularization
procedure we use when separating out the divergent and finite parts. The divergences

221



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

all have a specific dependence on the principal quantum number n, that is consis-
tent with their being renormalized into shifts of the effective coupling ¢,. As a result
the main content of the finite contributions is restricted to those terms that depend
differently on n than do the divergent ones.

We consider in turn the integrals associated with both the first-order energy shift
and the first-order state change.

Energy shift
The first order energy shift due to the nuclear dipole field is given by (2.36),

3

o RsXp(2k)° O\ LNEAYEE Za n

e = = (D) = 48 X () = —askXem (53] (5 )
(B

where

_ ]y 2= /) (Za)? | 2(n = 1)(Za)?
Nemit Ty ¢1 n2(C+1) (E2)
and p

=T g ) (=9

where g, is the proton g-factor and

FIF+1)—j(+1)—-I(I+1)

i(G+1)
G+ F=j+3 2/3 if F=1
_{ b i F=j-1 {—2ﬁF=O'

X, =

In these expressions the arrows specialize to the positive parity w = +, 7 = % states of
Hydrogen.

The numerator and denominator functions are obtained as matrix elements of the
interaction Hamiltonian (as described in the main text) and so contain the integrals
we seek to evaluate. They both depend on the integration constant ratio, 2/%, and

2
=t (2 )+ (7)) o

so can be written

¢ ¢
9 2%
o9, (2)o(2) 0 .
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where eq. (3.9) gives the integration constant for parity-even j = £ states as

Dy ©) 16y, (me)? [(2Zame,, %-2
C n(n+1) n

—— (nl fj +Ol(Zay). (E.6)

which defines ¢ = 16y, (me,, )% Since matching reveals that ¢,; ~ O(RZa) where

12

R ~ 1 fm is a typical nuclear scale, we see that ¢ ~ O[(mRZa)?]. In particular DM, /D
is revealed to be the point-nucleus contribution to the hyperfine energy (which provides
a useful check).

The functions My, Ny, No, Dpy, D1 and Dy are given in terms of the following
class of integrals, that the rest of this section evaluates in detail:

ij

v .- /0 dpe P MM, | (E.7)

where we use the notation M (a;b; z) := 1 Fi(a; b; z) for confluent hypergeometric func-
tions and the integrands are as given in (2.19)

My = M(a,bip) , Ma:=M(a+1b;p),
Mz =M (d,V;p), My=M(d+1,V;p) . (E.8)
with parameters defined as in (2.20)

Zoaw Zow

a:=(— , a'::—(C+T>, b:=1+2¢, b:=1-2C,

K

A
c:=R— am’ p = 2kKr, K= vVm?—w? (=8 - (Za)?, (E9)
K

and & = —w(j + 1) where @ = =£1 is the state’s parity.
Our main interest is in j = % and w = +1 states for which & = —1. For this choice

(=+V1—-(Za) =1+ (E.10)

where 3 is order (Za)?. Similarly, for bound states one has

we have

B Zam N Zam

K=vVm?—uw?= N = + O[(Za)?, (E.11)
where n = 1,2, ... is the principal quantum number, and so
Z Z
Y+ ) and ﬂ:n—ku (E.12)
K K
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with A and p also order (Za)?. In this regime the parameters of (E.9) are

a=1-n+3-X, d=-1-n—3-X, b=3+2
V=-1-2 and c=-1—n—pu. (E.13)

In terms of these quantities we have

2
Ny = 7127 <a> &

M _zl ( >Z§42] (E.14)

20—2 a 20-2
Ny = 3E3C ) — <_) 1544 ),

Cc

and

Hypergeometric facts

The relevant integrands depend on generalized hypergeometric functions, some of whose
definitions and properties — taken from [120], [121] and online libraries such as [122] —
are summarized here. These functions are defined within the domain of convergence
by the following infinite series

k:
aj - (( 1)-raqs(ay+1) 2 . (E.16)

bi(by+1)--by(by + 1 )E

and are extended to general complex z by analytic continuation. Here (a); are the
Pochhammer symbols defined by

(a)i:=ala+1)---(a+i—1) when i>1, (E.17)

and (a)g := 1.
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These definitions show that if any of the a-type arguments is a non-positive integer
then the series expansion terminates after a finite number of terms. Similarly, the coef-
ficients of the series are not well-defined if any of the b-type arguments is a non-positive
integer. Both of these situations actually arise in Dirac-Coulomb wave-functions, which
involve confluent hypergeometric functions (given by the special case A = B =1). In

particular
a, b, —1 ab a, b, —1 cd — ab
T : =1—-(— T 1| = . E.1
3]:2l e.d ,,0] <cd>p and so 3]-"2l e.d ,] o (E.18)
Also notice that
a,b,d a,b
35[ o d ;pl ZQFI[ . ;pl = o F1(a,b;c;p) (E.19)

is a standard hypergeometric function, and so

L(c)l'(c—a—b)
[(c—a)l(c—b)

b, d b
3./_"2 lm ’ 1] = gfl la; ,1] — Q‘Fl(a: b; C;l) = (EQO)

c,d’
Strictly speaking the last equality only holds for SR(c —a — b) > 0, and is defined for
other values by analytic continuation.
Basic integrals

Because M(a;c;p) — 1 as p — 0, the basic integral of interest, (E.7), converges at
p = 0if Re p > —1. Although the exponential factor e™” might seem to ensure
automatic convergence as p — oo, the large-p asymptotic expansion
P (Ll = b
[(a) & J! P

shows that convergence actually depends on the values of a, b, ' and &’ and p.

M(a; b; p) ~

(E.21)

The integral can be evaluated by expanding one of the hypergeometric functions
and formally integrating term-by-term [120]:

Za(a,b;d' V) = / dpe ?p" ' M [a; b; p) M [a';V; p]
0

_ ) . F(a—%)) /Ooo dp e p* = M(a, b; p)

k
D(d)C )T —d—d) a,d,1+d—b
( ’ 2[b,1+d+a’—b”
(TG —d—a) a,d,14+d—-0b
( ° 2[b’,1+d+a—b’1]’

1] (E.22)
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where the last equality uses the manifest symmetry of the original integrand under
(a,b) + (a’,b"). A useful special case that arises sometimes is d = b', in which case
(E.22) simplifies to

ot ) - TOTOLO =) 7,

/ /1 /
a,t,1+0b b.1]

T(b—a)l(b—V) V140 +a—b
T(L)L(B)C(b—a—1b) a, 1+ —b
= 1 E.2
T(b—a)l(b—V) U Ly bt (E.23)

roryroe—a—-vIrd+ae+?d —bo)la—ad)
Fo—a)l(b—b)I1+V —-b+a—a)l'(a)

Integrals appearing in 9, and D

Consider first the convergent integrals that give the standard hyperfine structure. This
tests that we are evaluating things properly.

The integral TV,
We start with the integral

70 = / dpe? P M(a,bs ) M(a, b p) = T (a by 0, )
0

T(p+ )BT —a—p—1 Lp+2—b
_ D+ YrOreb-a-p-1) - fap+lp+ al . ma
F'b—a)l'(b—p—1) bp+2+a—0>
which with 7 p
a=C-22Y  p—1492, b—a=1+¢+22¥ (E.25)
K K
gives

70 _ Flp+1HI'(1420OT( —p+ Zaw/k) l( —Zaw/k,p+1,p+1-2¢ ]
o F2¢—pr(1+ ¢+ Zaw/k) Pl 12 p+1—C—Zaw/s |
(E.26)
This integral arises in Iy, and Dy, with the two cases p = 2¢ and p = 2¢ — 2. We
consider each of these cases in turn.
Specializing to p = 2¢ and simplifying the result using (E.20) gives

700 _ [FA+20PT(=C+ Zaw/x) lc-zaw%ﬂ+291_]
T DO+ ¢+ Zaw/k) 114+2014¢ = Zaw/k’
P +20PT(1 -+ Zaw/k)
B I'(14+ ¢+ Zaw/k)

(E.27)
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which survives despite the T'(0) in the denominator of the prefactor® because of a
compensating factor of I'(0) in the numerator coming from using (E.20) in the limit
¢ = b+ a. Expanding to lowest order in (Za)? then gives the result

700 _ LB+R)PTr—-3+A) _ 4

e F'2+n+3+A)  nn+1) +0[(Ze)’). (E:28)

Specializing next to p = 2¢ — 2 and using (E.18) to simplify the result leads to

70¢-2) L2¢— 114202 -+ Zaw/k) l (—Zaw/k,2(-1,-1
1 F)T(1+ ¢+ Zaw/k) 1+2(,-1+(— Zaw/k’
(

['2¢— D142 (1 - ¢+ Zaw/k) < 2Zaw>
- 1+ E.29
(1+20T(1+(+ Zaw/k) K (£.29)
(2n—|—1) 5
= A )
Sty +0llZa)
The integral IV,
In this case we have the integral
7 =/ dpe " p" M(a,b; p)M(a + 1,b; p) = Lpy1(a, bya + 1,b)
0
_ M+ DI —a-—p-1) atlp+lp+2-b (E.30)
T Tb-al(b—p-1) | bp+2+a-b |

in which we again use (E.25), leading to

70 _ T(p+1I(1+20T(C —p+ Zaw/k) 7 ll +(—Zaw/k,p+1,p+1-2C 11
2 I —pT(1+C+ Zaw/k) 7 1+20,p+1—-(—Zaw/k '
(E.31)
Specializing to the case p = 2( gives in this case
700 _ D1+ 20))PT(—¢ + Zaw/k) ll +(—Zaw/k,1+2¢1 1]
27 DO+ ¢+ Zaw/k) TP 142014C - Zaw/k

A+ 20PT(—C+ Zaw/k) Zaw\

 T(OI(14¢+ Zaw/rk) <_C * —> =0, (£.32)

29More precisely, the expression contains the ill-defined quantity I'(a’ — a)/T'(b' — b) — T'(0)/T(0).
This quantity requires regulating, and there is freedom in choosing how to do this. The easiest way is to
choose @’ = a+0, and b’ = b+ 4, then take the limit that d,,d, — 0, so that I'(d,)/T'(dp) — /0 = £1.
The sign on the ratio depends on how d, and §; are taken to 0 and can be fixed by ensuring the results
for the point-like integrals align with the standard Dirac-Coulomb wavefunctions, which turns out to
require the negative sign.
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which vanishes because of the uncanceled factor of I'(0) in the denominator.
By contrast, in the case p = 2( — 2 one instead finds

726-2) _ ['2¢-DI(1+20Tr'2 - ¢+ Zaw/k) z ll +(—Zaw/k,2(—-1,-1
12 FPR)T(1+ ¢+ Zaw/k) TP+, -1+ C - Zaw/k
220 -1+ 20T(1 =+ Zaw/k) Zaw
- (1+20T(1+(+ Zaw/k) << * > (E-33)
4
= % + O[(ZO()Q] .

The integral I%,
Next up is

) =/ dpe”? P M(a+1,b;p)M(a +1,b;p) = Lpea(a + 1, b0+ 1,0)
0

_ T+ )rore-—a-—p-2) a—l—l,p%—l,pﬁ-Z—b'1 (E31)
Tb—a—-1I(b—p—1) **| bp+3+a—-b |’ '

in which we still use (E.25), finding

70 _ Fp+ DI +200(-14+(—p+ Zaw/k) z ll +(—Zaw/k,p+1p+1-2C 1]
2 ['2¢—p)T'(¢+ Zaw/k) T 1426 p+2-C - Zaw/k '
(E.35)
In the case p = 2( this becomes
700 _ T(1+20PT(-1-(+ Zaw/k) £ ll—l—C— Zozw/ﬁ;,l—l-%,l'l]
2 - L(O)T(C + Zaw/k) 142,24 ¢ Zaw/k
A +20PT (-1 -+ Zaw/k) Zaw
o IN(+ Zaw/k) <1+C_T> (E.36)
4 2
- s+ Olza)

where again the I'(0) in the denominator cancels a similar factor in the numerator.
When p = 2¢ — 2 the result instead is

7i2c-2) _ [2¢—-1DI(1+20)'(1—-¢+ Zaw/k) ll +(-Zaw/k,20-1,-1 .
2 T2)L(C + Zaw/k) TP 1420,¢ - Zaw/k
_ P01+ 20T(=C + Zaw/k) <_1 . 2Zaw)
(1420 + Zaw/k) K
_ % LO[(ZaY] (fn#1). (E.37)
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At face value the singularity when n = 1 implies this goes like 1/(Za)? for n = 1, but
this doesn’t matter since this integral ultimately appears in the energy shifit premulti-
plied by factors of (n — 1).

Combining results for My and Dy
Using the above integrals in (E.14) finally gives the expressions
_ 1— — 2\ - 4
mm:1ﬁ<”—<—iﬁii——)Zﬁcmz—————+OK&wﬂ, (E.38)
and

) 4w 1—n+3—)\ 2 l—n—l—g—)\ 2 )
@m:ﬂfﬁ—ﬁ(—_l_n_u Iy w2 (oo o) B (B39)

- = i61>2 +0[(Za)?,

which together imply My/Dp = 1 + O[(Za)?]. Using this in (2.36) or (E.1) gives the
prediction for hyperfine splitting for a point nucleus,

3 3
A = oo () (51) = e () et
p
2 4
-5 g | otz "

in agreement with the literature.

Integrals appearing in 91; and 9,

We next apply the result (E.22) to the integrals appearing in 91; and ©;. In this case
it is the cases p = 0 and p = —2 that are of interest, and it proves useful to specialize
the general integral to these two cases for general a, b, @’ and ¥, keeping in mind that
b=142C and &' =1 — 2¢ imply that b’ =2 —b.

For instance, taking p = 0 (i.e. d = 1) and ¥’ = 2 — b in (E.22), and simplifying
using (E.20), gives

PP —a— 1) a',1,2 b
Ti(a,b;d',2 — b) = o :
anbids2=b) = == r o= 2 2 bata—b
1—b
- (E.41)
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Similarly, taking p = —2 (and so d = —1) and b’ = 2 — b in (E.22) gives

y CTOI(AC(b—a+1) d —-1,-b
Tafabid,2=b) = Th—al(b+1) ° 2[2—b,a—b’1] (E.42)
o P(_1> /
= 502 <2_b>(a—b)+ab],

which diverges (for all Za) due to the I'(d) factor as d — —1. We regulate this
divergence dimensionally, which in this instance merely means writing d = —1 417 with
the regularization parameter 7 taken to zero at the end, once the divergence has been
renormalized away. With this in mind we write I'(—=1) = T'(=1+n) =T'(n)/(-1+n) =
—I'(0)[1 + O(n)] in what follows, in practice typically dropping the O(n) terms.

The integral IV,

The general formula applies directly to Il(g), for which

I = / dpe™"p? M(a,b; p)M(a', Vs p) = Lpir(a, b, V) (E.43)

0
in which we use

Z A
a:g—%, b=1+2C, a’:—g—%, W=1-2. (E.44)

and so b/ =2 — b and a — a’ = 2¢. Again we require the cases p = 0 and p = —2 (or
d=1and d=—-1).

Specializing to p = 0 in (E.41) gives a divergent result because 14+a—a’ = 1+2¢ = b.
Regularizing this divergence by deforming a = ( — (Zaw/k) + 1, (with 5, — 0 at the
end) we have

I = — 2 = —1,(0)2¢ = —2I',(0) + O[(Za)?], (E.45)

a

which defines I',(0) = n;[1 + O(n,)]. Similarly using the p = —2 in (E.42) gives

7, - ot (14222 - - (B v s ofzar). B9

The integral ¢,

Next consider

) = / dpe P Mla, b )M + L,Y:p) = Ta(abid +1,Y),  (EA7)
0
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evaluated using (E.44), which implies &’ = 2 — b. In this case only p =0 (or d = 1) is
required and so using (E.41) gives

1-0
79 = Ty(a,b;a' + 1,2 — b) = =20 =2+ 0[(Z0)’). (E.48)
a—a —
The integral 5,
The required integral in this case is
P = / dpe PP M(a+ 1,b;p)M(d', V5 p) = Ly1a(a+1,b;a' 1), (E.49)
0

and only p =0 (or d = 1) is required. Using (E.41) this time gives
B 1-0
C24a—d —b

7)) = Ti(a+1,b;a',2 = b) = —20=-2+40[Za)}. (E.50)

The integral 5,
The final integral in this section is Iéi), for which
7y = / dpe Pp"M(a +1,b;p)M(d Vs p) = Tpsi(a + 100"+ 1), (E5L)
0

and both p =0 (or d = 1) and p = —2 (or d = —1) are needed. In the case p = 0,
using (E.41) and noting that Z;(a, b;a’,2 — b) depends on a and @’ only through their
difference, a — o/, implies Iég) = Z{g) and so

I = 7§ = —Tu(0) 26 = =20, (0) + O(Za)?]. (E.52)
For p = —2, on the other hand, using (E.42) gives

bZ)(:lQ)) {(2 —b)(1+a—b)+(1+a)b

et (1)~ (55 o

) =T (a+1,bjd +1,2—b) =

Combining results for My and D4
These integrals when combined in (E.14) give

_ 1-— —A —1-n—-3-—A _
‘ﬁ1:2I£32)—2< nts >< n—3 >Ig(42)

—1—n—p —1—n—p
— 2((1”;;) I'(—1) 42 (Z ; i) (2”3_ 1) I(-1)+ 0[(Za)Y] (E.53)
=~ (7 ) T + Ol Za)?
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while (E.15) similarly becomes

dw (=1 —n—3—A 0 4w (1-—n+3-XA\
D, =479 - = 9 - = (——2 21
1 137 S 23

—1—n—-pu —1—n—-p
4<l—n+5—)\) <—1—n—3—/\>I§2)
—1—n—p —1—n—p
_ 16 2
— n+1[nFa(O)+1]+0[(Zoz)]. (E.54)

Combining these with (E.38) and (E.39), which say M,y =4/(n+1)*+--- and D, =
16/(n+1)*+ - -+ we finally get

N 2
s = ~n(n+ DI+ O[(Za)?
g_plt — —(n+1) [nFa(O) + 1] +0|[(Za)?]. (E.55)
Keeping in mind that 2
¢
= = _m (E.56)

where ¢ o (me,)? is defined in (E.6), we see

(g) S = €T+ 0[(Za)" (B.57)
" (7)o = [0+ 5] +ozar (E.58)

What is important here is the divergent terms are n-independent, as is required for
them to be absorbed into the counter-term c;.

The finite contribution in ®; does not cancel but it is small enough to be negligible
for our purposes. To see why, recall that ¢ ~ (me,)* ~ (mRZa)?* while the point
hyperfine splitting is order (m?/M)(Za)*. Taking m/M ~ mR, the finite part of the
D, piece contributes to the energy by an amount of order m(Z«a)*(mRZa)?. Keeping
in mind that the charge radius contributes at order m(Za)?(mRZa)? we see the finite
part of ®; is suppressed relative to the charge radius by a factor of order mR(Za)?.
For electrons this is smaller than the (Za)? ~ mRZa order to which we work, and
for muons it is comparable to the other (mRZ«)? terms that have been neglected (but
whose size is of practical interest for some experiments).
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Integrals appearing in 91, and 9,
Finally, consider the integrals in the (2/%)? part of the hyperfine energy.

The integral I%,

The first integral of interest here is

7y ‘:/ dpe PP M [a's Vs )l M [a's V5 p] = Ty (', 50, V) (E.59)
0
Pp+ DIV —d —p-1) _[dp+Lp+2-V
Ty —a )L —p—1) 2|V 2+p+a -V "]

in which we use

Zow Zow

o =—(— V=1-2(, V—d=1-(C+"7-. (E.60)
K

)
K

This is most easily obtained from the result for Iﬁ’) found above by making the re-
placement ¢ — —(, leading to

F(p+ DI =200 (~=( —p+ Zaw/k) l—C —Zaw/k,p+1p+1+2( ]
(=2 —pI'(1l=(+ Zaw/k) TP -2, p+14C¢ - Zaw/k ’
(E.61)

10 -

for which we require p = —2( and p = —2¢ — 2.
In the case p = —2¢ using (E.20) allows the integral to be written

T(1—=20)PT(( + Zaw/k) l_c_ZQW/K71_2(71' ]
T(OC(1—C+ Zaw/k) 2 |1-2(,1-C— Zaw/k’
T1=20)PT(1+ ¢+ Zaw/k)
I'l1—<¢+ Zaw/k) ‘

-2
Z?(,?, )=

Notice that in this expression the Gamma function I'(1 — 2¢) diverges when Za — 0.
What is important about this singularity is how it depends on n, since this allows it
also to be absorbed into the effective coupling c.. To see this explicitly, notice that for
small Za the above becomes

762 = (-1 - 25))? [n(n +1)+ 0[(204)2]} . (E.62)

The case p = —2(¢ — 2 similarly gives

[(—=1-20T(1-20)T2+(+ Zaw/k) z l—c — Zaw/k,-1-2¢, -1
T(2)0(1 =+ Zaw/k) TPl1-2¢,-1-C— Zaw/k

_ T(1=20)PT(1+ ¢+ Zaw/k) < N 2Zaw>
2C(1+20)(1—=20T(1 =+ Zaw/k) '

—2¢—2
I:E:s ) =

K
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which as Za — 0 becomes

TLE = (1= ) |~ nfn+ 120 +1) + O[(Za))

The integral T4,

Consider next

) :Z/ dpe PP M [d ;s p) M[d + 105 p] = Tyii(d, V50" +1,0)  (E.63)
0

T+ —d -p-1) e 'a’—l-l,p—l—1,p+2—b’.1
a T —a)T( —p—1) 2| V2+p+a—-b |’

which becomes
T(p+ 1)1 -20)T(—C¢ —p+ Zaw/k)
(=2 —p)I'(1-(+ Zaw/k)

4 -

- _1—C—Zozw//<c,p—|—1,p—|—1—|—2c.1
’ 2_ 1-2¢,p+1+(—Zaw/k
(E.64)

In the case p = —2( this gives
T(1-20]*T(¢ + Zaw/k) o, 1-(—Zaw/k,1-2(1
LOI(1-(+ Zaw/k) l 1-20,1-(—Zaw/k ’ ]
_ [P - 20PP(C + Zaw/w) (c . @) 0
Tl - ¢+ Zaw/k) -

which vanishes due to the uncanceled I'(0) in the denominator.

-2
1?54 )=

The integral I%,
Finally consider the case
Iﬁ) = / dpe PpPMd + 10 p) M [a' + 1,V p] = Tppa(a’ 4 1,050 + 1,0')
0
T+ )rE)rY —a —p-2)
- TW—d -1 —-p-1)

which becomes

d+1Lp+lp+2-V
V.3+p+a =0

3F2 [ ; 1] . (E.65)

I(p)_F(p—l—l)F(1—2()F(—1—C—p—|—Zozw//<;) [1—C—Zozw//<;,p+17p+1—|-2§.1]
“ - [(=2¢ — p)L(~C + Zaw/k) P12 p+24 (- Zaw/k ]
(E.66)
When p = —2( the above formula becomes
7120 _ T(1=20)PT(-14 ¢+ Zaw/k) £ [1—(—204@)//@,1—2(,1.1]
o NO)(—C + Zaw/k) 1-2(,2—(—Zaw/k ’
A =20PT(-1+(+ Zaw/k) Zaw
- e () (67
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Expanding around Za = 0 shows the same divergent pole as for I?E;QO, leading to
7029 — [D(=1 — 2)]2 [_nm —1)+ 0[(za)ﬂ . (E.68)

Next take p = —2(¢ — 2 in which case
T(-2%-2) _ M(=1-20T1-2)I'(1+ ¢+ Zaw/k) ll —(—Zaw/k,—1-2¢,~1
44 T2 (=C + Zaw/k) ? 1-2C,—C - Zaw/k

[P -2QPT(¢ + Zaw/x) L 2Zaw
T 20(1420)(1 = 20T (¢ + Zaw/k) ( b= ) = (E.69)

which expands out to give

L2 = r(-1-2) l—én(n ~1)@2n—-1)+ 0[(Za)2]] . (E.70)

Combining results Ny and Dq

These integrals combine to give

o “1-n—3-A\"_ e
N, = 5% 2>—< i p— >Z§42< ? (E.71)

= [0(=1-2)* |-+ O[(Za)?]]

g 2w (—l=n—3=A\ 2 [~1=n—3-A\"_(2
@2:2{13()324)_%( e >I§4 c>+< esis 7620

— o[P(~1 - 2)]? [—2n2 + O[(Za)z]] . (E.72)
and so -
s =1z |- ofzap) (©73)
and -
o =12y M s ofzar (E.74)
Keeping in mind that P
A n(n+1) (B75)
where ¢ o< (me,)? so
7\ M _ [T(—1—23)]? _© +0[(Za)| , (E.76)
¢) ", 4
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and

(g) 2 et - 2 | +0liZay] (E.77)

Combined result

Finally combining all terms gives

N Ny ll +(2/€) (M /Ny) + (@/‘5)2(%/%&]

D Dy [14(2/%)(D1/Dpt) + (2/%)*(D2/Dpe)
:g [l—i—C———l- (E.78)

where C' is an n-independent but divergent constant whose precise value does not
matter because it gets absorbed into the renormalization of c,. The prediction beyond
the contribution of ¢, is completely contained in the ¢/n term, which is smaller than
the order to which we work.

Radial matrix element of the first-order state correction

In the main text we have anticipated that the first-order wave-function corrections
will lead to a more complicated RG behaviour of the combined PPEFT couplings
¢s + ¢, + (I- S)ép of j = 1/2 states through the boundary conditions (B.15) (worked
out in detail in Appendix B), repeated here for convenience

(er+Zpef —¢5) = 9 and (65 + Zrtp+¢,) = I (E.79)
f+ g-

This occurs because the radial functions on the right-hand sides of these conditions
change under the perturbation of the nuclear magnetic dipole field and can be expanded
in a perturbation series as f, = fSS) —I—Effxl,) +--- and g, = gg) —|—sgg) + - -+, where the

ellipses stand for the second- and higher-order corrections.
These corrections to the radial functions come about as a result of the state cor-
rections, which we had formally calculated in (D.11) and as applied to the eigenstates

of total atomic angular momentum |nF'F,jw) reads

. CrmFFZ j(—w)w
[nFF.jmw), = — 7 InFE.j'(-@))y + )

D D

_w nnFszjww | FFZJW>
njow j'(—w) fi#£n

njw wnjw

Cnn ™ )To
4 IrIICRE GRE, (),

D _
“njw wm (=)

, (E.80)
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where the coefficients are defined as

Conrrsimm = 0 (AFF,jo|VInFF.jw), = — <€“i> / Bz r 230y - (1 x P,

47D

= — <i>/d§22 < e )T<Ieae+]¢g¢> jw Jo~dr (jg+§f)

m F,fz Ffz D !
_ (2R)s (@ / i\ 0 0 ooy yiw (I
-0 (> a0, (VI35 ) (1% + 1°0%) 905, 5)  ®EsY
with B
- o0 . G ~
D 2 (2 32) _ . E.892
/0 drr <f +g> e (E.82)

Notice that a total of three types of terms appear in the first-order wave-function
correction: there are corrections coming from states that have the same angular momen-
tum quantum numbers as the corrected state but that differ from it in their principal
quantum number; there are corrections from states that have the same F,F, and [
quantum numbers but different n, 7 values and opposite parity; lastly there is a con-
tribution from a state that shares the same n, F, F, and [ value as the corrected state
and differs from it only in its j-value and parity. This medley of corrections occurs due
to the fact that although the F' eigenstates do diagonalize the degenerate subspaces of
the combined nuclear and Dirac-Coulomb modes, they do not diagonalize the actual
perturbation, Ly = —ey%y - A™ (except for S-states for which J = S); the hyperfine
perturbation is known to mix states that share all their quantum numbers except for j
and @ [104, 105]. This effect manifests in the corrections proportional to Cppre_j/j(—w)m
and Cinrr,jtj(—w)w, Which first appear for the negative-parity, j = 1/2 states that re-
ceive a correction from the positive-parity j = 3/2 states (and so we have j = 1/2,
j' =3/2 and w = — for these mixing corrections).

We can obtain a rough estimate for the sizes of these corrections knowing that
the Dirac-Coulomb modes go as p~! ~ (mRZa)®! and so |n, F, F,,1/2,—), ~
O(1) whereas |n, F, F.,3/2,+), ~ (mRZ«a), and assuming (as we will show below)

C ~ 5(Za)3, while the energy differences are of size,

ANFF.jjtow
(wﬁjw o wﬁDjw) ~ (ZCY)Q, (wﬁjw o wﬁDj’(fw)) ~ (ZO[)Q, (wfz)jw o w??j’(fw)) ~ (ZO()4.

The large size of the last energy difference is due to the Dirac-Coulomb modes having
the same principal quantum number, n but different angular momentum quantum
numbers, 7, 5.

Combining these estimates we find that the corrections coming from states with the
same angular momentum quantum numbers but different principal quantum number
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are of order,

Cﬁn Jjjmw |~ . (ZCY)?’
% ]nFszw>0 ~ 5

njw wﬁjw (ZQ)Q

those coming from states with the same F, F, and [ value but different n, j, @ values

=s(Za), (E.83)

are of size,
Cﬁ?’LFFz (o)~ ‘ (ZO()3
o _ch%l(w) [RFF.j' (—w)), ~ B(Zoz)Q (mRZa) = s(Za)(mRZa). (E.84)

and those coming from states with the same n, F, F, but different j, @ quantum numbers
as the corrected state yield a correction of size.

CnnFF jj(—w)w ./ (Za)g 5
S InFFE,j'(—w)), ~ 5 (mRZa) = ——(mRZa). (E.85)
wnjw - wnj’(—w) 0 (ZO()4 (ZO()

Looking at these sizes we can see that the corrections coming from mixing states
with different angular momentum quantum numbers are proportional to (mRZ«),
which pushes them outside of the scope of this paper as their calculation would re-
quire the PPEFT action to be computed to the next order in R/ay. Nevertheless,
although we ignore these off-diagonal corrections to the negative parity, j = 1/2 state
in what follows, we compute the most general matrix element CMFFZ;].%W next.

In the C;, ., 5z, coefficients above, D has the same functional form as ® defined
in (E.5) and (E.15) for the first-order energy shift with the parameters taken to be
n — n,( — E ,p — p, etc. and so this part does not require further computation.
What is new is the function in the numerator that integrates over the mixtures of the
radial functions of the corrected and the correcting states that can be written in terms

of the various integration constant ratios as,

N = m(28)S L (26) (R + k)¢ {m;t + <2> (26) 720 + (%) (27) %M

74
AN
+ | == | (2R) % (2r)7H0 5 . (E.86)
A
Furthermore, similarly to the energy shift, the functions 95,91, g’t{ and 915 can
all be written as instances of the integral,
T2 = (R + R)TH / dr e~ P A M, (E.87)
0

where the tilde on the subscript of the hypergeometric function means that in all of its
arguments the parameters are to be transformed as n — n,x — k,( — ¢ and so on.
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This integral differs from that of the energy shift in (E.7) in that the integration variable
is no longer the same as the argument of either of the hypergeometric functions and
the exponential has a factor multiplying the integration variable and so is proportional
to the more general form of (E.22)

Id(s;a,b,k‘;ﬁ,g,g) ::/ drefsrrdflj\/l[a;b;kzr]/\/l[ﬁ;g;%r],
0

= s_dF i

q=

ad+mE

Fi
b; s

. (E.88)

qq'sq

which after taking the limit k=k=sand redefining the integration variable to p = kr
becomes proportional to (E.22). The equality on the second line can again be found
by writing out one of the hypergeometric functions in its series form and carrying out
the resulting integral term by term using standard techniques found in [120, 121].

In terms of these integrals the functions of 91° can be written as,

s _ 7(C+¢-2) a <+< 2) {+¢-2) aa \ —({+¢-2)
o, = I8 5+—(C) S+ (2) 75 Ps - < )I 54,

12

cC

s +(Ec-2) @\ £E¢-2) [ P ) D T G )
s, (D)5 s+ (£)af - (12 s,
SO ) a’\ (-2 (c-C-2) ad’\ _(c-i-2)
M = Il’?? Sy - (?) 11 S-+ < >IQ§ S- - <g) Lz Sty

s _ 7(-T¢-2) @'\ H-T-¢-2) A"\ H(-G-¢-2) a'a"\ (-G-¢-2)
- %5, - (T) 257+ (£) 55775 - () s,

(E.89)

where the dimensionless quantities, S; are defined as

Sy = \/<1 + %) (1 - %) + \/(1 + %) (1 - %) ~ O(Za). (E.90)

In general, the integrals in 917, ‘)NT‘i and 915 will diverge and a more careful analysis of

their divergence structure and the energy shifts is required to see if they can be absorbed
into the PPEFT couplings through boundary conditions such as (B.15). However, the
possible divergences appear along with ratios of integration constants such as (2/%)
and (2 /‘5) and so are suppressed by factors of (me,)* ~ (mRZa)*8 and (mé,)* ~
(mRZ a)2|ﬁ|, which makes them negligible to the order we work here and so we do not
explicitly calculate the integrals in 17, ‘ft‘{ and 913.

Then, it is sufficient for our purposes (which is to capture the leading order correc-

tions to the wave-functions) to calculate 9., which contains integrals that integrate

pt?
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over the point-nucleus parts of the radial functions of the Dirac-Coulomb modes. These
evaluate to,

+(-2
Iﬁ -2 — (mﬁ-m¥+<11¢+Cl

)(li-l-/i'a b, 2/1;5,5,27{) =
> V(C+C—1), . |a(+¢—1+¢ 27
_1 F ~ = )
L+¢ Z qq'm+/<:) 2 b; K+ K

2 ~ -~ ~
Igﬂ ) = R+ H)<+< 1I(c+< y(F+Kya,b, 2650 + 1,0, 2) =

00 V(C+C—1), — [a+1,(+C—1+¢ 27
_1 F -~ ~ )
e 2; M'H+@ o b; R
I(C‘l'C 2) _ (,{JFKZ =l (/g—|—/§;‘a+162li‘552%)_
21 (+¢-1) ’ T

LK+ k)9 b; R+l

F[Z+g_1]i (a+ (?)q)(q’f)q@JFC—l)qQ}—l a(+C—1+q 28
=0 q

TCHD ,Q><+< 1%4 1)<K+n-a+1 b, 2k;d + 1,b, 2) =

22

= KAC+C—1), _ [a+1,(+C—1+¢ 25
C—I_C 1(1220 ¢ (k+ k)1 251 g; K+ K

(E.91)

and then combine in 95, to

m&=Ff+<—u2;CgC§&i;Qq

{5+ ((a)zﬂ]:l

a.C+(—14+q 2%

b; K+K
da a+1,C+C—1+¢q 2%
- 1 ~ _
<Ec> (a4 Doa i b; K+ kK *
5_<a<a+1> a1t 2R ]
c b; K+ K
a A+ 1,(+¢—1+q 27
Uy, g (G 1CE— 14 e 2R )}. (E.92)
b; K+K

A further simplification is possible thanks to a = ( — Zaw/k = 1 — n and likewise
a = (— Zaw/k = 1 —n being non-positive integers for all values of n,n and hence
terminating both the explicit series and the series representation of the hypergeometric
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functions. Then, using (E.16) and the identities a(a + 1), = (a)g+1 = (a),(a + ¢) and
(a)q(a+ q): = (a)g++ we can write after a little bit of algebra,

B U(C+ ¢ = Drala)y(@s
T[¢+¢ 1;; K_'_Hq—i—tqltl(b) (b), e
{S+(Ec—(a+Q)(a+t))+S_(a—5+q—t)},
_ S T+ €= (2R € ¢ = (L= )y =)
0 170 (R /)1 gl (1420), (1420 (R=N) (8- W)

{s+ [( )( ) 1_n+q)<1_n+t)}+s_(ﬁ—n+q—t>},
(E.93)

where the last two lines make use of the definitions of the hypergeometric parameters
in (2.20) and kK = mZa/N.

Lastly, let us estimate the size of the coefficients C .. 5.~

Assuming that the
angular integral and the ratio (¢//%) in (E.81) are O(1) numbers and estimating

O =~ m(20) 7 (2) IO, ~ m(2R) 4 (20) T (R 4 ) TS,
m(mZa)" (mZa) " (mZa)(Za) ~ O(1) (E.94)

and also that D ~ 35pt ~ O(1). In this case we obtain,

(21‘2)35 4 = 0 0 ‘ﬂs
CﬁnFFZ}jv%w = m2 %’ /dQ2 < ij,f > (I o+ %0 d)) F fz @ )
~ ms(Za)’. (F.95)

It turns out that a more careful calculation of CﬁnFFZEjﬁw is overkill because the
leading corrections to the diagonal first-order state corrections of interest here (i.e. ig-
noring the corrections coming from mixing different angular momentum modes) vanish
as is calculated in the next section and argued around (2.68) in the main text. As such,
the leading size of the state corrections (or at least the diagonal contributions) gets

suppressed by (Za)?, making them negligible at the orders we work.

F RG evolution

This Appendix collects useful parts of the renormalization story told in the main text.
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Universal evolution

The boundary conditions of the main text provide examples where the effective cou-
plings are found to satisfy equations of the form

Ap* + B
gl = 2Lt (k1)
Cpe +D
where ¢ is a representative coupling — such as g = —(és — ¢&,)/x in eq. (2.64) or g =

—(¢s + ¢,)x in (2.70) — and € appears on the right-hand side through p. = 2ke with
k = v/m2 — w2 The power of p. appearing here is ( = /A2 — (Za)? where £ =
—w(j + %) For j = % parity-even states, for example, comparison with (2.64) shows
that the parameters A, B, C' and D are given explicitly by

78 (0) 78 (0)
A=c+a, B=(c+d) <?) , C=c—a and D= (c—d) <?) , (F.2)
- -

with parameters a,a’ and ¢ given in (2.20), and repeated here:

A A A
oz 2w a/:—(C+ ozw>7 cogq_ Zom (F3)
K K K
For later use, eq. (F.1) also inverts to give
B — Dg
2 _ _ F4
K ot (F.4)

The goal is to derive a universal differential version of this evolution (see, for
example [64, 70-72] for more details). To start this off directly differentiate (F.1)
holding A, B, C, D fixed, leading to

e@: AD — BC % _ o (Cg — A)(B — Dyg)
de (Cp2 + D)2 " AD - BC ’

(F.5)

where the second equality uses (F.4) to trade p?® for g. This evolution equation has
fixed points at ¢ = g., where

A B
x — = or * — T,
= =D

which can also be seen as the p. — 0 and p. — oo limits of (F.1).

(F.6)

This equation can be put into a standard form by redefining ¢ to ensure that
g« = 1. To this end write

00 =10 +3(5+5) (F.7
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in terms of which the fixed points are

1 /A B AD — BC
U=+ (6 - 5) = (zc—p> ’ (£8)
and (F.5) becomes
du 200D AD — BC AD — BC
“de = AD-BC [“_( 2CD )1 [“J“( 2CD )1 - ()

Finally rescale

AD — BC
U l 56D ]v (F.10)
to see that q
v
— =(¢(1—v? F.11
T = (- (F.11)
is an automatic consequence of (F.1) once one defines
AD+BC 1(A B 1A B
— (== —l=+=]. F.12
9= 50D 2<C D>”+2<C+D> (F.12)

These expressions emphasize that although the positions of the fixed points for g
depend on the ratios A/C and B/D, the speed of evolution along the RG flow depends
only on (. Indeed the general solution to (F.11) is

(vo + 1)(¢/€0)* + (vo — 1)
(vo + 1)(€/€0)* — (v — 1)

where the integration constant is chosen to ensure v(eg) = vg. For ¢ > 0 this describes

v(e) =

(F.13)

a universal flow that runs from v = —1 to v = +1 as € flows from 0 to occ.

Since the trajectories given in (F.13) cannot cross the lines v = +1 for any finite
nonzero € there are two categories of flow, distinguished by the flow-invariant sign of
|v| =1 (see Figure 1). That is, if |vg| — 1 is negative (positive) for any 0 < ¢, < oo,
then |v(e)| — 1 is negative (positive) for all 0 < € < oco. Every trajectory is therefore
uniquely characterized by a pair of numbers. These can equally well be chosen to be
the pair (€, vo) that specifies an initial condition vy = v(€), or it can be taken to be the
pair (€, y,) where y, = sign(|v| — 1) = £1 distinguishes the two classes of trajectories,
and ¢, is defined as the value of € for which v(e,) = 0 (if y, = —1) or the value for
which v(e,) = oo (if y, = +1). The parameterization using (e, ) is useful because
physical observables turn out to have particularly transparent expressions in terms of
these variables.
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For the specific case of j = % parity-even states these parameter combinations
become ( = /1 — (Z«a)? and

A cta 1-(+(m+w)Za/k
C c—a 14+(+(m—-w)Za/k
B c+d 1+(¢+(m+tw)Za/k
D c—da 1-C+(m—-wla/k

(F.14)

Using, in these, the leading Coulomb expression m — w ~ (Za)*m/(2n?) and so x ~
Zam/n as well as ( ~ 1 — %(Z a)? then leads to the approximate forms

A B 2n
—~n-+-.-- , — ~

D~ (Zap

(F.15)

up to terms suppressed by (Za)? compared to those shown.

Evolution for positive-parity j = 1 states

The importance of calculating the first-order state corrections above is that the al-
ternative boundary conditions in (2.58) and (2.60) set various combinations of the
PPEFT couplings equal to the ratios of the full radial functions, g1 (e)/f, 1 +(€) and
f 1 _(¢e)/g, 1 _(€) when applied to j = 1/2 positive- and negative parity states respec-
tively. The new coupling ¢, sits on the left-hand side of these equations, which we
assume to be of size s and we further anticipate that the couplings present in the case
of spinless nuclei ¢, ¢, also receive spin-dependent corrections that first appear at this
order. Matching powers of s on both sides of the boundary condition then requires us
to compute all O(s) contributions to the radial function ratios, which is what we will
do now for both parities, starting with the positive-parity state. In what follows we will
suppress both the arguments and the quantum number labels of the functions, except
for parity.

Evolution for positive parity j = 1/2 states

On the right-hand side of the positive-parity, j = 1/2 states’ boundary conditions
in (2.58) sits the ratio (g4 /f+), which can be expanded to first order in degenerate
perturbation theory schematically as,

8 g$)+sg(”+ g(f) 99 o )
[ +5| <o~ oo | TO) (F.16)
+ + sf} " f+ f+ + T+

(0)

where g’ and f L are given in (2.18) and g + ) and f % are given in (2.56) using appro-

priate substitutions for the quantum number labels. Before proceeding any further, it
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is important to remember that the superscripts on these functions refer to their order
in degenerate perturbation theory and not necessarily whether or not they are complete
in any order in s. To emphasize, we had defined g(j) and f(j) to be the corrections to
the radial solutions of the Dirac-Coulomb problem, g@,f@ that come about purely
as a result of degenerate perturbation theory, but not including the expansion of the
integration constant ratios in (2.62) and as such both gSE), g(j) and f@,fg) are still
functions of the full (2, /%). This means that in order to get all the contributions to
O (s) in the ratio (g4 /f+) we still need to use (2.62) in ggf) and ff), but not in g(+1), f(+1)
since these are already O (s). Then, focusing on the first term on the right-hand side
of (F.16) we find

NG y . ) y
5O B My 2Ma] + (25)7 % [My + M) + (2) 0% My + ZM)
(f) _a T+ © -2¢ _a T+ ! —2¢ _a ’
[Ml CM2i| + 7y P [Mg CM4] + A 1% [M;), c./\/l4]
a 2 © -2 a’
Mo+ 2Mo] + (52) 5% [My + M)
- X ©) ,
(My—2Mo] + (52) % [My — M)

(F.17)

Substituting this into (F.16) along with the explicit functional forms from (2.18) and
making use of (2.56) and (2.62) we can write the ratio of positive parity radial functions
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as

(0) /
o My 2Ma] + (Z5) % [My + M)
e

(0) ,
My = SMo] + (Z2) o2 [My — 2M)
(1)
2 (%) 0% (A MaMy — aMaMs)
N ,
o (i eaa] + ()" o (Mo - 2]
~ _ a .@4,_ ©0) ~-2( a
S fm— @ (%w/?aﬂ) (Mi+2IMg] + (2) 5% (Mg + TMmy]
—p/2 -1 2.\ (0) ,
NG = za] £ () o7 (M- £
(0) ,
= M+ M)+ (Z5) o My + 2 M,
T 2X ©) ,
(M= 2M] + (22) % (Mo — £ M,

y Im+o [ €e P21 (M — M) + (?i
m—+w \ €rer2pi—1 g

[Ml_% 2}+(j—+

]

2

G +0(s%).

]
]
© 52 (M — L M-
P [ 37 % 4]
) /
) p2% Mz — LM,

(F.18)

With an eye to the future progression of this calculation in the main text, where the
terms including the sums will cancel (to leading order in p), we can massage this into
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the form,
2.\ (0
9. [CMl + CLMQ] + (%) _2< [CM3 + a'./\/l4]
(0)
I+ [eMy — aMy] + ( +) p~% [ceMs — a/ My
(1)
L, 2 (}?I) X,O*2< ((1’M1M4 — aM2M3) c

([ch—aM] (+)” 2<[cM3—an])2

_ _ G\ -
S [ (ﬁeﬁxzﬁmc> [EM5 — GMs) + (%) 2 [EM5 — a' My]
Z —p/2p¢—1¢ (0)
MW \ G My — M) + (%) My —am]

(0)

P2 oMz + @ My

X\ X ©

EM; + aMy] ()
) P2 [eMz — a My

My — aMg) + (2
2,\ ¥
[eM1 + aMs)] ( *) P2 [eMs + a' My
; (F.19)
[CMl — CLMQ] < ) _QC [CM3 — GIM4]

where the leading small e expansion (and identically small p expansion) yields,

- X

oy [c+a]+(%)()p2g[c+a,] 2<%>(1)Xp2<(a/_a)c
[T 2 \O - 0) ?
[c—a] + ((I) p~c—d] <[c —al + (%) P [c — a’])
>\O _ o
m+w 7.5 ) ~a+ (2) -l
T e (7)o
s ( D) FHEE el + (%i):p—2< ) o
c—a]+(—+> p~%[c—1d] [c—a]—k(%’) p~2% [c — d]
(F.20)

Evolution for negative-parity j = § states

Moving on to the negative parity, j = 1/2 states, the right-hand side of the bound-
ary condition in (2.60) is equivalent to the ratio (f_/g_), which using (2.55) can be

247



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

expanded to first order in s schematically as,

(0) (1) (0) (1) 0) (1)
L ee e L +5(f E g—)+0(52), (F21)

5 Otsg g0 \g® g0

where f@) and g(,o) are given in (2.18) and f(,l) and g(,l) are given in (2.56) using ap-
propriate substitutions for the quantum number labels. A before, these functions still
contain the full integration constant ratio (Z-/%-), therefore to complete the expansion
of (f_/g_) to linear order in s we need to make use of (2.62) in ' /g'”). Concentrating
on this term on the right-hand side of (F.21) we find

Q _
o~ X
- My + 2M,

a 97— © —2¢ a
M= M) + (%) P [Ms — My
X 7 \© ,
M+ 2Mo] + () 572 [My + 2M)
(1)
2 (%) ' p_2C (a/M1M4 — aMgMg)
+56 (F.22)

L) , 2
ex <[M1 +2My]+ () My + %/m})

C

Substituting this into (F.21) along with the explicit functional forms from (2.18) and
making use of (2.56) and (2.62) we can write the ratio of negative parity radial functions
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as
a D_ ©) —2¢ a'
j_ M= M)+ (e?) P [ Ms = S M
g_— X a 9_ ©) _ a’
[Ml + ZMZ} + (%ﬂ—_) P 2 [M:), + ?Md
1)
2(2) Y (MM, — aMu M)
+5 -

, \(© , 2
o ([ 2]+ () 7 [aa+ 201

_ s\ () _
] i [Mi—EMG) + (F) 7% [Ms -
_Z m—w \ € e r2pi-1 2.\©

0
(Mi+2Ma] + () 572 [My + 2 M)

ol
w1
| S—

(0) ,
= M=o+ (2) 0 M - 2y

a 9D_ © a
[M1 + _M2:| + (%— p‘zc [Mg + ?M4:|

. =\ (0) _ -
—= <Cg 65/254-1) (Mg +IM;5] + (%) 7% [ My + ZMy] o)
X 5.
— - /2 C_l g (0) /
mECNET) My oM+ (2)7 o My M)
(F.23)

With an eye to the future progression of this calculation in the main text, where the
terms including the sums will cancel (to leading order in p), we can massage this into
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the form,
NG - ,

P eMi—aMol+ () oMy — a' My
i ©)

- [eMy + aMs) + ( ) % [eMs + a/ M)

M
2 ( ) P2 (A MMy — aMaMs)

+5

(0) 2
<[CM1 +aM ] (J) p—ZC [CM3 +a//\/l4]>
(0)
Z\/m <% e PP ) EM; M)+ ()5 Mg + M)
) [Pptte ©
C_e—rl2pi—1c [eMy + aMs] + <_> % [cMy + dM,]
(0)
[eMy —aMy] + ( ) 5K [EM — T My

=\ (0)
EM; +aMs) + (9) 7% [EM; + @My

X!

(0)
[C./\/ll — CLMQ] (@_> _QC [C./\/lg, — CLIM4]

—x! 0 , (F.24)
[eMy + aMs] + ( +> X [eMs + a/ M)
where the leading small € expansion (and identically small p expansion) yields,
7 \ ) 7\
i e—d+(F) rXle-a] nH(E) pE (- a)e
PR N el G 2
[C+a]+(<g_) p~* [c+d] ([c+a]+(ﬁ> p‘2<[c+a’]>
/Z\ m—o (cg e PI2 K 1C> [c+a] + (%) P [c+d]
B — —p/2 pC—1¢
MoONET v al+ () X e+ al
5\ ( S (0)
=@+ (F) rEE-a fe-d+(F) pXle—d]
X4 X - X
c+a+ () rxl+al etal+(Z) pXle+al
(F.25)
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G List of symbols

Ve, Ve ~ (Za)

R

ap = (mZa)™!

5 =

JsJ=

meu N

47

Atomic number of an element
Fine-structure constant

The number of available experimental observables and the
number of nuclear parameters

Bohr energy level of a lepton

Principal quantum number of a leptonic energy level
Mass of the lepton orbiting the nucleus

Mass of the nucleus

Reduced mass of the nucleus-lepton system

Electric charge unit

Reduced Planck’s constant

Speed of light in vacuum

Boltzmann constant

Velocity and speed of the nucleus-orbiting lepton

A length-scale of approximately nuclear size, i.e. 1 fm
Bohr radius of the atom

The small parameter controlling the effects of the hyperfine
interaction

Quantum numbers of the total leptonic angular momentum
J =L + S and its projection
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S<I> QED

/yua s

174

Y = =L [y, o]
lD = ’YMD,u

SHU.C

Cs, Cy, Cq

y*(s)

SQED

The renormalizable action of a theory treating the nucleus
as a relativistic point-like particle interacting with photons
and another lepton species

Field strength of the U(1) gauge field, A*(z)

U(1) vector field

Covariant derivative of a field charged under the U(1) gauge
group with charge ¢

Leptonic Dirac field and its Dirac conjugate

Nuclear Dirac field and its Dirac conjugate

Dirac gamma matrices

Lorentz algebra generators for Dirac particles

Slashes indicate contraction with Dirac gamma matrices
The higher-dimensional extension of S containing non-
renormalizable interactions between the second-quantized

nuclear and leptonic fields and a U(1) gauge field

Generic EFT couplings in Sy, that are related to nuclear
properties

Curve mapping the real line, R to the position of the nucleus
Arbitrary position 4-vector

Arbitrary parameter along the world-line of the nucleus
4-vector trajectory of the nucleus, parameterized by s

The standard QED action describing the interaction be-
tween a Dirac particle and a U(1) gauge field

The 1-dimensional action of a point-particle
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v ~m(Za)/M
voi= (1 —v?)~1/2

Cs, Cy, Cry Cem, C2, C3

-
Ny, M

e’l’

Uy, <t7 Ta 97 (p)
R.(kT)

w

K

L

YL(97 QO)

[, 1,

CﬁL? -@L

Total action of the PPEFT
Velocity of the nucleus
The relativistic conversion factor

Generic EFT couplings in the PPEFT arising at order
(length)?

Proper time along the point-particle’s trajectory

Minkowski metric and its inverse with signature (-, 4+, +,
+)

Radially pointing unit normal vector

Separable solution to the leptonic field equations

Radial part of the solution to the leptonic field equations
Energy of the leptonic field mode

A function of the leptonic mode’s energy, w. It is often

given by the dispersion relation k = vVm?2 — w?
Collection of angular momentum labels specific to the so-
lution of the leptonic field equations

The angular part of the solution to the leptonic field equa-
tions

Quantum numbers of the orbital angular momentum and its
z-component in a solution to 3-dimensional field equations
of spinless fields

Integration constants in the solution to the ordinary second-
order differential equation satisfied by the radial component
of the leptonic field multiplying the near-origin convergent
and divergent solutions respectively
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R (kT)

gn, gi

Tpy, Tz

F=J+1

Sy

&4 (s)
{A,B} = AB + BA
[A,B] = AB — BA

Spo

F,u’ 1—\5

TH = — & [[r TV

€papapin

What are traditionally thought of as the near-origin conver-
gent (divergent) radial solutions to leptonic field equations

Nuclear magnetic moment (not the nuclear magneton) in-
cluding the nuclear g-factor

The nuclear and leptonic g-factors

Charge and Zemach radii of the proton as measured by [5]
Nuclear spin vector

Total atomic angular momentum operator

Quantum number of the total angular momentum of the
atomic system, F =1+ J

The ‘bulk’ part of the PPEFT action, which for our pur-
poses is the same as the QED action, Sy = Sgrp

Classical Grassmann field
The anticommutator
The commutator

The lowest-order part of the PPEFT action that describes
the kinematics of the point-particle

Dirac gamma matrices acting on the Hilbert space of the
nucleus

The Lorentz algebra generators for the Hilbert space of the
nucleus

n-dimensional totally antisymmetric tensor

Identity operator
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-
S (7_1 72 TS)T
E,B
= pyl
G+
ASUC,ADHC
A(r)adv Arad

SO
3 =

os)

o
o — (Ul o2 0.3)T
P(x)
LU
w ==
lejz(9> ¢)
}/le (87 ¢)

fnjw (T), gnjw(r)

MB,v; 2] = 1 F1[B:7; 2]

The spin-matrices acting on nuclear-spin space

The vector of spin matrices acting on nuclear-spin space
The electric and magnetic fields

Nuclear magnetic moment

Electromagnetic 4-current

Electromagnetic fields directly generated by the nucleus

Operator valued quantum field interaction of the electro-
magnetic field

The spin-operator for a Dirac-particle with S = %0‘ the spin
vector

Pauli matrices acting on lepton-spin space
Vector of spin-matrices acting on electron spin-space
Spatial part of the solution to the leptonic field equations

Quantum numbers of the orbital angular momentum of the
leptons for both parities

The parity quantum number, (—) with l =j — J @

2 component spherical spinors of the Dirac-Coulomb prob-
lem

Scalar spherical harmonics

Solutions to the radial part of the Dirac-Coulomb field
equations

Confluent hypergeometric function
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M

p = 2Kr
f=w(i+})
p

¢ = /R~ (Za]
a:§_23w7
b=1+2¢

N=n \/1 _ 2 ]A])(Za)?

n?(C+[8])

5WnFjw

Denotes one of the confluent hypergeometric functions in
frni(r) and g,;(r) withi=1,2,3,4

Dimensionless radial variable of the Dirac-Coulomb prob-
lem

Eigenvalue of the operator o -p in the Dirac-Coulomb prob-
lem, a.k.a. the Dirac quantum number (normally denoted
by K in the literature

Momentum operator of the Dirac fields

Dimensionless combination appearing in the radial differ-
ential equations of the Dirac-Coulomb problem

Arguments of the confluent hypergeometric functions that
appear in the near-origin finite parts of §,,;(r), gn;(7)

Arguments of the confluent hypergeometric functions that
appear in the near-origin divergent parts of §,;(r), gn;(r)

Factor appearing in both types of solutions (near-
source convergent and divergent) of the radial functions

fng (r), Gnj (r)

Relativistic numerical factor appearing in the point-like
source solutions to the Dirac-Coulomb problem

Bound state energy eiegenvalue of Dirac particles in a
Coulomb potential sourced by a point-like nucleus with
charge (Ze)

Function of the bound state lepton energy of a Dirac parti-
cle in a Coulomb potential sourced by a point-like nucleus
with charge (Ze)

Energy shifts of a nuclear origin to the leptonic mode func-
tions with quantum numbers n, F’, j,  and Dirac-Coulomb
energy wy,;
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e
Emag- — nFjw
me T
pt—QED
QED __ SnFjw
5nFjw - N—-QED
+ nFjw
pt—rec
8rec' — nFjw
nrjw el
J @
Ff, (97 925)

wnFjw = |anZ7I7J>O

M1

(1)

nFjw

3

N, N

The energy shifts generated by the magnetic dipole moment
of the nucleus at first and higher-order in s respectively

The energy shifts coming from various QED processes in the
point-nucleus limit and the radiative corrections to finite-
size effects through loop processes respectively

The energy shifts coming from nuclear recoil processes in
the point-nucleus limit and the recoil corrections to the
finite-size effects respectively

The new spinors that incorporate the hyperfine structure.
They obey the eigenvalue relation F2),. = F(F + 1)) and
others found in Appendix D

The correct zeroth-order atomic states that diagonalize the
degenerate subspaces of the mixed electron and nuclear
states under the hyperfine interaction

The nuclear spin states of a nucleus with spin, 1

The first-order energy shift caused by the presence of the
nuclear magnetic dipole field calculated in perturbation the-
ory

The explicit, normalization factor that emerges in the en-
ergy shift and state-corrections for unnormalized states

Angular operator acting on the hyperfine spinors :));?Z

A combination of angular momentum quantum numbers
defined in (2.34) that ubiquitously appears at first order in
s due to rotational invariance

Collection of dimensionless integrals in the radial matrix
elements appearing in the numerator of the first-order en-
ergy shift and the first-order state corrections respectively,
due to the hyperfine interaction
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sjtpt; mlv m27
@pta 917 92

s s S S
“opty M D 2

tha 917 @2

ET(LOJ) = w,; + 5w§g~)

C-

AnrF,jjtow

500(0)

njw

5(,0(1)-

nFj

nFjco

Collection of dimensionless integrals appearing in the
denominator of the first-order energy shift and state-
corrections respectively, due to the hyperfine interaction

Set of dimensionless integrals in 91, split into three cate-
gories: integrals over only near-origin convergent functions
(‘pt’ subscript); integrals accompanied by one power of the
integration constant ratio 2/% (labelled by the ‘1’ sub-
script); integrals accompanied by two powers Z/% (sub-
script ‘27)

Set of dimensionless integrals in 91, D split into the same
categories as those in 91,

The zeroth-order energies of the atom with degeneracy
(21 +1)(25 + 1)

Coeflicient of the first-order state-correstions

The spin-independent, zeroth-order finite-size energy shift
determined by the normalizability condition (2.22). This
is the part of the energy shift that appears in our earlier
work [64, 72] given by the zeroth-order, scalar part of the
integration constant ratio (/%)

The spin-dependent, first-order finite-size energy shift com-
ing from the normalizability condition (2.22) through
(2/¢)"

Integrals that appear in the radial matrix elements of the
first-order energy shift with i,j € [1,4] denoting the four
confluent hypergeometric functions in f, g

The hyperfine-splitting energy shift with relativistic correc-
tions included

A regularization-scale dependent function that needs to be
(1)

absorbed into the effective couplings in order to keep ¢, /.

physical
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¢ = 16(me,)?

9p
Hp
nLjF

A

Y

0 0
f() (0)

njcwo? gn]w

1 1
f() (1)

njoo) gn]w

(2/6)"

(2/%)"

€4, €0

A function of the small dimensionless quantity me,, that
controls finite-size effects in the PPEFT language

g-factor of the proton
Magnetic moment of the proton

Spectroscopic notation of an energy level with quantum
numbers n,, 5, F'

Integrals that appear in the 91° matrix-elements of the first-
order state corrections. Here, the tilde signals the fact that
the quantum numbers are different for the two hypergeo-
metric functions in the integrand but the other indices are
defined the same way as in Ii(jp)

The sum factor of (2.54) over all values of the principal
quantum number that lie outside the degenerate subspace
of the state whose corrections we are looking at

The Dirac-Coulomb wave-functions

First-order corrections to the Dirac-Coulomb wave-
functions calculated in degenerate perturbation theory

The ratio of integration constants found in the case of a
scalar source

The first order correction to the ratio of integration con-
stants introduced as a compensation for the lack of new
large-r normalizability conditions for the full states once
the hyperfine interaction is turned on

Radius of the Gaussian sphere on which the alternative
boundary conditions implied by the PPEFT are set up

RG-invariant scales associated with the finite-size effects of

a scalar source and controlling the running of the PPEFT
couplings cg, ¢,, Cp
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€r
ZFjw7 ZFw
~ c
Ci = 471'162
~(0) (0
0, o0
A(1) A1
o0, &

_ m—w
X = m—+w
A

g(€), u(e), v(e)

A, B, C, D
Yy = £1
A0

A

RG-invariant scale associated with the mixed finite-size, hy-
perfine effects

Another combination of angular momentum quantum num-
bers that appears in the matrix elements of the I - 32 oper-
ator.

The generic EFT coupling divided by the surface area of
the sphere on which the new boundary conditions are set
up. Equivalently, these are the dimensionless couplings that
appear in the boundary action of the PPEFT

The coupling coefficients appearing at zeroth order in s
and so whose running is controlled by the spin-independent
parts of the boundary-condition

Corrections to the (length)? coupling coefficients of scalar
nuclei appearing at first order in s

A numerical factor that appears in the ratios of radial func-
tions f(r), g(r)

Contributions to the boundary conditions of leptonic modes
that come from the first-order state-corrections

Functions in terms of which the zeroth-order RG-flow can
be universally determined

Constants in the universal evolution of coupling constants

An RG-invariant that determines which type of curve the
couplings flow on in the zeroth-order RG evolution

The n-independent linear combination of spin-independent
PPEFT couplings & and ¢ that follows from the leading-
order RG behaviour of the couplings

The linear combination of spin-dependent PPEFT cou-

plings elV, &) and é, that follows from cO (s) RG behaviour
of the couplings
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(2/€),s
H,

)

Y

Pejm(X)

(%) es (%) ces (M) emsy -+ -

(rc1)s (o) (Top)

pt
nFjw

NS
nFjw

— .
—njoo

The physical part of the normalizability compensating ex-
pansion of the ratio of leptonic integration constants at first
order. This quantity controls the actual mixed hyperfine,
finite-size effects coming from the large-r normalizability
condition

Nuclear-size dependent energy shift coming from the large-
r normalizability condition at zeroth and first orders in s

Harmonic numbers
A function of Z/% appearing in dw,pjw
Fuler-Mascheroni constant

The electric charge and magnetization densities of the pro-
ton

The charge radius squared, the Friar and the Zemach mo-
ments and other nuclear moments that can be used to pa-

rameterize finite-size effects

The effective Friar moment, incorporating the finite-size
parts of the nuclear polarizability contributions

Various moments used to capture elastic parts of the
nuclear-structure effects from [57] and [56]

Theoretical contributions to the energy shift of leptons in
the point-nucleus limit

Nuclear-size related energy shifts to the lepton energies
An arbitrary scale in radiative corrections to the leading

mixed finite-size, hyperfine effects first derived in [30]

The radiative corrections to finite-size effects for muonic
Hydrogen appearing in the traditional Lamb shift coming
from the electronic vacuum polarization
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Ly ()

po = 2m7-§1Za)r
G'(x,0)

v (nLjF — n’L;,F/)

VlShfsv V2Shf37 Va1

Vg, Vs

Z0 = (M (0)€x0)?

Ly

Ne

The associated Laguerre polynomials

The dimensionless radial variable in the Schroedinger-
Coulomb problem

The reduced Schrodinger-Coulomb Green’s function for
nS 2 states

The experimentally measured value of a transition between
two energy levels

The experimentally measured energies of the 1S r=l 1S s :0,

1
)
the QSF 2SF 10 and the QSF | ISF ! trans1t1ons in

-2
atomlc Hydrogen respectlvely

l\)

The experimentally measured 2Pji 2 - ZSfff and the
2 2

2P~ = —-28 f_:f transitions in muonic Hydrogen respectively
-2 -2

A dimensionless combination of the RG-invariant €, , and
the lepton (¢ = e, u) mass. We fit for this parameter in our
numerical calculations

An energy scale appearing in the fitting of 2z for the lepton
C=e,pu

A dimensionless constant appearing in the fitting of z for
the lepton ¢ = e,

The Lambert-W function

The function of the Lambert-W function that determines
(me,)?

: t
The difference, |w',
211+

perimentally measured value of the hyperfine-splitting of

w20 +] — las),;, between the ex-

the 2S5 state in atomic Hydrogen and the size-independent
contributions to this transition
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AWQl

A Efs
AEeXp

AEth

A Etrunc

L, He

The finite-size contribution to the 2S’F — 1SF transi-

tion, expressed as the difference betvveen pomt hke the-
ory contributions and the experimentally measured value,

t t
|:(.Up —wp7 ] — V21
2

The first linear combination of experimental values and
point-like theoretical combinations to their measured in-

pt  _ pt — Pt — —
tervals, [w21%+ w20%+} {w22%+ w21 +] [vs — 1] that

can be used to fit €5, in muonic Hydrogen

The second linear combination of experimental values and
point-like theoretical combinations to their measured inter-

pt _ 3 |,,pt _
213+ 201 J Vs T3 [szg+ CL)211+ Vt] that

can be used to fit €, in muonic Hydrogen

vals, 1 [w —wP

Finite-size contribution to a given energy shift
Experimental error on the value of AE™

Error on AE™ generated by the size-independent contribu-
tions to energy shifts

The truncation error on AE®™ coming from ignoring terms
in our finite-size series expansion

The Lagrangian density

Conjugate momentum to y*

Conjugate momentum to &

Scalar constraint on the relativistic spinning point-particle

Grassmann constraint on the relativistic spinning point-
particle

Constrained Lagrangian and Hamiltonian of the relativistic
spinning point-particle

263



Ph.D Thesis — L. Zalavari; McMaster University — Physics and Astronomy

eOH

(A, B)»

Aa,@ = (Qbou ¢B)P

(A, B)p

int
Sp

int
IB
B.

or = —dw ﬁ‘?gl

oy = 2|R| — 2¢

The scalar Lagrange-multiplier for ¢,
The Grassmann Lagrange multiplier for ®#

The Poisson bracket,
Grassmann-even quantities as (A, B), =

defined for a theory with only

0A OB __ 0A 9B
dq® Ip; apf dq*

A matrix built out of the Poisson brackets of constraints
The Dirac bracket

Imposed gauge condition to get rid of ¢,

Spinors of the Dirac field that are interpreted as the particle
and anti-particle solutions in the rest-frame of the particle
with the Dirac representation assumed. [ can also be a set
of generic angular momentum labels depending on context
The PPEFT action with the lepton field interactions
Boundary action of nucleus-lepton interacrions

Ball of radius, € where the boundary conditions are set up

Convenient dimensionless quantity that appears when find-
ing the energy shift through the normalizability condition

Another convenient difference of dimensionless quantities of
size O ((Z«a)?) that appears when finding the energy shift
from the normalizability condition

A function of the principal and Dirac quantum numbers
appearing in the energy shift implied by the normalizability
condition (2.22)

The zeroth-order Hamiltonian that can be solved exactly
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3

ca, b, k; @b, k)

VIR
/(2 0-2)

The perturbation to Hy and a parameter that formally
helps keep track of the orders in V' and is eventually sent
to 1

Projection operator out of the degenerate subspace of a
given state

O [(Z«a)?] parameters that help us keep track of the reg-
ularization of the divergent integrals in energy shifts and

state-corrections

Hypergeometric function with A numerator-type and B
denominator-type parameters

Pochhammer symbols
Generic integral appearing in 91,9 and D

The regularization parameter that controls the divergences
in matrix elements

Generic integral appearing in 91°

Frequently appearing numerical factors in the first order
state corrections
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Chapter 5

Summary, Conclusion and
Outlook

Summary and Conclusion

In the first chapter we started our discussion by presenting a review of EFTs
that outlined how such theories emerge at low energies, F well-separated
from some UV scale, A. We have seen that EFTs can be built by knowing
the low-energy field content and symmetries of a theory and writing down
all possible symmetry-preserving interactions between these fields and all
their derivatives in an effective action that is essentially a multipole expan-
sion of operators where higher-order terms are suppressed by increasing
powers of the small ratio, F/A < 1. As such, these theories turned out to
be non-renormalizable since they contain an infinite number of irrelevant
operators in their actions, however due to the increasing suppression of
terms by F/A to any given experimental accuracy it is only ever a finite-
number of terms that enter into predictions of physical observables. These
can be fit using measurements and used to make accurate predictions for
other observables measurable with the same precision.

This was followed by constructing EFTs for lumps that are solutions to
a given field’s equations of motion that concentrate the energy into some
region of spacetime and so have inherent size, R and are probed at some
experimental scale, aexp, > R. The resulting EFTs turned out to depend
only on the centre-of-mass coordinates of the lumps and their other internal
degrees of freedom. When these lumps were coupled to external fields, their
presence was shown to impose a set of near-source boundary conditions on
these fields that specified the integration constants in the solutions to their
equations of motion in such a way that the result would take into account
the presence of the blob. Along the way of establishing this result we have
identified PPEFTSs as a class of these EFTs, where the lump is assumed to
be a one-dimensional object.

Then, by drawing an analogy between a point-particle with centre-of-
mass coordinates, y*(s) where s is some arbitrary parameter along the
world-line of the particle, and one-dimensional lumps viewed from far away,
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whose only low-energy fields are also their centre-of-mass coordinates, we
have been able to identify the symmetries of such blobs to be that of
Poincaré- and reparameterization invariance, hermiticity and symmetry
under C-, P- and T-transformations. Afterwards, we charged this point-
like object under a U(1) gauge field, A*(x) by introducing gauge-invariant
interactions between the centre-of-mass coordinates of the lump and the
gauge field. This gave rise to a Coulomb potential around the charged
lump, which we have therefore identified to be a nucleus of charge, Ze. In
this way we have found that a PPEFT with low-energy field content of
only y*(s) governed by the symmetries of free point-particles and that of
gauge-invariance are effective descriptions of spinless nuclei.

We then added the fermion field, U(z) of mass, m and charge (—e)
to the mix by minimally coupling them to the gauge field in the bulk to
form the dynamics of QED and wrote down all their allowed effective in-
teractions with the low-energy degrees of freedom of the nucleus. Then, we
have found the bound-state solutions to the equations of motion of these
fields with a Coulomb-potential that sample the nucleus at their Bohr radii,
as ~ (mZa)~!, meaning that the effective low-energy action of the nucleus
for these states appear as a power series in the ratio, R/az ~ (mRZ«),
revealing that the effective couplings in this action track the effects of the
finite size of the nucleus. Then, we imposed the large-r boundary condi-
tions on these solutions, which constrained the integration constant ratio,
Djw/ € to satisty (1.82)). Consistency of this boundary condition with
the one implied by the nuclear action lead to finite-size energy shifts as
functions of ;. /%~ # 0. Then, it transpired that for these expressions
to describe physical observables the PPEFT couplings had to flow in the
RG sense and the energy shifts really only depended on the RG-invariant
parameters of this running thanks to dimensional transmutation.

In the last section of the introduction we briefly introduced the history
and current status of atomic bound-states with a special focus on finite-
size effects to show that they are traditionally calculated as functions of
numerous model-independent nuclear moments, and explained how these
effects turn out to have such large uncertainties that they forbid accurately
testing fundamental theory.

The first paper, presented in Chapter [2|detailed the above application of
the PPEFT formalism to atomic bound-states of Dirac particles orbiting a
heavy, scalar nucleus such as jHe™*. The new near-nucleus boundary con-
ditions of A*(z) inferred from the nuclear action gave rise to the Coulomb
field, which in turn lead to the Dirac-Coulomb bound-state solutions of
(1.71) with (1.73). Then, by deriving the alternative near-nucleus bound-
ary conditions for the lepton fields we have seen how the finite-size-related
properties of the nucleus encoded by the PPEFT couplings enter bound-
state energy shifts. We have further used these conditions to learn how
these couplings have to depend on the fictitious scale, € — the radius of the
Gaussian sphere where we set up the boundary conditions — in order to keep
energy shifts physical. Although we have advertised in the introduction
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that it is through the RG-invariant parameters of this dependence that we
should characterize the energy shifts, we instead chose here to parameterize
them using effective moments, g;, fl We have taken this parameterization
out to subleading (mRZa) and (Za)? orders relative to the leading term,
which we have related to the charge-radius squared of nuclear moments
found in the literature, such as those in eqs. (1.101), (1.102) and others.
Lastly, we have worked out these effective moments for some specific charge
distributions that had good analytical control.

In Chapter |3| we have expanded the nuclear action to include bulk-
lump interactions suppressed by one additional factor of R/a; ~ (mRZ«),
i.e. operators with dimension (length)® coupling constants. By deriving
the new near-nucleus boundary conditions for the fermionic field we have
seen that trading their integration constant ratios %;, /%« for the PPEFT
couplings introduced a more refined running of the couplings that was re-
quired to keep energy shifts physical but nevertheless, depended on the ex-
act same RG-invariant parameters as its lower-order counterpart. We then
used this more detailed RG-flow to write all the effective nuclear moments
from the first paper as functions of the RG-invariant parameters, which
in turn allowed us to write the nuclear-size energy shifts to the fermionic
bound-states as a function of only one RG-invariant parameter, €,. As
such, we have been able to conclude that a single RG-invariant parameter,
€, is sufficient to capture finite nuclear-size effects in atoms out to and in-
cluding subleading (mRZ«) and (Z«)? orders relative to the leading term.
This realization revealed that the PPEFT approach to these effects leads to
fewer parameters than that of nuclear moments and we have shown what
linear combinations of these moments €, corresponds to. Finally, we have
devised ways of exploiting the low number of these relevant parameters
to make predictions in atoms with scalar nuclei whose nuclear-size related
uncertainties were controlled by the errors of only the most precise measure-
ments of spectroscopic transitions of the system and their corresponding
theoretical contributions assuming a point-like nucleus, which therefore will
only improve over time.

Lastly, in Chapter 4] we have detailed how to extend the PPEFT for-
malism to capture the effects of nuclei with spin, through the inclusion of
a set of classically anti-commuting low-energy fields, £#(s) internal to the
nucleus. This resulted in a small magnetic dipole field in the electromag-
netic sector, which we treated in degenerate perturbation theory for the
leptonic fields controlled by the parameter, s := (mepy)/4m < 1. The
correct zeroth order states that diagonalized this perturbation turned out
to be the eigenstates of the total atomic angular momentum, F = 1+ J
and their first-order energy shifts and state corrections were computed.
This perturbation approach led to divergent matrix elements of the com-
bined nuclear-Dirac-Coulomb modes, whose infinities we tracked through
dimensional regularization and in the end were able to absorb into an O(s)
combination of PPEFT couplings thanks to the new near-nucleus bound-
ary conditions also appearing at this order. These boundary conditions
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also necessitated the running of this new coupling in the e-parameter of
the Gaussian sphere where they had been imposed, and we found that
in addition to the familiar RG-invariant, ¢, a new RG-invariant param-
eter, €, had to be defined in order to capture spin-dependent finite-size-
related energy shifts. We compared these energy shifts written in terms of
our RG-invariant parameters to the same ones written as functions of the
more traditional nuclear moments and were able to relate ¢, to the first
Zemach-moment, (r)ey, of (1.99). In the end, exploiting the low number
of RG-invariant scales the same way we had done for spinless nuclei we
have used high-precision data for both electronic- and muonic Hydrogen
to fit these parameters and make predictions for the finite-size effects of
transitions in these systems. It so happened that due to the small mass of
the electron we were able to make many predictions in atomic Hydrogen in
which the uncertainties associated with nuclear-size effects were unusually
small thanks to the errors on our parameters only being controlled by the
most accurate measurements and their theoretical QED contributions that
assume a point-like nucleus. While the latter point also applies to muonic
Hydrogen, due to the larger mass of muons there are additional subleading
effects relative to the ones we have included that need to be taken into
account in order to accurately capture all finite-size effects to the accuracy
of current measurements. Nevertheless, by fitting our two parameters we
were able to make a prediction for the nuclear-size effects in the planned
ground-state hyperfine splitting [49] with errors competitive with the same
predictions made using nuclear moments.

In conclusion, we established that an effective description of atomic
systems can be obtained through the low-energy effective theory of one-
dimensional lumps of size, R ~ 1 fm and its implications for the surrounding
bulk fields that probe its presence at scales of the fermionic Bohr radius,
ap. The interplay between these two components of the theory are captured
by a hermitian one-dimensional effective action along the world-line of the
nucleus that is a multipole expansion in the ratio, R/a; of interactions
between the bulk fields and the low-energy nuclear degrees of freedom. In
line with our model-building algorithms we have found that the field content
of the theory comprises of the bulk fields and the nuclear centre-of-mass
coordinates, y*(s) and spin, {#(s), and that Poincaré, reparameterization,
gauge, C, P and T-invariance make up the symmetries of the system. The
bulk fields learn about the presence of the nucleus through the near-source
boundary conditions this PPEFT action implies for them on a Gaussian
pillbox of size, € that obeys R < € < ap and in whose arbitrary radius
the effective nuclear couplings turn out to flow in an RG-sense in order to
keep observables physical. This flow is characterized by a handful of RG-
invariant parameters that actual observables turn out to depend on, and
in particular the bound-state energies depend on these parameters through
requiring consistency between the new near-nucleus boundary conditions
and the one demanding normalizability at large-r. Finally, we used this
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newfound power to reduce the theoretical error floor in nuclear-size effect
predictions of 3He™, pu3He™ H and pH.

Future Directions

Muonic Hydrogen

In order to capture all finite-size-related energy shifts in muonic Hydrogen
relevant for current experiments we would need to include spin-independent
contributions of (mRZa)? and spin-dependent finite-size effects of order
(mRZ«) relative to their respective leading order terms. This amounts
to expanding the nuclear action to include spin-independent nucleus-bulk
couplings of dimension (length)* and spin-dependent ones of dimension
(length)? that, however are still linear in nuclear spin. Then, by also
capturing higher order terms in the energy shift coming from the large-
r normalizability condition in , and analyzing the running of the
new couplings implied by the alternative near-nucleus fermionic bound-
ary conditions derived from the nuclear action, we could either find new
RG-invariant parameters that account for these effects or find that no new
RG-invariant parameters emerge and the existing ones become more re-
fined, similarly to how it had happened in the work presented in Chapter
Bl It should be noted however, that the RG-invariant parameter control-
ling the spin-independent finite-size effects of j = 3/2 states also become
observable once effects of the targeted size are included, thereby enlarging
our number of effective parameters. Nevertheless, this is a worthwhile and
timely endeavour as it would allow for a more accurate prediction of the
finite-size effects in the ground-state hyperfine splitting of this system.

Atoms other than hydrogen

There are many upcoming spectroscopic experiments — particularly on
muonic atoms, such as muonic lithium, beryllium, etc [50] — to which our
methods can be readily applied. Provided that we can capture all the rel-
evant finite-size effects in these alternative systems it becomes possible to
derive a floor on the nuclear-size related uncertainties that is controlled
by the experimental precision and the point-like theoretical contributions
to the energy transitions these experiments measure. With a systematic
search for such systems we could largely expand the scope of PPEFT in
atomic physics and potentially produce this low-error floor for all of them
now that spin is not an obstruction to this program anymore.

Recoil effects

One of the major pieces missing in our calculations of atomic nuclear-size
effects are the nuclear recoil corrections to them. The very leading parts
of these can be easily included (and have been in our numerical studies)
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by trading the lepton masses for their reduced mass counterparts, and the
first non-trivial (i.e. not reproducible by a simple replacement of the lepton
mass by its reduced mass factor) recoil corrections to finite-size effects were
calculated in [28] and accounted for in Chapter A more systematic
inclusion of these mixed effects will involve assuming the nucleus to no
longer be at rest and so * # &), hence \/—72 = y/1 — y2 and tracking the
non-zero velocities y? will show us where the recoil effects hide.

Bound-states of other and more fields

Another missing piece from our framework is the inclusion of more orbit-
ing leptons. This is a particularly important extension because for many
atoms, obtaining highly ionized nuclei with a single electron is an exper-
imentally difficult task; therefore, by including more orbiting leptons we
could potentially expand our analysis to more experimentally testable sys-
tems.

Experiments that bind particles other than fermions to Hydrogen also
exist and by choosing the bulk action to be different these can also be
included in our PPEFT framework. Of particular importance could be the
pionic and kaonic Hydrogen systems, where it is a spinless meson orbiting
the nucleus, since for these systems we have already made some progress
in [2]. However, note that due to the larger masses of these particles, recoil
effects may feature in a more prominent role than we have given them credit
for in the past.

Radiative corrections

In both the second and third papers, we have captured effects that are of
the same order of magnitude as the radiative corrections to the leading
and subleading finite-size effects. Our strategy to include these for our
prediction algorithms has been to use the matching of the RG-invariants
€+, €x 0 nuclear moments from the literature such as (r?)., (r)e, to write
the radiative corrections written in terms of these moments in terms of the
RG-invariant scales instead. However, since the external electron fields are
assumed to be proper quantum fields in our framework, there is certainly
room to explore the proper inclusion of radiative effects through the com-
putation of loops, with the anticipated result that these will give us exactly
the same energy shifts that we had used in our calculations based on the
matching described above. In other words, in our PPEFT treatments so far
we have modified the interaction picture evolutions of the fields from those
of free fields to the integrable parts of their field equations and by taking
into account Feynman diagrammatic expansions in the remaining interac-
tions will allow us to account for the effects of second-quantization, such
as self-energy and vacuum-polarization of the modified interaction-picture
propagators.
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Matching calculations

We have expressly avoided dealing with the specifics of how the background
configurations for which we have developed our EFT methods were gener-
ated. However, this does not mean that such a calculation should not be
done, and in fact this direction should definitely be pursued as it would
tell us how more well-understood interactions of the UV theory lead to the
effective couplings we have introduced by hand. In turn, this may be able
to reveal in what way the RG-invariant parameters depend on the leptonic
quantum numbers for example. At the moment, this is an active area of
research that my esteemed colleague soon-to-be doctor Peter Hayman is
working on, and if you are interested you will be able to read about it in
his future publications.
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