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Multipolar quantum electrodynamics of localized charge-current distributions:
Spectral theory and renormalization
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We formulate a nonrelativistic quantum field theory to model interactions between quantized electromagnetic
fields and localized charge-current distributions. The electronic degrees of freedom are encoded in microscopic
polarization and magnetization field operators whose moments are identified with the multipole moments of
the charge-current distribution. The multipolar Hamiltonian is obtained from the minimal coupling Hamiltonian
through a unitary transformation, often referred to as the Power-Zienau-Woolley transformation; we renormalize
this Hamiltonian using perturbation theory, the result of which is used to compute the leading-order radiative
corrections to the electronic energy levels due to interactions between the electrons and quantum vacuum
fluctuations in the electromagnetic field. Our renormalized energy shift constitutes a generalization of the Lamb
shift in atomic hydrogen, valid for general localized assemblies of atoms and molecules, possibly with net charge
but absent a free current. By expanding the fields in a series of multipole moments, our results can be used to
study contributions to this energy shift coming from specific multipole moments of arbitrary order.
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I. INTRODUCTION

While relativistic quantum electrodynamics has been
tremendously successful in describing scattering processes
in high-energy physics, it is cumbersome when applied to
bound-state problems and those with nonrelativistic sources
[1,2]. In part, this is because any process involving matter has
an antimatter counterpart that must be included in calculations
of probability amplitudes, e.g., to preserve unitarity of the S
matrix [3]. However, after taking the nonrelativistic limit the
antimatter degrees of freedom decouple in the path integral
and can be integrated out of the theory [4,5].

The result is an effective field theory, called nonrelativistic
quantum electrodynamics [6], that is particularly well suited
for describing interactions between many-body systems with
a fixed number of particles and quantized radiation fields. It is
obtained from an ultraviolet completion with only one char-
acteristic energy scale (set by the electron mass), implying
that the infinite sum of interaction terms in its Lagrangian
can be ordered in reciprocal powers of this mass [7]; for
applications in quantum optics and condensed matter physics,
it is often sufficient to consider only the leading-order terms.
In this Lagrangian, matter is described by charge and current
densities (p, j) that couple to the U(1)-gauge potentials (¢, @)
rather than directly to the electromagnetic field.

In many systems, however, an alternative approach is
possible, provided one can identify specific points in space
around which it is physically permissible to perform multipole
expansions. This approach is based on a formalism called
multipolar electrodynamics [8-11], which was specifically
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designed to study such systems. In this paradigm, the material
degrees of freedom are encoded in polarization and magne-
tization fields (p, m) in place of charge and current densities
(p, J), which couple to the “Maxwell fields” (d, b) rather than
the gauge potentials (¢, a). These descriptions are related by

,O(x,t) = _V 'p(x’t)+pF(xvt)a

op(x,t)
ot

Jjx, 1) = +cV xmx,t)+ jp(x, 1),

allowing for the possibility of free charge and current densities
(pF, jg), which would arise if the atom or molecule had a
net charge and was free to move [12]. In its Hamiltonian
formulation, the standard procedure for obtaining the quantum
theory of multipolar electrodynamics involves a unitary trans-
formation of the minimal coupling Hamiltonian [13,14], often
referred to as the Power-Zienau-Woolley (PZW) transforma-
tion after its originators [8,9,15]. Calculations based on the
resulting multipolar Hamiltonian often afford more physical
insight into the dynamics of the system than do those based
on the minimal coupling Hamiltonian, and are free of the arti-
ficial divergences in the determination of response coefficients
that can plague the minimal coupling Hamiltonian [16].
Multipolar electrodynamics was originally formulated in
terms of the many-body wave functions of “first-quantized”
quantum mechanics [17]. While their use simplifies cer-
tain calculations, these wave functions become increasingly
difficult to work with as the number of particles becomes
large, and certainly prohibitively so if one envisions ulti-
mately extending the treatment to condensed matter systems.
Computations are vastly simplified when recast in terms of
second-quantized field operators, which automatically ac-
count for the various combinatorial factors arising from
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particle exchange symmetry and permit the application of
powerful Fock space methods from quantum field theory [18].

Even in second-quantized treatments, the multipolar
Hamiltonian is usually simplified by making the ubiquitious
“electric dipole approximation” [19-23], neglecting higher-
order electric and magnetic multipole moments that become
important when spatial variations of the electromagnetic
field over the atom or molecule are nonnegligible. Indeed,
for larger systems, such as molecules with several distinct
chromophores, spatial variations in optical fields are nonneg-
ligible and the electric dipole approximation is invalid [12].
Cases involving multipole moments beyond the electric dipole
were investigated previously [24], notably in calculations
of intermolecular dispersion interactions [25] and resonance
energy transfer rates [26]; however, the formulation of second-
quantized models of radiation-matter interactions that are also
capable of including electric and magnetic multipole moments
of arbitrary order has not yet been addressed.

In this paper we present such an approach. We reformulate
multipolar electrodynamics within the framework of quantum
field theory (a formalism that we call multipolar quantum
electrodynamics) using a field-theoretic generalization of the
PZW transformation applied to the minimal coupling Hamil-
tonian. The electronic degrees of freedom are encoded in
second-quantized scalar field operators that are used to define
microscopic polarization and magnetization field operators.
These microscopic fields contain the full electric and mag-
netic multipole series and couple directly to the quantized
electromagnetic field through interaction terms of the same
form as their first-quantized counterparts. While an analogous
reformulation was introduced previously [10,27,28], the focus
of those studies was the fields in the vicinity of an atom or
molecule [29] and the impact of the associated local field
corrections on intermolecular interactions [30-32]. Our focus
instead concerns the vacuum structure of the theory, which
is responsible for a vast landscape of phenomena in quantum
electrodynamics including the Lamb shift [33], spontaneous
emission [34], resonance energy transfer rates [26], and the
Casimir [35] and Casimir-Polder interactions [25,36].

In this first communication, we use perturbation the-
ory to calculate the leading-order radiative corrections to
the electronic energy levels resulting from interactions be-
tween the electrons in an isolated atom or molecule and
quantum vacuum fluctuations of the electromagnetic field.
Such perturbative calculations generically yield ultraviolet
divergences, necessitating regularization and renormalization.
We renormalize the multipolar Hamiltonian at leading-order
in Rayleigh-Schrodinger perturbation theory, using standard
techniques from effective field theory [5]. Our renormalized
energy shift constitutes a generalization of Bethe’s original
calculation of the Lamb shift in atomic hydrogen [37], valid
for general localized assemblies of atoms and molecules, with
or without net charge. In its multipolar form, this renormalized
energy shift can be expanded in a sum of contributions coming
from an arbitrary number of electric and magnetic multipole
moments, so that vacuum effects can be studied order-by-
order in the multipole series.

We begin in Sec. II by recalling the essential features
of minimal coupling electrodynamics. The minimal coupling
Lagrangian is obtained directly from the Schrodinger La-

grangian by replacing partial derivatives with U(1)-covariant
derivatives and adding to the result a kinetic term yielding the
free Maxwell equations [38]. To obtain the Hamiltonian field
theory, we employ Dirac’s extended Hamiltonian formalism
[39] since the minimal coupling Lagrangian is degenerate
and the associated Hamiltonian will therefore be subject to
constraints. Briefly summarizing this standard analysis in
Appendix A1, we obtain the quantized minimal coupling
Hamiltonian, together with the commutation or anticommu-
tation relations for the field operators. Applying the unitary
PZW transformation to the canonical variables and Hamilto-
nian of minimal coupling (summarized in Appendix A 2), the
quantized Hamiltonian theory of multipolar electrodynamics
follows.

In Sec. III we present a sketch of the procedure we follow
to regularize and renormalize the multipolar Hamiltonian, and
in Sec. IV we compute the regularized energy shift of the elec-
tronic energy levels in the electromagnetic vacuum state. We
regularize the divergent integrals with a hard cutoff || k|| < A,
introducing a second energy scale into the theory. However,
this scale is artificial and should not appear in expressions
for measurable quantities; to remove this A dependence from
our energy shift, we renormalize the multipolar Hamiltonian
following the procedure outlined in Sec. III. This is done in
Sec. V, the result of which is a finite and observable shift
of the electronic energy levels. We confirm that, for a single
electron atom, this energy shift reduces to Bethe’s result for
the Lamb shift in the electric dipole approximation [37] and its
generalizations when spatial variations in the electromagnetic
field over the atom are included agrees with the results of other
authors [40,41] who extended Bethe’s result in this direction.
We conclude by expanding this renormalized energy shift in
a sum of contributions coming from the first few electric
and magnetic multipole moments and quote the expressions
for higher-order multipole contributions. We summarize our
results in Sec. VI and some of the details are relegated to the
Appendices.

II. HAMILTONIAN THEORY
A. Minimal coupling

We consider a system of electrons interacting with one
or more point-like ions at fixed positions clustered around a
specific point R € R3. Denoting by gy the charge of the Nth
ion located at dy with respect to R, the charge density of the
ions is

P(x) = gy d(x — R —dy). )
N

The ionic charge density p'°"(x) leads to an electrostatic in-
teraction between the ions that we ignore under the frozen-ion
approximation, together with a fixed background potential
through which the electrons propagate of the form

4an
Ve =e) @)
; lx — R —dy|
where ||x|| = 4/x - x is the Euclidean 2-norm and e = —|e| is

the charge of an electron. The dynamics of noninteracting
electrons propagating within this background potential are
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described as usual by the Schrodinger equation, which, in the
coordinate representation, can be derived from the Lagrangian
density

" |
Lr = %(wwx, OV e, 1) — ¥ e DY (e, 1))

o,
- wa’(x, 1) -V, 1) — ¥ (e, V)P, 1).
3)

To couple the electron field v (x, ) to a classical elec-
tromagnetic field, we apply the standard minimal coupling
prescription to the Lagrangian density above [38]. In the four-
vector notation of relativistic mechanics, this amounts to the
replacement

ie
0, — 9, + h—caﬂ(x, 1)=D,(x,1), “)

where the object on the right is a U(1)-covariant derivative
and a,(x,t) is the electromagnetic four-potential. To give
dynamics to the electromagnetic field we add to the result a
kinetic term

Lp = é(e(x’t).e(x’t)—b(x,l‘)'b(x,t)) (5)

associated with the free Maxwell equations. The U(1)-gauge
potentials (¢(x, 1), a(x, t)) are related to the electric and mag-
netic fields (e(x, 1), b(x, t)) through the usual relations [42]

1 da(x,t)
e(x,1)=—-Vo(x,1)— P (6)
b(x,t) =V xa(x,t). @)

Then the total Lagrangian density for nonrelativistic quantum
electrodynamics in minimal coupling is

L= i(e(x, t)-e(x,t)—b(x,t)-b(x, 1))
8

ih . . ;
+ %(Wx, DY (e, t) — g (x, DY (x, 1))
— ¥, HVE)Y(x, 1)

2

h .
= 5, Pl )Y (x, )" (D, DY (x, 1))
m
— P, 1)g(x, 1), ®)

where Di(x,t) are the spatial components of the covariant

derivative defined in (4) and we introduced the electronic
charge density

P, t) = ey (e, Y (x, 1). )

Expanding the covariant derivative, we can write the total
Lagrangian associated to £ as a sum of three terms

L =Lg+ Ly + Liy, (10)

where Lz and Ly are integrals over R® of the Lagrangian
densities given in (5) and (3), and the interaction term is

h .
Ling = — / dx p“(x, )p(x, 1) + ﬁea / dx(y i (e, )V (x, 1)
— VYT, Y (x, 1)) - alx, 1)

2

2mc?

/dxwx,r)na(x,r>||2w<x,r>. (11

To obtain the Hamiltonian field theory we apply the
Legendre transformation to L, which is summarized in
Appendix A 1. The Hamiltonian operator that we obtain from
L after quantization is given in the Schrodinger picture by

H=HgRIr+1p ® Hr + Hin (12)

generating unitary dynamics in a composite Hilbert space
Hp @ Hp constructed from Hilbert spaces Hp and Hy asso-
ciated with the Bose and Fermi sectors, respectively. In terms
of the fransverse electric and magnetic field operators, the
Maxwell Hamiltonian is

Hy= o [ dv(ert-er) +bw by (3)

the electronic term is
hz T 1 e
Hy = %/dwi () - Vo) + E/dxp (@)

+ / dx T (@X)VE)Y (), (14)
and the interaction term is
1 1
Hiy = ——/dep(x)~a(x)— —/dij(X)-a(x)- (15)
c 2c

Here we introduce the paramagnetic and diamagnetic current
density operators

h
Jp(x) = z—nji(w(xmp(x) - VYT @y @), (16)

2
. e +
Jp() = ——'(0)a(x)y (x), a7
me
such that the total current density operator is
Jx) = jp(x)+ jpx), (18)
which satisfies the Heisenberg-picture equation
a ¢ ’ t .
%-{-Vg](x,t):() (19)

associated with local U(1)-charge conservation. The electro-
magnetic field operators satisfy the (equal-time) commutation
relations

[l (x), &' ()] = 4mific 8 (x —y),
[d'(x), a/ W= = [eh-(x), &4 (] _ =0, (20)

from which follows

[¢-(0), b/ (»)]_ = 4mikic 8’7"%8(): —y), (1)
y
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while the electron field operator and its adjoint satisfy the
(equal-time) anticommutation relations

[ @), ¥ ()]s = 8(x —y),
[ ), vy = [¥ (), ¥ )]y =0. (22)

In the commutation relations (20) we introduce the transverse
delta function &; i (x—y), Wthh is used together with the
longitudinal delta function 8 (x — y) to decompose a given
vector field O/ (x) into its transverse and longitudinal compo-
nents [12]

Ol (x) = / dy 8% (x — y)O'(y), (23)

Oy = [ dys/ e =90, 24)

B. Multipolar quantum electrodynamics

In classical or semiclassical theory, the multipolar Hamil-
tonian is obtained from the minimal coupling Hamiltonian
through a canonical transformation. After the transformation,
the Hamiltonian involves the electric and magnetic fields
rather than the scalar and vector potentials, together with
polarization and magnetization fields that are the microscopic
analogues of the polarization and magnetization fields ap-
pearing in elementary classical electrodynamics [42]. The
moments of the polarization and magnetization fields are
identified with the multipole moments of the charge-current
distribution.

In the fully quantum theory, instead of a canonical transfor-
mation there is a corresponding unitary transformation, called
the PZW transformation [17], that acts on the composite
Hilbert space Hp ® Hr, generated by

S = %/dxp(x) -a(x), 25)

where p(x) is the polarization field operator, which is related
to the total charge density operator

p(x) = p°(x) + p"(x) (26)
through the identity
p(x) ==V - p(x) + pr(x). 27)

The free charge density pg(x) is nonzero only if the system
has net charge, in which case
pr(x) =Q8(x —R) (28)

with net charge
0= / dx p“(x) + > qn- (29)
N

We allow Q to be nonzero to include single ions or charged
molecules. A suitable polarization field operator that satisfies
27)i1s

px) = / dys(x:y, R)p(Y). (30)

where we introduce a “relator” s(x;y, R) [6], defined by the
distributional expression

s(x;y,R) = / dzé(x —2) 31
C(y.R)

with C(y, R) an arbitrary continuously differentiable curve in
R3 that begins at R and ends at y. If a straight-line path is
chosen between R and y, then the usual multipole expansion
of the polarization field follows.

After applying the PZW transformation, which is sum-
marized in Appendix A2, the multipolar Hamiltonian that
follows is

H=Hp QI + 13 ® Hr + Hi, (32)

where Hp is now written in terms of the transverse displace-
ment field instead of the transverse electric field

1
Hp = g/dx (dr(x)-dr(x)+b(x) - b(x)), (33)

the electronic term is
i + 2
Hp = m dx V' (x)-Vir(x) +2r | dx|p,(x)|

1
- / dxd;(x) - <p(x) - —dL<x)), (34)
8
and the interaction term is

Hipg = 27 f dx | pr I - / dx p(x) - dr(x)

—/dxmp(x)-b(x)— %/dme(x)-b(x). (35)

Importantly, here and henceforth the electron field operator
¥ (x) is the transformed operator (see Appendix A?2). The
longitudinal displacement field, defined through Gauss’s law,
V .d;(x) = 4w pr(x), is given by

| )
/ dy pF(w( —2 2) (36)
4 =yl

In the interaction term (35) mp(x) and mp(x) refer to the
paramagnetic and diamagnetic contributions to the (orbital)
magnetization field operator

dp(x) =

m(x) = mp(x) +mp(x). 37

Explicitly, the field operators mp(x) and mp(x) are
‘ 1 - y

mp(x) = - / dy o (x;y, R) jp(¥), (38)

miy(x) =

1 iy A
[ avaicesy i, (39)

where the paramagnetic and diamagnetic current density op-
erators are

h
Jipx) = z_ni,-(‘“(xw‘”(x) vyt @), (40)
2
@) = —— () Qe (Y (x), @l
mc
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and we introduce another “relator” [6]

a’(x;y, R) =8”“”/ A" s(x—z).  (42)
CO.R) ay’

As is the case for the polarization field (30), taking a straight-
line path for C(y, R) yields the multipole expansion of the
magnetization fields (38) and (39). In multipolar electrody-
namics, the diamagnetic current density (41) depends not
on the vector potential, but instead on the magnetic field
through

) = [ dyaix R0, 3)

The charge and current density operators are related to the
polarization and magnetization field operators through the
Heisenberg-picture identities

plx, 1) ==V - pQx.1)+ prx), (44)

jte 1) = 2D

+cV xm(x,t). (45)

III. RENORMALIZATION STRATEGY

The composite Hilbert space of multipolar quantum elec-
trodynamics is the tensor product Hp ® Hp of the Hilbert
spaces Hp and Hp associated with the Bose and Fermi sec-
tors, respectively. Since implicit in the Hamiltonian H is the
assumption that the electron particle number is conserved, we
introduce an ultraviolet (UV) cutoff A, excluding contribu-
tions to Fourier integrals coming from electromagnetic field
modes of |k|| > A. We denote by H* our Hamiltonian H
subject to this cutoff, which we will henceforth refer to as
the regularized Hamiltonian, and using the same superscript
to denote regularized versions of the different contributions
to H. Choosing A to be on the order of the inverse (reduced)
Compton wavelength of the electron, this guarantees that we
restrict ourselves to energies for which the electron-positron
pair production that we neglect would not be present in the
full theory of QED [43].

In the next section we will use Rayleigh-Schrédinger
perturbation theory to compute the leading-order radiative
corrections to the electronic energy levels resulting from
interactions between the electrons and quantum vacuum fluc-
tuations in the electromagnetic field. Were A taken to infinity,
the typical ultraviolet divergences would result. With the
“hard cutoff” imposed each regularized energy shift, denoted
by AEX, is finite, albeit explicitly dependent on A. However,
this dependence on A is unphysical and should not appear
in observable quantities; it arises because AE,{‘ contains an
unobservable, A-dependent contribution coming from free
electrons interacting with the electromagnetic vacuum. Since
this contribution is unobservable, we should subtract it from
AEnA; what remains will be the observable correction to the
bound-state electronic energy levels.

This can be implemented by adding one or more local
interactions 8 H (A ), depending explicitly on A, to the regular-
ized Hamiltonian H*, with the purpose of simulating virtual
processes associated with the high energy (||k|| > A) degrees
of freedom [44]. In general, H(A) will be a sum of many

terms, each summand being called a counterterm. A central
tenet of renormalization theory is that it should be possible to
choose the counterterms in § H (A) such that the renormalized
Hamiltonian

HR = HM + SH(A) (46)

accurately represents the full range of energies in the interval
0 < |lk|| < oo and should not depend on A [45]. The renor-
malized energy shift, denoted by AER and computed using
HR_ should be finite in the limit A — oo and represents the
observable correction to the electronic energy levels in the
electromagnetic vacuum.

This is the usual strategy we implement here. However, val-
ues of ||k|| above the inverse (reduced) Compton wavelength
of the electron are treated improperly by the theory, and so
extensions of A greater than that go beyond the validity of
the Hamiltonian. Indeed, nonrelativistic QED is a nonrenor-
malizable field theory, so we only expect AER to be finite
to the order of perturbation theory at which we renormalized
the Hamiltonian since additional divergences are generated in
nonrenormalizable theories as one moves to higher orders as
well as divergences that are generated by the counterterms
in 8H(A) [38]. If we want to compute observables at next-
to-leading-order, for example, we must check if additional
UV divergences are generated. In this paper we will only
renormalize the multipolar Hamiltonian at leading order in the
fine-structure constant.

IV. ENERGY SHIFTS
A. Preliminaries

We begin by identifying the contributions to the energy
shifts arising from the free fields. For the radiation field this
is standard, but we take the opportunity to introduce nota-
tion that we will use later in the paper; for the electrons the
computation is done in terms of fermionic scalar fields rather
than the single or few-electron states that are typically used.
Finally, we identify the two contributions that arise from the
interaction of the radiation and electron fields. They are then
worked out in detail in Secs. IV B and IV C below.

1. Free fields

The dynamical evolution of the transverse Maxwell fields
d7(x,t)and b(x, t) is generated by Hp through the Heisenberg
equations

ddr(e,t) 1
T - E[dT(xat)’HB]—’ (47)

abx,1) l
o = ih[b(X,f),HB]—, (48)

which, with the explicit form (33) for Hp, lead to the familiar
Maxwell equations

M0 _Low i) @)
% = —cV x dT(x’ t)’ (50)
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subject to the constraints
V.dr(x,t)=0, 51
V -b(x,t)=0. (52)
We quantize in a box of volume V = L3, in which case the
allowed wave vectors are
. 2
L
and expand dr(x, t) and b(x, t) in a Fourier series of trans-
verse spatial modes, which can themselves be written as a

sum of C-valued circular polarization vectors e;; (I = L, R)
defined by

2
k (ny, ny, n;) € %23, (53)

1 ,
e = _E(elk + ieon),

1
err = +——=(e1x — iex), (54

V2

where €y, and &y, are the standard Cartesian polarization
vectors [12]. The circular polarization vectors satisfy

e - ej—k) =01/, (55)
ik x en = sien. (56)
where s; = +1 and sg = —1 and we choose the convention

e;—x) = ej,. Moreover, these vectors satisfy the polarization
sum rule

k'k/

Seiueh =~ iz =t D
1

The Maxwell field operators are

2mhay \ ' "
dr(x,t) = iZ v enape®* " 4 He.,
Tk

2 fl 1/2 )
b(x,t) = Z ( ”v‘“"> srepape ®* ) 4+ He., (58)
1k

where w; = c||k||. To enforce the commutation relations (20)
and (21), the photonic creation and annihilation operators
a;k and aj; must obey the equal-time canonical commutation
relations

lam. @l - = 8158 (59)

lam. ap)- = lay, a1 =0. (60)

After regularization, the Maxwell Hamiltonian Hp is given
in the Schrodinger picture by

1
Hp = Z Z Ty (a}ka,k + 5). (61)

I lkll<A

The second term is the well-known divergence associated
with the zero-point energy in free quantum electrodynamics
[34,38]. Summing over polarization states, the energy of the
vacuum state |vac) € Hp is exactly equal to this zero-point

energy
hcV

4
oA (62)

Epg= Y hcllk| —

lkll<A
where the right side follows in the continuum limit

1%
Xk: ~ 2 / dk. (63)

Therefore, the regularized Maxwell Hamiltonian is
Hp =Y > howajan + Egp. (64)
I kll<A

Since we are primarily interested in vacuum effects, we take
as our basis for Hp the photon number states |{n;}) € Hp.
The spectral problem for H2 in terms of these eigenstates is

Hi l{ni}) = Ej l{ni}), (65)
where the energy eigenvalues are
Ep =YY" howu +Egg. (66)
I k<A

Turning to the electron field, time evolution in the elec-
tronic Hilbert space Hr is generated by Hp through the
Heisenberg equation

oy, 1) 1
at ik
with Hg given by (34). As shown in Appendix B, the regu-

larized electronic Hamiltonian H/ is given in the Schrodinger
picture by

[¥(x, 1), Hp ], (67)

2 .
Hp = ﬁfdxw'(x) VY (x)

l R N 2
) // dxdx' ¥ )W () —— () (x)

flx — x|
+ / dx T (V@)Y &) + Egy, (68)

where EQ. is a A-dependent term associated with the
|x —x'|| = O limit of the electrostatic Coulomb potential,
and is given by

1
Elp = - |:e2Ne + 2eN, ;‘ gy + ; q}v} A, (69)

where N, is the total number of electrons. We take as our basis
for Hr the set {|,)}, of many-body eigenstates of H2. The
spectral problem for H}* in terms of these eigenstates is

HA 1Y) = EXMY), (70)

where the energy eigenvalues are

A i i
EM = %/dxww (x) - Vi (x))n

1 _ . 2
+ E,// dxdx/<wr(x)w'(x’)e—l/f(x/)llf(x)>

llx —x'|]
+ / dx(y V@)Y ) + Egp. (71)

and where the expectation value is over the state |y/,).
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2. Interactions

In the interacting theory the dynamical evolution of the
field operators is generated by the full Hamiltonian H given
in (32) to (35). After regularization, we write this Hamiltonian
as

H* = H} + HA (72)

int>
where
Hé\:Hé\@)HF-i—HB@HA, (73)

with H and H? given in (64) and (68), while H)), is given
by (35) with all of the Fourier series (implicit in the mode
expansions (58)) subject to the cutoff ||k|| < A.

We take as our basis for the composite Hilbert space
Hp ® Hp the product states

W} ¥n) = Hni}) @ [¥n). (74)

The spectral problem for the regularized free Hamiltonian H(f\
in terms of these eigenstates is

Hy' i} ) = (Eg + E;) nds ¥a), (75)

with Ef and E* given by (66) and (71), respectively. We
want to compute the regularized energy shift AE® of the
electronic energy levels EX in the electromagnetic vacuum,
resulting from interactions described by Hiﬁt, and we consider
only bound states |¥,,) in the Fermi sector. Since we will do
so using perturbation theory at O(w), it is useful to split up the

interaction term
A A A
Hiy = Hiy) + Hiyo)s (76)

where
1
Hiqy = Zﬂ/dx lpr(olI* — E/dxmo(x)'b(x) (77)

are the interactions that are already O(«) and will be com-
puted at the first order, while

Hio = — / dx p(x)-dr(x) — / dxmp(x) -b(x) (78)

are the interactions that are O(4/a) and do not contribute to

Hif}t(l) since the vacuum expectation values of d7(x) and b(x)

vanish; these will be computed at the second order. We define
[W,) = |vac; ¥), (79)

[Ws) = [Lik s ¥m). (80)

In terms of these states, the regularized correction to the
electronic energy levels E2 is

AE} = AEj, + AE,. 81)
where
AE ) = (WalHipyp) | W) (82)

is the first-order correction, while

(Ws|HP o) W) |
A int(2)
AEf, = Z - e B

(83)
S En - Eé

is the second-order correction.

B. First-order correction

The first-order correction is

1
AEy, = =5 / dx (W, lmp (x) - b(o)| W)

s / dx(U,lpr@IPIY,),  (84)

where we understand that the right-hand side is to be reg-
ularized with a cutoff at ||k| = A. The first term is the
diamagnetic contribution to the regularized energy shift,
which is more commonly written as

1 . . .
+5 [ [ axax wlp @0 B, @)
where the second-quantized diamagnetization field is [6]

0" (x,x') =

¢ / dy o™ (x1y, R)a  (x';y, R)p*(y). (86)
2mc?

We show in Appendix C that in the continuum limit (63) the

diamagnetic contribution to the first-order correction is given
by

1
_ Efdx (W, lmp(x) - b(x)|¥,)

o (F°N,\ , & .
AT — %/a’xpm(xxa(x)-V<I>(x,R)>vac

“ 2\ m

h2
+ 2_/dxpﬁn(x)(llVQ(x,R)||2>vaca 87
me

where the expectation value is taken in the vacuum state of the
radiation field. We will see below that when the full energy
shift is calculated the later two terms on the right-hand side
are canceled by terms in the second-order correction AE,,.
Consider next the second term on the right-hand side of
(84). Inserting a resolution of the identity in Hy with respect
to the many-body eigenstates {|1,,)}., the expectation value

(Wl PGP @) = Yl 6P, @), (88)

where pl (x) = (Y,|p'(x)|¥,). Using the Fourier integral
representation of the transverse delta function [12]

ijoos dk ij ik-(x'—x
5 —x) = f (2n)38%<k>e“ ) (89)

[recall (57)] we can (after regularization) write

1 i,
Zn/dx lpr @I = — / dk 8 (k)
! 42 Xm: k<A
X / / dxdx’ pﬁqm(x/)p{'y,n(x)eik'(x’_x).
(90)

To proceed, it is convenient to recast the angular part of
the Fourier integral into an expression in coordinate space.
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Explicitly, we write [27] Relating the polarization field operators to the total charge
| density through (44), the contribution to AE,f}l) coming from
_ f A% 84 (k)e™ ™) = kX = x|, (91) the transverse polarization fields is
4 ! (e
here we define 2 / dx (W, (o)1)
ij ;o = (—8192 4 9ighF k). )
We introduce the abbreviated notation d €2, = sin 0d6d¢ and m
k= k|, 8 = 3/3x" and %> = V2, and also define 94)

sin(k|lx — x'|) Hence the total first-order correction (84), the sum of (87) and

Fx,x;k)= ——~. (93) (94), is
kllx —x/||
|

A
AER, = 2n< ) M _Zf i [ [ drds’ €1 = 21 Bl 302} 0

2

2me

h
- %/dxp,fn(xXa(x%V<I>(x,R)>vac+ /dxp,in(x)(llVCD(x,R)||2>vac- (95)

C. Second-order correction

To compute the second-order correction (83), we begin with the matrix element
(U5 | HD o[ W,) = / dx pl,, () (1ldj (x)|vac) — / dxmj,,,. (o) (1B () |vac), (96)

where m‘{,,mn(x) = (1pm|m'{,(x)|1ﬁ,,) denotes the paramagnetic contribution to the magnetization. Inserting the mode expansions
(58) and using that the energy difference between the states |\Vs) and |WV,,) is Es — E, = E,,, + hwy, where E,,,, = E,, — E,, the
regularized sum in expression (83) is

IS HIPIL ©7)

mo k<A

and after taking the continuum limit (63), we find

AEy ) = 4 —— DV kalm dk||k| f/ dxdy' ————

kP
B (W ||k||>(p,1m( X, E) - M, )”m"(x))} -

zk x'—x) B ) ) ) .
e B 0 1 8,0

where p.v.(-) denotes the Cauchy principal value, which must be included for states |v,,) with n # 0 since “downward” resonant
transitions for which E,,,, = fiwy are energetically permitted [46]. The simplification of this expression is largely formulaic and
is relegated to Appendix D 2. There we show that it can be written as

AEyp = —— p v. Z / E 4 ick / f dxdx’ T (k|lx" — x1|) (Pl )DLy () + 1y, () ()

hck? roij / i N i o
- — p V. Z dkEmn " dxdx o' (k||x" —x||) (an(x )mP’mn(x) + mp,, (x )pmn(x)), 99)

where
o k|x —x|) = /dsz /P P gk &' =) (100)
47
Further simplifications can be made using the relation (44) and the Schrodinger-picture identity

jP,nm(x) = (ih)_lEmnan(x) +cV x mP,nm(x)y (101)

032820-8



MULTIPOLAR QUANTUM ELECTRODYNAMICS OF ...

PHYSICAL REVIEW A 107, 032820 (2023)

proven in Appendix D 1. After a tedious but straightforward calculation, the total second-order correction is

kI o o
Z‘/ Enn +ha)k //d dx' ]P,nm(x )]IJJ,mn(x)(S]!(k)ek(x x)

IkI<A

A
AE,, =

+ —/dxpn,,(x)(a(x) VO(x, R))y, — /dx,ofm(x)(||V<I>(x, R)I1?)vac

2me
- —Z/ dk // dxdx' T (k||x' — x||) p., xpl, (). (102)
T " 0
Hence, combining the first-order (95) and second-order (102) corrections, the regularized energy shift is
N, L . , o
AE; = o)A / f/d AX" jip ') iy G057 ()™ ). 103
27t< m ) 4m2c PV Z k<A Emn Epn + Ty, XX O ) 07 () (103)

We can also write AE in terms of the polarization vectors {e;(k)};:

A a (E*N,)\ ., &
AEN = — [ —2 ) A% -
2\ m 472c

where j p(k) is the Fourier transform

Jp(Ek) = f dx jp(x)eTk*, (105)

Existing treatments [37,40,41] differ from ours either be-
cause they are computed within a first-quantized framework
or because they do not include spatial variations of the elec-
tromagnetic field over the molecule. If those variations would
be neglected, the polarization sum in (104) would reduce to

> lesk) - Pyl (106)
1
where

P= ?/dx Ui) Vi (x) (107)

is the total (second-quantized) momentum operator. This dis-
tinction highlights the difference between our approach and
existing treatments, which generally only apply to hydrogenic
atoms. If one is interested in many-electron atoms, molecules,
or more general charge-current distributions, then it is neces-
sary to couple the radiation field to the current density rather
than the total momentum. In doing so, our result becomes
valid fo all orders in the multipole expansion.

V. RENORMALIZATION
A. Renormalization of H}
We first renormalize the free Hamiltonian Hé\, which

produces the vacuum divergence E(j\B of free quantum electro-

dynamics given in (62) and the divergence E(‘;}F computed in
Appendix B. Since both of these divergences are static, we can
trivially remove them from H{* by addition of static countert-
erms 8Hp(A) and SHr(A) to HA and Hf. The renormalized
free Hamiltonian is

HY = HY ® Ir + 13 ® HE, (108)

k|~
p.v. / dk —
; ki<a  Emn + hor 4

D ler®) - Jpm P, (104)

(

where the renormalized Maxwell and electronic terms are

HE = HY + 8Hp(A), (109)
HE =HP +6
r =Hp +8Hr(A), (110)
and the counterterms (in minimal subtraction [38]) are
hcV
SHy(A) = —[SLA“}HB, (111)
1
(SHF(A) = — |:; (ezNe + ZeNe ZQN + quz\,) A:|]IF
N N

(112)

The energy eigenvalues computed from HE and HF are finite
in the limit A — oo. In particular, the renormalized Maxwell
term is

HE = Zhwkajka,k, (113)
Ik

while the renormalized electronic term is
HE =T +UX, (114)
where the kinetic term is

2
T = h—/det/fT(x) SV (x), (115)
2m

and the renormalized electrostatic interaction term is

// dxdx' " (x)y (x)<” ,”)w(x YU (x)
+/dx U E)VE)Y (x). (116)

The renormalized electronic energy levels are the expectation
values ER = (HE),. There are a host of techniques in atomic
and molecular physics, and in condensed matter physics, that
were designed to compute expectation values of the operator
given in (116) [47].
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B. Renormalization of H2,

The renormalized interaction term is defined by

HE = H), + §Hin (M),

int — nt

(117)

where §Hj(A) will be determined below. As outlined in
Sec. III, our renormalization scheme is based on the obser-
vation that the A-dependent contribution to the regularized
energy shift (104) comlng from free electrons, described by
the Hamiltonian H V=T [see (115)], is unobservable and
should be subtracted from AE, A What remains will be the
observable correction to the bound—state electronic energy
levels.

Thus we must first determine the contribution to AEA

coming from free electrons, described by Hj ©. denote by
{low)}w the set of many-body eigenstates thereof Because
this Hamiltonian commutes with the total momentum oper-
ator P, we can choose each energy eigenstate |¢,/) to be an
eigenstate of P. Then for an arbitrary many-body eigenstate
|@) we have

AER

free = <

| Higlpw), (118)

R 1w (119)

We choose the counterterms in §Hj,(A) to cancel the A-
dependent terms in AEtjr\ee’ so that the renormalized energy
shift AER  vanishes for an arbitrary state |@y), i.e., an arbi-
trary distribution of electron momenta.

To compute AER,., it is useful to expand the electron field
operators in a basis of plane waves

1 )
w(x) = W Zq:elq'qu’

where we return to considering a system in volume V and
where the anticommutation relations (22) imply that the elec-

AEL, = (pu|H,

(120)

J

tronic creation and annihilation operators satisfy the canonical
anticommutation relations
i —
[bqv bq/]+ - ‘Sqq”
[bg, byly = [b}, b1y =0. (121)

In this plane-wave expansion, the Fourier transform of the
paramagnetic current density operator is

he ) .
> > (g — k)b b,
q
We obtain AEA

iee Dy Teplacing the many-body eigenstates of
Hp involved in (104) with those of H}) and replacing E,,,
with E (0)/, where E, O = = (pw|Hp © )|<p,,) Thus, for free elec-
trons the regularlzed energy shift is
v. dk

a [ K’N,
AEf[r\ee = E( m )A2 -

Jhte) = (122)

43¢

[k~
E(O) —i—ﬁa) Z' l(k) JPmn (k)| (123)
To simplify the second term, con51der the expression
D Fowm (=K __ o k) (124)
2 i I O i )P

which features in the integrand of (123). To proceed, we write
the term in parentheses as

1

_ _i/w ds ¢S Ex) —ES +hoy+is) (125)
(0) , + haoy + 08 0

where we have introduced a convergence factor i§ (and the
limit § — 07 is understood), with which (124) is

(126)

o 1 o o ) - ©
> " o | 5 | Fh ) = —i > / ds oD (1Y 5 oy i)
~ Pn'm E’(n(,)’)l/ +an)k+18 Pm'n ~ o Pn'm' ( P >mn

where the subscript m’n’ indicates the matrix element between state |¢,,) and state |, ). The operator in the angular brackets
on the right-hand side is simply the paramagnetic current density operator in the interaction picture with s = ¢/ (which acts
trivially on Hp), and so we have

© ~j _isH© he . - is(Epo, —Tikeq/m
I Tp e = =y (2q) — k) by by Fen A, (127)
q
where Ej, = fzza),% / 2mc?. Therefore, using the identity (125) in reverse (and taking § — 0T)
Z (—k) (k) = hz : Z(z T—k@2q — ) 1
Tpatm <0) o ]Pmn d ¢ Epoy, + liwy — lik - q/m
x> <<pn/|bf,,b,,/_k|<pm/><<pm/|b‘;,kbq|<on/>. (128)

m

Since we are working with electrons that are nonrelativistic, ||| < mc and we can drop the “%ik - ¢/m” term in the denominator.
Recollecting the Fourier transforms of the paramagnetic current density operators using (122) we find

- 1 o . 1 .
I n’m’(_k) —o——— |J} m'n’' (k) = I n’m’(_k)(—> [ " (k)’
;]P’ EQ & fiay )" ;]*” Enuy + iy )"

(129)

032820-10



MULTIPOLAR QUANTUM ELECTRODYNAMICS OF ... PHYSICAL REVIEW A 107, 032820 (2023)

from which follows

a (1PN, h Ik~ . >
AER, = — cla® — / dk ————— k) -Jp,. k)|, 130
free = 5 7 ( m ) dnle ; Kl<a Epo, + hiog Xl: |el( ) JPmn ( )i ( )

where we dropped the principal value notation since the integrand has no poles (or infrared divergences).

As discussed in Sec. I1I, we add to the regularized interaction term a counterterm § Hi,;(A) whose A dependence is chosen so
that the renormalized interaction term (117) is finite in the limit A — oco. However, instead of setting the counterterm directly,
we proceed by enforcing the condition that AEf’fee vanishes. Enforcing this condition requires that (§H;,(A)),, is the negative of
the right-hand side of (130) for all |¢,/) and this can be satisfied by taking

a [ KN, )
SHip(A) = — 2w\ T A | @ IF +

k|~ ~ -
[k e S b G G, 3D
<A -

472¢ Ejpo, + liwy,

With this expression, we have collected all of the counterterms necessary to obtain the full renormalized Hamiltonian from

H* =H} @ 1p + 13 @ HY + H),. (132)
The renormalized Hamiltonian is
H® = H® + SH(A), (133)
where H* is given by (72) and
SH(A) = 6Hp(A) @ IIp + Ip @ SHp(A) + SHin(A). (134)
Using (111), (112), and (131), the counterterm §H (A) is
SH(A) = —[% (hZVE)AZ T ZCT‘;A“ T % <62Ne + 2eN, ; N + ;@) A:|]IB ®1Ir
e [k RIS k- T e k) (135)
4r2c Jii<a Eney + R -
C. Renormalized energy shift
We are now in a position to calculate the renormalized energy shift
AEfle = (vac ; wn’Hilst‘vac ; ¢n>, (136)

where [,,) is a (bound) eigenstate of the renormalized electronic Hamiltonian HE|y,) = ER|y,,) with eigenvalue EX given by
the expectation value of (116). The first counterterm in (§Hin(A)),; = (¥ |6Hint(A)|ry) [cf. the first term in (131)] trivially
cancels the static self-energy in AE2 and we are left with

h (K|~ 3
R _r E 2
AE; = a2 PV E /k”<A dk — oo ler (k) - J p,yn (K
m = 1

mn

A k||~ ~i ~
+ e /”k@ dk Fron + ook XI:((ez(—k) -Jp))(erk) - jpk)))n, (137)

the second line being the second counterterm in (131). Introducing a resolution of the identity in Hy with respect to the states
{I¥m) }m» we can collect these terms together

h i)~ L ) ~
AER = — .V.E:/ dk( - E:ek- (12 138
! an2c? = Jiki<a ER, +hox  Epw, + hox ) < 16146 - (O] (139
To simplify the expression in the parentheses, we use the following identity, which we prove in Appendix F:

Toan T ®) Ton CON[UR. K] ),
Epe, + o) (Ehwk + ﬁa)k)(Enlgn + ﬁa)k) ’

i 1 ~j
zm:JP,nm(_k)m.}[j{mn(k) = Z (139)

mn m

The first term on the right of the above equality exactly cancels the second term in the parentheses of (138) and so the
renormalized energy shift is

7}

_ 87 (k)
R— V. k|k| ™! T i (—k)|[UR, Lk 14
MBS = ey 2 / Al o ] Uran U™ L)) (140)

mn
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where we removed the regulator since this expression is finite
in the limit A — oco. Here and henceforth we replace the
“bare” electron mass m with the renormalized electron mass
meg.

Before returning to the multipole formalism to study con-
tributions to AEX order-by-order in the multipole expansions,
we first quote the result that one obtains by directly calculating
this expression in terms of the paramagnetic current density;
the details can be found in Appendix G 1. Replacing EX by
a “reference” or average value E_f [12,37], the result of this
calculation is

2 e 2
dah Z‘]N {p (If +dn)), In <2nch ) (141)

3mic? — 1 = EFX/2mpc? |ER|

AER = —

To compare with existing results, we consider the case of
a single hydrogenic atom at R. We can thereby replace
gn (p“(R +dy)), with —e*Z|¢,00(R)|?, where 0 (x) are the
usual hydrogen wave functions. Moreover, using |¢,00(R)|* =
Z? /n*mal we have [40,48]

A0S 74 2 Iminc?

* TR (). (142)
1 — ER/2mpc? |EE|

For a hydrogen atom (Z = 1) we take the average excitation

energy for the 2s level to be |EX | = 16.64 Ryd, from which

|

AER =

3nnd

AER =

F= b ) [ w2 ER iy 21 T 0P

we find the energy shift to be AEX ~ 1051 MHz, which is
in good agreement with the experimental value of 1054 MHz
[12,33]. To make the electric dipole approximation, we re-
place the denominator with unity and thereby obtain the
standard result [12,37,49]

@chz In Zm_Rc2 .
3 |Eff

D. Multipole expansion

AER = (143)

A primary advantage of using the multipole formalism over
minimal coupling is the ability to perform localized multipole
expansions of the polarization and magnetization fields. While
renormalization is better done with the minimal coupling
form of AER as above, we now rewrite it in terms of these
polarization and magnetization fields. As we discuss below,
the multipole expansions are only valid for small || k|| and in
particular for ||k|| < A. This means that we can drop the factor
of Ej,, in the denominator of (138) and use a modified form
of the identity in the parentheses of (139), namely,

1 1 ER,
—_ = , (144)
ER + Ty oy (hwr)(ER, + liwx)

to write the renormalized energy shift as

(145)

Then to rewrite AEX in terms of the polarization and magnetization fields, we use the identity (101) to write the renormalized

energy shift as

mn

dk
o ZPV Z/ <ER +hwk>(hcuk

This is our general expression for the renormalized energy
shift in the multipole formalism. As we discuss at the end
of this section, making the electric dipole approximation for
the ground state n = 0 of atomic hydrogen yields the usual
Bethe result [37]. However, our result above holds for ground
and excited states of a general localized charge-current dis-
tribution and includes contributions from the full electric and
magnetic multipole series. And it accounts for spatial varia-
tions in the electromagnetic field, which are usually neglected
by replacing the polarization and magnetization fields with the
electric and magnetic dipole moments. Of course, in dropping
the factors of Ej,, above we reintroduce the “Bethe log” di-
vergences, but in any case the multipole expansions introduce
stronger ultraviolet divergences that must be regularized, as
discussed below.

To obtain the multipole expansions, we take as the defining
curve for the “relators” s'(x;y, R) and o/ (x;y, R) a straight-
line path

zZW)=R+A(y—R) (147)

R

AER = ! VZ/dkE—R”Z Enn
a2 P ER + oy

ha)k

)st (e1(—k) - Py (—H)) (€1 () - it ()],

2
) les (k) - P (k)I* + s (k) -mp,mn(kﬂz}

(146)

(

with unit parametrization A € [0, 1], in which case [6]
1
S0y, R) = (o — R) / 438G — R = 1(y — R),
0

1
o (x;y, R) = e*(y* — Rk)/ ds(x —R — Ay — R)).
‘ (148)

We then expand these expressions in a formal Taylor series
with appropriate radius of convergence. Inserting the result
back into the polarization and magnetization fields, the full
electric and paramagnetic multipole expansions are then given
by

o0
Py =D (1) gt g sx — R),
n=0
o0
mh(x) = Z(—l)“uf1~~~"""a“ .. 08(x — R), (149)
n=0
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where the nth-order electric and paramagnetic multipole moment operators are

,bLi]'“i”i — _/dr (rll Rll ( in _Rin)(ri _Ri)p(r),
Ui]...i,,i — dr i R11 iy _Rin giab a _ R4 b 7). 150
c (n - / TR R = RO o

We can write (with k = ||k||)
2 oo a
AEf = Zp.v. Z Eon ) S iy / T b ) [l o g
n mn hC — 0 E}ﬁn 4 hck nm (1) mn

+ (v’%.iaizéll.)..iuijl...jbj%ﬁ..jhj) + 26(/12',,, zazI(ié.)..iuijl...jij’g’;..jhj)]_ (151)

Here we define the isotropic Cartesian tensors

Tl / DU s _ R Rk R,

Tielabjie o] _ ﬁ
) 4

The tensor Z(;, vanishes unless a + b = 2n for some n €
N, while the tensor Z,y vanishes unless a + b = 2n + 1 for
some n € N. These conditions preclude a number of electric,
magnetic, and magnetoelectric terms, such as the product of
the electric dipole and quadrupole moments, while allowing
others like the product of the electric dipole and octopole
moments.

Unless a =0 and b = 0 the integrals above diverge as
k|| = oo, even though the same expression written in terms
of the current density was finite. This particular ultraviolet
divergence is an artifact of our extrapolation of the Fourier
transforms of the multipole expansions (149) to all values of
|lk||. Indeed, for the straight-line paths considered above we
can explicitly compute the Fourier transforms p(k) and i p(k),

PR B k. (152)

J

mn

(

after which we find that they vanish in the limit ||k|| — oo
[13]. However, the Fourier transforms of the multipole ex-
pansions (149) clearly diverge in the ultraviolet limit for all
n € N, and so the resulting power series expansions in k must
have a finite radius of convergence |k|| < A’ (not equal to the
ultraviolet cutoff A = (% /ch)’1 used in previous sections).
The exact value of A’ depends on the charge-current distri-
bution and it is therefore undesirable to regulate the Fourier
integrals with a hard cutoff. We instead make these integrals
well behaved by introducing a “heat kernel regulator” [12,38],
which in the continuum limit amounts to evaluating the inte-

gral
a+b
/oo dkk—efk/l\”
0 Erﬁn + hck

where we take the limit A" — 0o to remove the regulator
at the end of the calculation. This integral is evaluated in
Appendix G 2. After removing the regulator, we find the gen-
eral expression

(153)

1 Erlrin ? 2mR2 > \a . a Enlsn o IO = (RO AL A TR 1 B PO 1Y 1
AE; = T E£n< he ) ln< ER | ) Z (+)* (=)’ (—1) +b<%) [l T Jresod i)

a,b=0

i ecdgigriteedal jioJbJ | j1ejbj (01 dad i aljye b b ]
+ (v Ly i) 4 23 (b LYy vl id)].

The first several contributions to AER are given by

AER =

} mn

_ 1 Erlrfn (Ma abb+0abbﬂa )+
5 FlC nm mn nm mn ttt ’

where !, ¢'/, and 0'/* are the electric dipole, quadrupole, and
octopole moment operators, v’ is the magnetic dipole moment
operator and the ellipses denote the higher-order multipole
contributions. To check the validity of this result, consider
only the electric dipole term

2 E,ﬁn 2 2mpc?
AE5=3WZE!§"< ) In <| )uunmnz. (156)

2 ER \? [ 2mpc? 1 (ER\?
ER mn 1 2 Vum 2 . mn 3 ab _ab
. WCZ mn<hc) n(—ER‘)[nunmn + vl + 10(—hc> (3 —

(154)

bb
Do)

(155)

(

To recover Bethe’s result in the electric dipole approximation,
we first replace |ER | in the logarithm with an average value
|ER|, in which case

) ltl®. (157)

20 1 2mpc?
AER =
" 37 m%zc2 ( ) Z

n m
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In a first-quantized treatment this is precisely Bethe’s result
for the Lamb shift in the electric dipole approximation [37].
To compare with our previous result (143), we use the identity
[12]

h 2
(ER) Mt = —|ER | = (—e> IPol?, (158)
mg

from which follows

20 1 2mgc
AE’If 37'[m m2c? < | ; )Z mn”an”2 (159)

We recover the expression (143) by evaluating the sum over
states |v,,) using an expression analogous to (G2).

VI. CONCLUSION

We introduced a field-theoretic reformulation of multipo-
lar electrodynamics to model interactions between quantized
electromagnetic fields and localized charge-current distribu-
tions. The electronic degrees of freedom are encoded in
microscopic polarization and magnetization field operators
(defined through second-quantized scalar field operators) with
moments that are identified with the multipole moments of
the charge-current distribution. These field operators cou-
ple to the quantized electromagnetic field in the multipolar
Hamiltonian, obtained from the minimal coupling Hamilto-
nian through a unitary transformation, often referred to as the
PZW transformation. Our reformulation generalizes existing
work [15,28] in that a field-theoretic model allows us to treat
very general charge-current distributions (provided they are
sufficiently localized) including those of large assemblies of
atoms and molecules and those in which the number of charge
carriers may change over time. Restricting oneself to the elec-
tric dipole approximation is not required.

Following a reformulation of multipolar electrodynamics
from minimal coupling electrodynamics, our focus there-
after concerned the vacuum structure of the theory. Using
Rayleigh-Schrodinger perturbation theory we computed the
regularized shift AE2 of the electronic energy levels in the
electromagnetic vacuum state, described by the regularized
interaction term Hl‘r}t This energy shift depends explicitly on
the ultraviolet cutoff A, an artifact of our choice of a “hard
cutoff” regulator. To remove this A dependence, we renor-
malized the regularized Hamiltonian H* at leading order in
the fine-structure constant by addition of appropriate countert-
erms. We could then use the renormalized Hamiltonian that
followed to compute the finite and observable correction AER
to the (renormalized) electronic energy levels EX.

We obtain a closed form expression for the renormalized
energy shift AER when written in terms of the matrix ele-
ments of the current density operator. For hydrogenic atoms,
our expression reproduces existing results, including Bethe’s
calculation [37] of the Lamb shift in the electric dipole ap-
proximation, and extensions thereof [40,41] to include spatial
variations in the electromagnetic field. However, our expres-
sion (141) is valid for more general assemblies of atoms and
molecules (possibly with net charge), consisting of a sum of
contributions centered on each ion in the assembly, each of
which is weighted by the expectation value of the electronic
charge density evaluated at that location. To compute these

expectation values, we could expand the electron field oper-
ators in terms of an appropriate set of single-particle wave
functions that transform in an irreducible representation of the
symmetry group of the system [50]. Because of how compli-
cated this symmetry group may be, we would no longer expect
the contributions to AEX to be restricted to wave functions
with full SO(3) symmetry like the s-type hydrogen orbitals;
instead, we expect that these expectation values will depend
in a complicated way on the electronic structure of the sys-
tem. Numerically evaluating these expectation values and the
expression for AER is an interesting direction for future work.

We then rewrote the renormalized energy shift in terms
of the polarization and magnetization fields, permitting us to
expand AER in a sum of contributions coming from prod-
ucts of specific electric and magnetic multipole moments of
the molecule. We derived the general form of such expres-
sions and then identified the contributions coming from the
first several mulitipole moments, namely the electric dipole,
quadrupole, and magnetic dipole moments. Existing treat-
ments of the vacuum energy shift focused on hydrogenic
atoms and therefore include only the electric dipole term.

This work lays the foundation for a broader research pro-
gram involving microscopic polarization and magnetization
fields in the quantum regime. Recent work indicated that
a description of crystalline solids using multipolar quantum
electrodynamics should be possible [51-56]; there the authors
introduced a semi-classical formalism based on microscopic
polarization and magnetization fields that could be associated
with individual lattice sites, together with itinerant contribu-
tions due to the presence of free charge and current. The
extension of this into the fully quantum regime, by generaliz-
ing the work presented here to crystal lattices, should provide
a microscopic underpinning for the study of quantum optical
effects in crystals.
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APPENDIX A: TRANSFORMATIONS IN SEC. II
1. Legendre transformation in minimal coupling
We begin with the minimal coupling Lagrangian L given
in (10). The canonical momentum density conjugate to the
electron field ¥ (x, t) is
SL
89 (x, 1)

while the canonical momentum density conjugate to the vec-
tor potential a(x, t) is

ih
7y (x, 1) = =S¥, (A1)

SL
sa(x,t)  4dme

However, the canonical momentum density 74 (x, ) conjugate
to the scalar potential ¢(x, t) vanishes. Thus the Lagrangian
is degenerate and the standard method for constructing the
corresponding Hamiltonian theory involves the identification
and classification of first- and second-class constraints using
the Poisson bracket, elimination of the first by fixing a gauge,

(X, 1) = e(x,1). (A2)
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and enforcing the second by replacing the Poisson bracket
by a suitable generalization called the Dirac bracket [57].
The solution in the case of electrodynamics is well known,
and so we only summarize the main results [11,58]. There
are two constraints: The vanishing of m4(x, ) and Gauss’s
law V -e(x,t) =4mp®(x,t). After fixing the transverse

gauge

V-a(x,t)=0, (A3)

the scalar potential is obtained from the electronic charge
density through Poisson’s equation

V3p(x,t) = 4 p(x, 1), (A4)

and the canonical variable 74(x,?) can be discarded. The
gauge-fixed Maxwell Lagrangian Ly, is

1 1
Ly= —/dx —llate, Ol =1V xa@.0)I* ). (AS)
87 c2
while the gauge-fixed interaction term is

L, =L+ %fdx pC(x, Dp(x,1). (A6)
Using Poisson’s equation, the contribution to the Maxwell
Lagrangian Lg coming from the longitudinal electric field
(absent in the gauge-fixed Ly) is rewritten in terms of the
electronic charge density and scalar potential; this is the origin
of the factor 1/2 in the second term above. After gauge-
fixing, Gauss’s law becomes a second-class constraint and
is enforced upon quantization by replacing Dirac brackets of
the remaining canonical variables with (anti)commutators, the
result being the equal-time commutation relations (20) for the
electromagnetic field operators and the equal-time anticom-
mutation relations (22) for the electron field operators. Then
the minimal coupling Hamiltonian (12) follows.

2. PZW transformation
We begin with the minimal coupling Hamiltonian (12),
which can be written as a functional of the canonical variables

H = Zla, 7, ¥, my], (AT)

where 7, (x) and 7y, (x) are the canonical momentum densities
defined in (A2) and (Al), respectively. Under the unitary
transformation U = exp(iS/h), the new canonical variables
(indicated by a breve) are

a(x) =Uax)U",
#ta(x) = Uma(x)U,

V) =Uy U,
#ty(x) =Umy(x)U". (A8)

The strategy then [6] is to write the Hamiltonian as a func-
tional of the transformed fields

H =9Y[a, t,, , 7ty ]. (A9)

Equating (A7) and (A9) and using the general form of the
transformations (A8), the new functional ¢ is obtained from
the old one .# through

g[‘h Ty, 1//5 JTI//] - UTy[av Ty, W» 7T¢,]U, (Alo)

where on both sides we use the nontransformed fields. Once
the new functional ¢ is identified, the multipolar Hamiltonian
is obtained by substituting the transformed field operators into
this new functional. The explicit transformations of the field
operators are

a(x) = a(x),
1
-ﬁ:a(x) = ]l'a(X) - EpT(x)s

Yx) = e PRy (x),

+i®(x,R)

Fyx)=e 7y (x), (A11)

where

®(x,R) = %/dw s (w:x, R)d' (). (A12)

In semi-classical theory the quantity ®(x, R) is a generalized
Peierls phase [52]; in the fully quantum theory, the expo-
nential of this quantity in (A11) is the Wilson line operator
of Abelian gauge theory [13]. The original gauge freedom
involving the scalar and vector potentials has been replaced
[13] by a freedom in choosing the relators ((31) and (42));
here this involves a choice of the paths C(y, R), although other
classes of relators are possible [59].

With the canonical momentum density conjugate to the
vector potential given in (A2), the transformed transverse
electric field is ér(x) = er(x) + 4mpr(x), which we iden-
tify with the transverse part of the displacement field
d7(x), while the magnetic field is unchanged, b(x) = b(x).
Then, after dropping the breve accent on the transformed
electron field operators, the multipolar Hamiltonian (32)
follows.

APPENDIX B: ELECTROSTATIC INTERACTIONS
IN THE MULTIPOLAR HAMILTONIAN

We demonstrate the equivalence between the regularized
form of (34) and (68). To begin, we use [12]

. dk ... . ,
S (x—x')= / —(2n)3klk1e’k'("_")
1 o0 o
= ——/ dkd'9’F (x,x'; k),
27'[2 0

(BI)

where F(x,x';k) is given by (93). After regulariz-
ing the Fourier integrals in the representation (B1) of
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the longitudinal delta functions, the second term on the first line of (34) is

1 A
27T/dx lp, OI* = ;/0 dk /f dxdx' (p(x') — pr (X' )F (x,x";k)(p(x) — pF(x)),

T

1 A 2Q A Q2 A
= ;/ dk/[ dxdx' p(xX"F(x,x';k)p(x) — —/ dk/dx,o(x)F(x,R;k)+ ;/ dk. (B2)
0 0 0

Meanwhile, using Gauss’s law V - d (x) = 47 pr(x), a straightforward calculation leads to

1 Q2 A 2Q A
—/dde(x)- (p(x) — —dL(x)> = ——/ dk + —/ dk/dx,o(x)F(x,R;k), (B3)
8 T Jo T Jo
and therefore
i 1A
Hp = —/dx vy i) V) + —/ dk // dxdx' p(x)F (x,x';k)p(x). (B4)
2m T Jo

Next, using p(x) = p°(x) + p°"(x),

A A
%/ dk // dxdx' p(x)F (x,x';k)p(x) = %/ dk// dxdx' p¢(x)F (x, x'; k) p°(x)
0 0

2 A A
+;Zqu dk/dxF(x,R+dN;k)p€(x)+Z@/ dk F(dy,dy: k),
N 0 NM 0

and so, isolating the divergences in Eé\F, we have

(BS)

A A
%/ dk // dxdx' p(x)F (x,x';k)p(x) = %/ dk// dxdx' v )y (K )F (e, x5 v ()Y (x)
0 0

2 A A
F2 v [ ak [axFe R+ dyiop@+ Y P [ akFy.duib)
m 0 0

+E(§}F7

where in the integral in the second term on the right side of
the above equality it should be understood that a small sphere
centered at x = R 4 d is excluded; the A-dependent term is
given by

1
EL. = —| €N, + 2eN, 2 A, B7
0r n[e +2e XN:qN+;qN (B7)

and the second term on the right-hand side of this expression
comes from the integration over that small sphere. Since we
isolate the A-dependent terms in E{',, we can take the limit
A — o0 in the remaining terms and use

1

— (BS)
e — x|

o0
/ dkFe.x k)= 2
; 2

which is valid for x # x’. Dropping the ion-ion interaction as
in Sec. II, we obtain the desired result (68).

APPENDIX C: FIRST-ORDER DIAMAGNETIC
CONTRIBUTION

Here we simplify the diamagnetic contribution to AE,QI).
The diamagnetic term is

Hp = —%/dme(x)~b(x). (C1)

T
N#M

(B6)

(

As noted in the main text, we can rewrite Hp explicitly as (85);
using (7) we write this as

1 / a Nab IN D 3
Hp = 2 dxdx' a“(x)O" (x,x)a’(x"), (C2)
where
Ovab(x x/) — Sapigbljiioij(x x/) (C3)
’ xP 9x't e

and where O/ (x, x’) is defined in (86). With [52]

abc d cd 0 d ad
e —a™(xy, R) = ——s"(x;y, R) + 66 (x —y) (C4)
dxb 9y
we have
O, x) = 5 / dy(aa”au—y)a(x’—y)—ai“a(x—y)
2mc

0 . . 0 .
x —s'(x';y, R) — 8"8(x' —y)—s'(x;y,R)
ayb ay®

d |V 0 i/, e
+ [ 7y (532 R)} [—ay,,s (x ,y,R)Dp »).
(C5)
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Substituting this expression back into (C2), the diamagnetic
term is

Hp =

‘ fd () lla )|
el x p¢(x)|la(x

e f dx p*(X)a(x) - VO(x, R)
mc

hz
+— f dx p*(x) |V (x, R)|*. (C6)
2me

Define
AEp = (W, |H) |W,), (C7)

with |\,,) given by (79). The regularized mode expansion for
the vector potential a(x) that leads to the mode expansion (58)
for b(x) is

2he\"? .
a(x) = E E <m> eIkcl1kelk4x + H.c. (CS)
I k<A

A straightforward calculation of the vacuum expectation value
of |la(x)||? leads to

RN,
/dx pzn(x)<||a(x)||2>vac - i <7>A2 (C9)

e
2mc? 2

Focusing on the latter two terms of (C6), the expectation value
of the first is

—ifdx Pun(X)(a(x) - VO(x, R))\,c, (C10)
mc

J

2

h . 7 . , he
- / dx pnn(x)(a(x) : V(I)(x, R))Vac + 55— / dx p,m(x)(||V(I>(x,R)|| >vac =T12 /
mc 4m?mce

2me

I o . 1 a 0
1 ik-(x'—x) e J (! e I J (/-
X // dxdx' e <p””(x)|:_8x"s x';x, R)] : /dy pnn@)[—ayks (x;y, R)] |:_8yks x5y, R)]).

while the expectation value of the second is

h2
+5— / dx oy, @(|VOGx, B)?),,.  (CID
me

With the regularized mode expansion for a(x), in the contin-
uum limit we have

h oy
(a“(x)a"(x/))Vac — _C2 / dk ||k||_13?h(k)elk'(x —x)'
47 Jiki<a

(C12)
Thus, the vacuum expectation value in (C10) is

h .. . ,
- e [ akk 5 [ [ drax 0 0
Ik <A

47 2mce

J .
X [—.s/(x’;x,R):|, (C13)
ox!

while the vacuum expectation value in (C11) is

e [ anier e [ [ axd e [y g0
8m2me Jykj<a

a a i,
X [8_))](5‘ (x;va)] [8__))ksj(x »va)]’

(C14)

so that the expectation values of the latter two terms of (C6)
are

dk k||~ 8 (k)

[kI<A

In total, the diamagnetic contribution to the first-order correction is then (87).

APPENDIX D: SECOND-ORDER CORRECTION
1. Useful identity

We first prove a useful identity concerning matrix ele-
ments of field operators. Let O(x) denote a field operator
in the Schrodinger picture which acts trivially on the Hilbert
space ‘Hp of the Bose sector. Separating the free and inter-
action terms of the multipolar Hamiltonian as in (72), we
define an interaction picture representation by taking the time-
dependence of the field operator in the interaction picture to
be

O[(x, t) — engt/hO(x)efiHot/h’ (Dl)
where
Hy=Hp®Ir +1p ®Hp, (D2)

with Hp and Hf given by (33) and (34), while an interaction
picture state |W,,); is related to the corresponding Schrodinger
picture state |W,)s through

W), = ™MW, (D3)

(C15)
(
The expression (D1) is equivalent to
00;(x,1) 1
— = = —[Oi(x, 1), Hyl-. (D4)
ot ih

Since O(x) acts nontrivially only on Hy by assumption, it
follows that the commutator above also acts nontrivially only
on Hp, so that

a(Ql,nm(xJ‘) _ 1
T = i—h<wn|[01(X, t),HO]fhpm)

= (ih)ilEmnOI,nm(xa t)7 (DS)

where the subscript “nm” denotes the matrix element between
the eigenstates |, ,,) of Hr, and E,, = E,, — E, with E, ,,
being the eigenvalues of Hr corresponding to the eigenstates
|¥n.m). Taking O(x) to be the paramagnetic current density
operator jp(x) we have

jP,nm(x) = (Wn|jP(x)|¢m>S = <wn|jP,1(x’t)|wm>l~ (D6)
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In the interaction picture we can split the Heisenberg-picture
equation (45) into a pair of equations

Through the expressions (D5) to (D7) we thereby obtain the
Schrodinger-picture identity

0 Jt
PED LoV xmpye0), ©)

Tpix.1) = Jpam (@) = (B) " By @) + ¢V X mpan(@),  (D9)

Jpi(x, 1) =cV xmp(x,1). (DY) which is used in the main text and below.

J

2. Simplifications

Begin with the full expression for the second-order correction (98). We can simplify the second line using [12]

1 kP i
— | dSup P ——* T = iy PE(x, X1 k), D10
471/ ST T (b1
where F (x, x'; k) is given by (93). Together with the identity (91), we have
A 1 A hick _ij , i N i SNy d
AE, ;) = —- PV Z ; dkm dxdx tV (k||lx" — x|))(p},,, )P}, (X) + mp,,, (XM, (X))
hck? r_ij / i /N yond i I\ A
- — p v. Z dkE " dxdx' o' (k||x" — x||)(pnm(x mp ., (X) + mp,, (X )pmn(x)). (D11)
mn

To simplify AE,QZ), we break up its summands and process them in turn. We denote by AE A » the first term involving the product

of polarization fields, by AE/ the second term involving the product of the magnetlzanon ﬁelds and by AE /}n the second line
above. Using twice the algebralc identity

1 1 1 Em

_— = —— (D12)
E,.+ hck  hck  hck E,,, + hck

we have
1 A hck . . )
A /o / i
AEpp = _; pV;/{; dkm // dxdx tj(k“x —x”)pnm(x/)pf]nn(x)
1 A . : .
=T | [[ dxas e = xipi 5p)0
T 0
+o— Z / dkk™" Epp [ / dxdx' TV (k||x' — x||)pl,, (x")pl, (x)

1 (Emn) i / i ’ i
hm;PV > f O / / dxdx' T (k|lx' = xI))p},, (X' )i, (x). (D13)

m

Using our identity (D9) this can be written as
1 A y . .
AEy =—— Z /0 dk / / dxdx’ 7 (kllx' — x[)pL,, (¢ )pl,, (x)
+o— Z / dkk™ f / dxdx' tV (k||x" — x|)Epnpl,,, ()Pl (x)
1 hck
— —pv ;/ dkm // dxdx’ T (k|x’ —x||)mpnm(x )umn(x)
- —pv Z f dk Em i / / dxdx’ T kI = X)) )
(D14)

h k ij . N i j
+ ; p-v. ;'/0 dk m // dxdx' o '](k“x/ - xn)(]P,nm(x )mij,mn(x) + mP,nm(x/)]IJJ,mn(x))'
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‘We can combine the third line above with the contribution

AEA =— — p V. Z/ BT ek /f dxdx' T (k||x' — x|)m! (" )ym! (x). (D15)

Consider the last line of (D11). Using the algebraic identity (D12) along with the identity (D9), that term can be written

hck? i, . . . .
120 [ [ s 001 3D 09 5 1 L)

=L [ [[ s oV el e~ mi i),
0

2 A fick N : ‘
+ - p.v. ;fo dk E 4 ick // dxdx’ " (k||x' — x||)m},_nm(x’)m;,,mn(x)

100D f R / / dxdx' & (kX = XI1) (O W), () + 10, () b (X)), (DI6)
T m 0 Emn + th P,nm P,mn P.nm P,mn

Then, through a trivial relabelling

. A
AEp, == f dkk f / dxdx' o/* (k|lx" — x|)([mp), p/(x)]-),

= p V.Y / Emn o / / dxdx’ T (k|lx' — x|y, 6 Iy, ()

m

i A k N . . , ,
- ; p-v. ;/(; dk m // dxdx' o (k“x/ - xn)(jll’,mn(x/)m;’,mn(x) + mf’,nm(x/)j},mn(x))‘ (D17)

With the expressions (D14) for AEPP,

1 A /i / j / j
AE,QZ) =- Z/o dk // dxdx' t" (k|x" — x|)p.,,&)pl,(x)

(D15) for AEA | and (D17) for AE2 | the total second-order correction is

mm? pm>

rmcz / bk [ [ dxax I = X1l 9 0

h k! ,
- § ' - ij —
Cp.v / dk ek //dxdx o (k|x' x”)Jan(x )]p,,m( x)

m

© A
— é f dkk / / dxdx' o/ (k|x' — x|){[mp&), p’ ®)]_) . (D18)
0
Using that the curl of a gradient vanishes, through some index manipulations we can show that
(=89 +8'0))e P TF (e, X' k)[mp (), PP ()] ), = K2ePCYPF (e, x s k) [mp (), PP ()] ), (D19)
and
Z Epn (X)), (X) = <[Jp(x ), ()] — ce™ P [mpx), pP(x)] ), (D20)

we can collect the second and fourth lines together. Restoring the angular parts of the Fourier integrals, the second-order
correction is

i / oij ik-(x'—x YAV i i / ’ i
AE = i 2 / R / / dxdx’ 8) F [0, P )]+ ceP o mb ) p 0] ),

L3 // i . i ik —
d d/ i N 2] Sljk ik-(x'—x)
47-[ C Z/k<A Emn +Fla)k Xax .]P,nm(x )]Rmn(x) T( )6‘

- %Z / dk / / dxdx' T (k|lx' — x|)p.,, (£ P}, (x). (D21)
m 0
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Working out the commutators in the first line, we find

2
_he

APPENDIX E: ENERGY SHIFT IN MINIMAL COUPLING

For comparison with the regularized energy shift (104)
computed with the multipolar Hamiltonian, we work out the
same energy shift in minimal coupling. The minimal coupling
Hamiltonian is given in the Schrddinger picture by equa-
tions (12) to (15). Split up the Hamiltonian into free and
interaction terms

H = Hy + Hiy, (E1)
where the free term is
Hy=Hp @Iy + 13 ® Hf (E2)

and the interaction term is
1 . 1 .
Hy = _E dx jp(x)-a(x) — 2_c dx jp(x)-a(x). (E3)

The paramagnetic and diamagnetic current densities are de-
fined in (16) and (17), respectively. As in Sec. IV, we split up
the interaction term

Hin = Hin1) + Hin2), (E4)

where now
1 .
Hin1) = ~5 dx jp(x) - a(x) (ES)

is already O(«) and is treated at the first order, while
1 .
Hiy) = — dx jp(x) - a(x) (E6)

is O(y/a) and is treated at the second order. The first-order
correction is

2

AEA e

=3 f dx (W, ) la @)y @)1 W,),  (ET)

mc?

with the initial state (79). In terms of the mode expansion (C8)
for the vector potential

A R*aN, [* a [ #*N, )
AE, )= —— dkk = —| — | A~ (E8)
am Jy 2r\ m

To obtain the second-order correction, begin with

1
(Ws|Hiny2) | Wn) = —E/dx (Wsljp(x) - a(x)|Wy).  (E9)

1, . . . .
~([ip@), PP )]+ ce™ 0" [mp(x'), p’ ()] )

—'n

—([isf(x-x/ R)} ¢ (x) — l/d ¢ (y)[is"(x- R)] [isj(x/' R)])
mi \| 9xi T Pun 2 Y Pun ayk e ayk e ’

and so, comparing to (C15), the second-order correction is (102).

(D22)

(

Again using the mode expansion (C8), we have

2nh -
(W5 | Hino) W) = (V—wk>|6’1k T a1, (E10)

where j,’;.mn(x) = j{;(x)]m,,. Introducing the sums (97) and
taking the continuum limit, the regularized second-order cor-
rection is

h k|~!
AE}QZ) = . p.v. / dk L
dm4c " k<A Emn -+ Flwk

x> " ler) - Jp K1 (E11)
1

Collecting the first-order (E8) and second-order (E11) correc-
tions together, the regularized energy shift at O(«) in minimal
coupling is exactly the result (104).

APPENDIX F: PROOF OF IDENTITIY (139)

We prove the identity (139). To begin, consider the operator
expression

1 1
HE —ER+hor — HO — ER + hay
1 R 1
HE—EF + hox . HO — EF 1 g
(F1)
from which follows
;ﬂ(k) = Jh(k)
HE — Ef + hoy HY — ER 4 hay,
1 R

- U
HPE —Erlf—i-fla)k

x ————— Fk). (F2)
HY —EF + iy,

To simplify, we will use the identity (127). Introducing a
convergence factor “+4i8” (which will be removed below),
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we use an identity analogous to (125), namely,

HY — ER 4 hay + i8

. [ee] ) N
Jple) = —i / ds > hnEf+HD+i8) 5 )
0

o0
. . _ PR 4 g7 (0) 7 g @ - gy (0)
_ —l/ dS els(hwk E; +15)elsHF Jﬁ(k)e isHp, emHF

0

1

=
= Jp(k) -,
PUUHY — ER 4 Epg, + hoy + i6

(F3)

where we dropped the ||q|| < mc terms as before. We can trivially take the limit § — O since upon forming matrix elements
there will never be poles in this denominator. Therefore we have

1
H;O) — E,IS ~+ Eto, + hoog

I k) = 3j k
B T 10 = 0

HI{S —Erlf"i‘ha)k
1

1
— Ef + E}‘;,a)k + ha)k

UR i) —g
)
Hy

= jp()

1

1

and so bringing the last term to the left side

Hl{g —E5+Fla)k
1

Hl{g —E,’f—l—ﬁa)k

HE — ER + hay

HY — ER  Ep, + Ty

Jak)(HE — ER + Ep, + hieoy))

= jhik)

Héo) — ER + Ep, + hiye - HE — ER + hoy

. 1
[U*, jhdo)]-
TP HO TER T Epyy + o
. 1
Y] R
()U , (F4)
P HY ER Y By + o
1
HY? — ER + Ep,, + hox
1
[U%, joto)] (F5)

“HY — ER 4 Ep,, + by,

Therefore, canceling the factor (H;O) — ER + Epy, + liy)™! that features on both sides and multiplying the result by (HX —

ER + Epy, + hoy)™! on the right, we end up with
1 1

1 1

e jh(k) = jhk
HE T T = P00 5

— ER + Epgy + g ~ HR — ER + Ty

(F6)

UR, 7ik) .
[ P ]’Hﬁ—Ef+Ehwk+ﬁwk

Taking matrix elements in the states |, ,,) and using that Hﬁl%,m = E,’f’mhﬂ,,,m), the desired result (139) follows.

APPENDIX G: COMPUTATION IN SEC. V
1. Direct calculation of AEX

To begin, we replace E,’,fn in the denominator of (140) by
a “reference” or average value EX — EX [12,37]. Through a
short calculation we have

- i X
(U, F®].), = —( @ ¢ x),
g

he ¥ ;
+ — ('@ VE)yx) . (Gl)
1

Since we replaced EX in the denominator of (140) by the
reference value EX, we can evaluate the sum using the identity
[12]

Z j;’,mn (x)([UR’ ]1]’ (x/)] 7>mn

1 . .
= 5([Lp. UF] L )] ), (G2)

(

Evaluating this expression directly is cumbersome. It is easier
to evaluate the complete expression

1 . - .
= [ 49800 Y T HlU* S0 ), (@)

The angular integral yields (2/3)3
culation we find

ij> and after a lengthy cal-

1 ij ~i ~j
- / 425/ 3 T H[U* TiW0) ),

i e? A
=37 [ W OVVEY®),. (G
mg

To arrive at this equality we use the fact that ¥ (x)> =0
and ¥ (x)? = 0. Using the definition (2) of the background
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ionic potential
1 ij k7 ~j
[ 49000 5 R T ).

47 e?
7 2 v R +dw),, (G5)
R N

where R +dy is the location of the Nth ion. Inserting this
back into AE,’f , we find that our “generalized Lamb shift” is
given by

4o

3m

h3
AEf = —— " av(p’R +dy)),
RC N

* 1 1
X / dk - . (G6)
0 ik /2mgc + 1 \ ER + hick

Notice that this expression is finite and so the integral can be
evaluated. The “hik/2mpgc” term in the denominator accounts
for spatial variations in the electromagnetic field. We can
compute this integral using techniques from complex analysis.
Define BX = ER /2mgc* and consider the change of variables
x = hk/2mpgc. Then

f"o 1 1
dk =
0 hk/2ch + 1 Erf + hck

1\? > 1
= — dx —mM8 . G7
<hc>/o o+ D+ BR) ©D

Consider the contour integral

log(z)
e — G8
ﬁ; Z(z+1)(z+,3,’f) ©9

where log(z) = In(|z|) + iarg(z) is the complex logarithm
and ¥ is the standard “keyhole” contour that avoids the branch
cut (at & = 0) of log(z) on the positive real axis. The contour
integrals over the circular arcs vanish by application of the
“estimation lemma” method for complex integration [60]. The
other two integrals yield the identity

a0 i [Car
G DGt B o e e B
(G9)

Evaluating the contour integral on the left using the calculus
of residues, we obtain

[ I WES
0 + D(x+BE)  \1—ER/2mgc? |EF| )’

(G10)
and the result follows.
2. Calculation of the integral (153)
We calculate the integral
0 ku-ﬁ-b ,
f dk————e7M" (G11)
0 E;m +—hck

using techniques from complex analysis. Introducing a change
of variables x = hk/2mpgc, we have

2 a+b a+b
(i) <2mRC> fmdx al e N
fic A 0 x+ BR
R

where SR = ER /2mgc?. To evaluate this integral, consider
the related contour integral

Z0+b =12/ A’
dz— log(z),
fg 2+ BR, g

where % is the standard “keyhole” contour. The integrals over
the circular arcs z = Re™ and z = ¢ vanish in the respective
limits R — oo and ¢ — 0T, by the “estimation lemma” for
complex integration [60]. Meanwhile, the remaining contour
integrals, with the contours parametrized by z = x * ie, can
be combined together in the limit ¢ — 01 and thereby yield
the identity

(G12)

(G13)

[} a+b ,—x/A' a+b ,—|z|/A'
/ de = —L, dzL log(z).
0 x+ BR. 2ri Jo 7+ BR.
(G14)
We evaluate the integral on the right-hand side using the
calculus of residues: The pole is located at z = —BR in the
complex plane and with the identity above we end up with
00 anrbefx/A/ & \a+b PN x
oS e e
(G15)
and so the integral (G12) is
1\?2 atb Enfn ath 2mpc?
(ﬁ) 1) ( n ) m( e ) G16)

where we removed the regulator (A" — o0). With this result
the desired expression (154) for the renormalized energy shift
in its multipolar form follows.
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