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Canonical quantization of the photon—a free massless vector field—is considered in cosmological
spacetimes in a two-parameter family of linear gauges that treat all the vector potential components on
equal footing. The goal is setting up a framework for computing photon two-point functions appropriate for
loop computations in realistic inflationary spacetimes. The quantization is implemented without relying on
spacetime symmetries, but rather it is based on the classical canonical structure. Special attention is paid to
the quantization of the canonical first-class constraint structure that is implemented as the condition on the
physical states. This condition gives rise to subsidiary conditions that the photon two-point functions must
satisfy. Some of the de Sitter space photon propagators from the literature are found not to satisfy these
subsidiary conditions, bringing into question their consistency.
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I. INTRODUCTION

The massless vector field—the photon—couples con-
formally to gravity in four spacetime dimensions, and
effectively does not see the cosmological expansion. That is
why its linear dynamics is not as interesting compared to
nonconformally coupled fields that experience gravitational
particle production [1-3] at the linear level. Nevertheless,
coupling of photons to other fields might break confor-
mality. Particularly interesting cases occur in inflation
where the conformal coupling of the photon is broken
by quantum loops generated from its interactions with light
spectator scalars [4-29] or gravitons [30-36]. Scalars and
gravitons are nonconformally coupled to gravity and
experience a huge enhancement of their infrared sector
due to the rapid expansion during inflation, the effects of
which are communicated to the photon via loops. Most of
the loop computations involving photons thus far have been
worked out in a rigid de Sitter background, for which the
two-point functions (propagators) comprising the loop
expansion are known. It would be interesting to understand
how the results, in particular the secular corrections to
photons, are modulated in realistic slow-roll inflationary
spacetimes. This work aims to advance this understanding
by considering the photon and its two-point functions in a
two-parameter family of linear gauges in general expanding
cosmological spaces.
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The specific goals of this article are threefold:

(i) To understand the photon quantization without
relying on background symmetries or on covariant
gauge fixing;

(i) To set up a framework that will facilitate the
computations of photon two-point functions in
D-dimensional cosmological spaces, and to derive
all the subsidiary conditions the two-point functions
must satisfy, with the goal of performing dimen-
sionally regulated loop computations in realistic
inflationary spacetimes;

(iii) To demonstrate that cosmological evolution is not in
conflict with gauge invariance, as suggested in [37],
and that there is no contribution to the photon
energy-momentum tensor coming from the gauge-
fixing terms in any cosmological spacetime.

Given the aims listed above, in this work we consider the
photon (electromagnetism) is spatially flat cosmological
spacetimes in a two-parameter family of linear gauges
preserving cosmological symmetries,

SylA,] = / de\/—_g{—zig(V”Aﬂ—ZCn”Aﬂ)z o

where £ and ¢ are arbitrary gauge-fixing parameters, and
where n, = 527—[ is a nondynamical timelike vector, invari-
ant under spatial rotations and translations. In the limit { =0
this gauge-fixing functional reduces to the general covariant
gauge, which one might be tempted to consider as a natural
choice. However, experience in de Sitter space suggests
that noncovariant gauge choices can lead to simpler two-
point functions [38] that can considerably simplify often
quite involved computations. To this end we set up the
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framework that will facilitate identifying simple gauges in
D-dimensional inflationary spacetimes, and streamline
their computation.

In de Sitter space both the photon and the massive vector
two-point functions have been worked out: in general
covariant gauge [39-42], and in the simple gauge [38],
while for more general spacetimes only a few results exist—
the unitary gauge massive vector propagator [43] in
power-law inflation, and photon propagator in arbitrary
four-dimensional ~ Friedmann-Lemaitre-Robertson-Walker
(FLRW) spacetime in a conformal gauge [44] that takes
the same form as in flat space on the account of conformal
coupling. Exact gauges, such as the Coulomb one in which
the two-point function takes the same form as in flat space in
four-dimensional spacetime [45], are also legitimate choices.
However, for practical applications the D-dimensional
multiplier gauges such as (1) are usually preferable.

Because of the noncovariant gauge fixing (1), and
because of the reduced symmetry of cosmological spaces
compared to maximally symmetric ones, we have to under-
stand how to compute photon two-point functions without
relying on a large number of symmetries that usually
simplify problems. To this end we consider the canonical
quantization of the photon field similar to the Gupta-Bleuler
quantization [46,47]. The approach taken here mainly
differs by not relying on the on symmetries of the system.
Rather it is based on the classical canonical structure in the
multiplier gauge defined by the gauge-fixing functional (1).
In that sense the quantization outlined here can be consid-
ered as the derivation of the Gupta-Bleuler quantization.
This includes the derivation of the somewhat ad hoc Gupta-
Bleuler subsidiary condition on the physical space of states
that here arises as a natural consequence of the cano-
nical first-class constraint structure and the correspondence
principle.

Several works in recent years have considered the
quantization of the photon field in cosmological spaces
[37,42,48,49], choosing to preserve general covariance as
much as possible. While there is nothing wrong with
maintaining covariance, for practical purposes this is not
always the most convenient choice, and covariant
approaches offer little help when abandoning manifest
covariance by gauge choices. This is why we opt to
consider the canonical quantization formalism from the
ground up, divorced from spacetime symmetries. We only
consider spatially flat FLRW spacetimes, and not spatially
closed ones where the issue of linearization instability
arises [50-59].

Proper understanding of photon quantization has prac-
tical consequences. Computations of quantum loop correc-
tions in inflation are notoriously difficult, and the choice of
gauge can make a world of difference. It is sufficient to
compare the computations of the one-graviton-loop vacuum
polarization in de Sitter in noncovariant gauges [30] and
covariant gauges [33] to realize that de Sitter symmetries do

not play the same convenient organizational role as do
Poincaré symmetries in flat space. Therefore, it is advanta-
geous to consider different gauges in cosmological space-
times. We ultimately express the photon two-point functions
in terms of a few scalar mode functions that cosmologists
are accustomed to working with. Identifying gauges admit-
ting simple solutions for these scalar mode functions is left
for future work.

The two-point functions of the linear theory serve to
compute loop corrections to physical observables. It is in no
way obvious for gauge theories in multiplier gauges, such
as (1), how to properly define quantum observables. It was
suggested in [37] that the expectation value of the photon
energy-momentum tensor depends on whether the contri-
bution from the gauge-fixing term (1) is included or not.
For covariant gauges (with { = 0) in de Sitter, the gauge-
fixing term is supposed to contribute as a cosmological
constant to the energy-momentum tensor. This is in conflict
with the correspondence principle, and would essentially
allow for quantum measurements of first-class constraints.
However, when ordering of products of field operators
comprising the energy-momentum tensor is considered
carefully, as in Sec. VIII, the issue is fully resolved. The
gauge-fixing functional (1) cannot contribute to the energy-
momentum tensor for any admissible state, in any cosmo-
logical spacetime.

The results of this work also include the unexpected
observation that the subsidiary conditions for the photon
two-point functions derived here are not satisfied for some
of the de Sitter space photon propagators reported in the
literature. More details on this issue are given by the end of
the concluding Sec. IX, while further investigations into the
issue are left for future work [60,61].

The paper is organized in nine sections, with the current
one laying out the background and the motivation. Section II
gives some of the properties of scalar field modes and two-
point functions that we make use of in subsequent sections.
Section III presents the details of implementing multiplier/
average gauges in the canonical formulation of the classical
photon. This structure lends itself to canonical quantization
that is discussed in Sec. IV. In Sec. V the dynamics of the
field operators is translated into equations of motion for the
mode functions, while Sec. VI discusses the construction of
the space of states and the conditions the physical states must
respect, as well as the role that spacetime symmetries play in
this construction. Section VII concerns the main goal of this
paper of constructing photon two-point functions from the
photon mode functions, and demonstrates how such con-
struction satisfies all the subsidiary conditions. Section VIII
discusses two simple observables and the issue of proper
operator ordering of observables. Section IX contains the
discussion of the construction presented in the paper, and
provides the check of the photon propagators in the literature
versus the conditions presented here, not all of which are
found to be satisfied.

085014-2



PHOTON QUANTIZATION IN COSMOLOGICAL SPACES

PHYS. REV. D 109, 085014 (2024)

II. PRELIMINARIES

The mode functions of linear higher spin fields in
cosmological spaces can often be expressed in terms of
the scalar mode functions. Consequently, the same is often
true for two-point functions as well. This indeed is the case
for the photon mode functions and two-point functions that
we consider in this work. This section serves to introduce
the background cosmological space, to define the notation,
and to summarize some of the basic results for scalar fields
that will be used in subsequent sections.

A. FLRW spacetime

The geometry of homogeneous, isotropic, and spatially
flat expanding spacetimes is described by the FLRW
invariant line element,

ds* = —dr* + a*(1)d¥* = a*(n)(=dn® + dx*).  (2)

The flat spatial sections are covered by (D — 1) Cartesian
coordinates, x; € (—o0, o), while the evolution is expressed
in terms of either the physical time # or the conformal time 7.
The dynamics of the expansion is encoded in the scale factor
a that also provides the connection between the two time
coordinates, dt = adn. For our purposes the conformal
time coordinate is preferable, since then the FLRW
metric, g,, = a*(n)n,,. is conformally flat, where 7,, =
diag(—1,1,..., 1) is the D-dimensional Minkowski metric.

The relevant information about the dynamics of the
expansion is usually captured by the first few derivatives of
the scale factor. The conformal Hubble rate H and the
principal slow-roll parameter e¢ capture the first two
derivatives of the scale factor,

_lda
ady’

1 dH

H(n) e(n) =1 T an (3)

The more commonly used physical Hubble rate H is related
to the conformal Hubble rate as H = H/a, while the
principal slow-roll parameter is related to the often used
deceleration parameter, g = ¢ — 1. Accelerating FLRW
spacetimes, such as primordial inflation, are characterized
by 0 < e(n) < 1. Even though the results of this work
apply to arbitrary accelerating FLRW spacetimes, it is
nonetheless helpful at times to have a concrete spacetime in
mind. One such tractable example is that of power-law
inflation [62,63] for which the Hubble rate and the scale
factor depend on time as

Hy
1= (1=e)Hy(n-mno)’

aln) = (%>_ (4)

€ = const = H(n) =

where 7, is the initial time at which a(n,) =1 and
H(no) = Ho.

B. Scalar mode functions
The equation of motion for the conformally rescaled

scalar field modes of comoving momentum k in FLRW
generically takes the form

’

(5)

{a%ﬂcz - (/12 —%) (1 —5)27{2} Uy(n.k)=0.  k=||k]

where 4 descends from the mass term and the nonminimal
coupling term. Both € and A are time-dependent in general,
though there are notable cases where they are constant:
in power-law inflation e is constant, while a massless,
nonminimally coupled scalar has a constant A. The
equation of motion (5) admits two linearly independent
solutions, which we take to be complex conjugates of each
other,

U,(n.k) = a(K)U; (n. k) + BRNU; (0. k). (6)

where a(k) and (k) are arbitrary constants of integration.
In practice it is convenient to choose the independent
solutions, U, and Uf}, that are some appropriate generali-
zation of positive- and negative-frequency modes
(Chernikov-Tagirov-Bunch-Davies modes [64,65]), at
least in the ultraviolet. As a concrete example one can
keep in mind power-law inflation (4) where 0 < e =
const < 1, for which the positive-frequency mode
function is'

€ = const = U,(n, k)
_ E2i41) T ) k
¢ Hi—eH ((l—e)H O

where Hﬁl) is the Hankel function of the first kind. Note,
however, that no assumptions on ¢ are made throughout the
paper. Equation (5) also implies a nonvanishing Wronskian
for the two independent solutions,

U, k)()oblj(n, k) — U; (n, k)ooU (1, k) = i, (8)

where the normalization is chosen for convenience, as
appropriate for mode functions of scalar field operators.

"The phase factor in the definition (7) ensures that the
Wronskian in (8) is correct for both real and imaginary values
of 1.
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The free coefficients in (6) then have an interpretation of
Bogolyubov coefficients that have to satisfy

(k)2 = [pR))* = 1. 9)

When solving for the photon field mode functions in
Sec. V C we will encounter scalar mode equations (5) with
only special combinations of parameters for which

00K/1+%>(1—e)} =0. (10)

That allows us to introduce convenient recurrence relations
for contiguous mode functions without solving equations
of motion explicitly,

1
[60 + (l+2)(1 —€)H:|Z/{/1 = —l.kui+1,

{ao - </1+%)(1 —e)H}L{Hl = —ikU,, (11)

where U, , satisfies equation (5) with A —A+1,
and where the proportionality constant was chosen for
convenience. The Wronskian (8) can consequently be
expressed as,

e[l (. K51 1K) = 5 (12)

Confirming the recurrence relations (11) is accomplished
by plugging them into the equation of motion (5) and
applying condition (10) when commuting time derivatives.
In more special cases, such as power-law inflation (4), the
recurrence relations (11) can be inferred from the proper-
ties of the solutions for the mode functions, such as
recurrence relations for Hankel functions that appear as
solutions for the mode functions (7) (cf. Sec. 2.2.1 from
[60]). Recurrence relations (11) help keep the expressions
compact, reducing the clutter of the computation. They
will be valid only for time-independent { form the gauge-
fixing term (1), but generalization to time-dependent
values should be straightforward.

C. Scalar two-point functions

Nonequilibrium loop computations in quantum field
theory require the use of several different two-point
functions [66—73]. The positive-frequency Wightman func-
tion can perhaps be considered the fundamental one, as the
remaining ones can all be expressed in terms of it. The
Wightman function for scalar fields in FLRW can be
expressed in terms of conformally rescaled scalar mode

functions introduced in the preceding subsection as a sum-
over-modes,2

2

iAT] (i) = (ad) 7

dD_lk (R g g
X/Welk'(x_“%z(’% kyuw;(n' k).
(13)

It satisfies the equation of motion inherited from the mode
equation (5),

O - (- 2)(1 - PHY[ A (x:x) =0, (14)

where [ = ¢V, V, is the d’Alembertian, V, is the
D-dimensional covariant derivative, and

D—-1-¢

=30 =g

(15)

The negative-frequency Wightman function is a complex
conjugate of the positive-frequency one, i[FA™],(x;x") =
{i[7A*],(x;x")}*. The two Wightman functions can serve
to define the Feynman propagator,

i[FaT] (s x) = 0(n —n)i["AT],(x x')
+00 —m)i[*AT]; (), (16)

which satisfies a sourced equation of motion,

i6P (x—x')

[O-(5-2)(1—)?H2i[*AT], (x:x') = N

, (17)

because of the step function @ in its definition. Finally, the
Dyson propagator is the complex conjugate of (16),
i[TA7],(xx") = {i[tAT],(x;x')}*, and it satisfies the
equation of motion that is a conjugate of (17). The sum-
over-modes representations for different two-point func-
tions are inferred from the one for the Wightman function
(13) and their respective definitions.

III. CLASSICAL PHOTON IN FLRW

The massless vector field—the photon—in general
D-dimensional curved spacetimes is given by the cova-
riantized action for electromagnetism,

The sum-over-modes representation needs to be regulated for
it to be valid on the entire range of coordinates. This is
accomplished by appending an infinitesimal imaginary part to
time coordinates: n — n —i6/2, i’ = n’ —i5/2. Note that this
substitution is first performed on the argument of the mode
functions, and only then is the complex conjugation in (13) taken.
In this sense, the two-point function is defined as the distribu-
tional 6 — 0, limit of an analytic function.
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sia,l = [ xy=g|-yorg R,

where F,, = 9,A, — 9,A,, is the field strength tensor for the
vector potential A,. This action is invariant under U(1)
gauge transformations, A, — A, + d,A, where A(x) is an
arbitrary scalar function. Consequently the covariant
Maxwell’s equations inherit this property, meaning their
solutions are not fully determined by specifying initial
conditions for the vector potential components. This
implies that the number of physical propagating degrees
of freedom is smaller than the number of dynamical fields.
Just as in flat space, the propagating degrees of freedom of
the free photon are the (D —2) transverse polarizations.
Their dynamics is well understood, since in D = 4 they
couple conformally to gravity and effectively do not see the
expansion. However, formulating interacting gauge theo-
ries in terms of physical propagating degrees of freedom
only is rather impractical at best. It is often advantageous to
consider the questions of the dynamics and of observables
separately. One first fixes the gauge to remove the ambi-
guities in the dynamical equations, and solves for the
gauge-fixed dynamics. Then one obtains observables by
projecting out the physical information from the gauge-
fixed solutions.

Particularly convenient gauges for loop computations in
quantum field theory are the so-called average gauges,
known as multiplier gauges in classical theory [74]. These
are not imposed by following the Dirac-Bergmann algo-
rithm [75] and imposing gauge conditions that eliminate
some of the vector potential components. Instead, multi-
plier gauges treat all the components of the vector potential
on equal footing, and fix the ambiguities in the dynamics
by fixing directly the Lagrange multipliers. This procedure
is ultimately equivalent to adding a gauge-fixing term to
the gauge-invariant action (18). A specific choice for the
multiplier will lead to the gauge-fixing term in (1) we
consider here. This sort of gauge fixing is not often
encountered in classical theories, perhaps giving the
impression that there is something innately quantum about
gauge-fixing terms added to gauge-invariant actions. This
is far from true, as the rationale behind gauge-fixing terms
is essentially the classical canonical structure in multiplier
gauges. That is why this section is devoted to presenting
the details of implementing multiplier gauges, in particular
for the photon in (18). Canonical formulation in multiplier
gauges subsequently lends itself readily to canonical
quantization that is considered in Sec. IV.

A. Gauge-invariant canonical formulation

Our starting point of implementing a multiplier gauge is
the canonical formulation of the action (18) that we derive
in this subsection. We start by decomposing the indices in
(18) into spatial and temporal ones,

1 1

S[A) = /deaD_4 |:§F0iF0i _ZFijFij . (19)
where henceforth all such decomposed indices are written
as lowered and the convention that repeated spatial indices
are summed over is implied. We follow [76] in reformu-
lating (19) as a first order canonical action. This requires
first promoting all the time derivatives to independent
velocity fields,

a()AO i Vo, FOi - aoAi - ()[AO g V[, (20)
and introducing accompanying Lagrange multipliers II,
and I1; that ensure on-shell equivalence of the intermediate
extended action,

2 4
+1Iy(9pAg— V)

1 1
S[AOaVOJ—IOaAiaVivHi]_/de{aD_4 |:_Vivi__FijFij:|

+Hi(00Ai_aiAO_Vi)}’ (21)
to the original action (18). Solving for the velocity fields

on-shell, which here is possible only for V;,

58S _
~0, Vix V= a1, 22
5Vl :> 1 l a 1 ( )

and plugging this into the extended action above produces
the canonical action

‘y[A()’HO?Ai’ Hi’ f} = S[A07 VO - l’ﬂ’ H()?Ai’ ‘_/ivni]
= /dDX[H()a()A() + HiaoAl-
- =Y, (23)

where

4-D D—4

A =L T, + T0Ag + ——F

2 e

i (24)
is the canonical Hamiltonian density and ¥; = I, is the
primary constraint generated by the Lagrange multiplier £
(which is just a relabeled field V). Variation of (23) with
respect to the canonical variables produces canonical
equations of motion

aoAO ~ f, 001'[0 ~ 6l~Hl~,
oIl ~ aP—40.F

Jhb

0pA; ~ a*PII; + 0,A,,
(25)

while variation with respect to the Lagrange multiplier #
gives the primary constraint
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¥, ~0. (26)

Note that in this section we employ Dirac’s notation where
= stands for an off-shell (strong) equality, while ~ stands
for an on-shell (weak) equality. The equations above are
equivalent to Hamilton’s equations descending from the
total Hamiltonian % = 7 + ¢V, where the Poisson
brackets are determined by the symplectic part of the
canonical action (23), with the nonvanishing ones being

{Ao(n. X). Ty (n. ¥)} = 6"~ (¥ = X,
{Ai(n. ). T0;(n, ¥)} = 6,671 (X = X, (27)

and the Lagrange multiplier £ has vanishing brackets with
all the canonical variables. Note that the constraint equa-
tion (26) does not follow from the total Hamiltonian, but
needs to be considered in addition to Hamilton’s equations.

The consistency of the primary constraint (26) requires it
to be conserved, which in turn generates a secondary
constraint,

O ~ aolpl ~ 0,»1_11- = le, (28)
the conservation of which generates no further constraints,
0y¥, = 0. (29)

The primary and secondary constraints form a complete set
of first-class constraints,

{¥1(n. %), ¥2(n.x)} = 0, (30)

implying that the Lagrange multiplier £ is left undeter-
mined by the equations of motion, which is how gauge
symmetries manifest themselves in the canonical formu-
lation. Fixing this ambiguity is what the next section is
devoted to.

While any solution to the dynamical equations (25) and
the accompanying constraint equations (26) and (29)
describes the same physical system, observables in gauge
theories cannot depend on the arbitrary Lagrange multi-
pliers such as 7. This is guaranteed by requiring observables
to have on-shell vanishing brackets with all the first-class
constraints. For the case at hand, this means that for some
O'(n,X) to be an observable it has to satisfy
{(¥,(0.5). 0. D)} 0. {¥2(0.0).0(n. )} 0. (31)
which guarantees that it does not depend on the arbitrary
Lagrange multiplier 7.

B. Gauge-fixed canonical formulation

There are multiple ways of fixing the ambiguity of the
dynamical equations (25) of the preceding section. The
Dirac-Bergman algorithm requires the specification of

gauge conditions in the form of off-shell equalities that
eliminate part of the dynamical canonical fields. Such
gauge choices are known as exact gauges, and the Coulomb
gauge is one classic example. However, exact gauges are
often impractical to use in quantized theories. Preferred
choices are the so-called multiplier gauges (also called
average gauges) that do not eliminate any of the dynamical
fields, but rather treat all of them on an equal footing.
Implementing a multiplier gauge for the problem at hand is
accomplished by fixing by hand the multiplier  to be a
function of canonical pairs, without explicitly specifying
any gauge conditions,

Lp g ?(Ao,no,Ai,Hi). (32)

Employing this choice at the level of equations of motion
(25) produces a set of gauge-fixed equations of motion,

a()AO N?(Ao,no,Ai,Hi), (33)
00H0 ~ aiHi, (34)
60Al~ ~ Cl4_DHi + ajA(), (35)

(36)
in addition to the two first-class constraints that remain
unchanged,

‘Pl = HO ~ 0, 1P2 = 6,-Hl- ~ 0. (37)

This system of equations now forms a well-defined initial
value problem (provided that Z is not chosen in some
pathological manner). A useful way of viewing these
equations is to consider the two first-class constraints as
conditions on the initial value surface. The evolution will
ensure they are preserved for all times. This way we split
the problem into four dynamical equations (33)—(36)
describing evolution and two kinematic equations (37)
constraining the initial conditions. The latter cut defines a
subspace of the space of solutions of the former. This shows
that choosing # — Z at the level of the equations of motion
leads to a well-defined dynamical problem and in that sense
it fixes the gauge. However, it is more convenient to
implement this gauge at the level of the action.

Instead of fixing the multiplier at the level of equations of
motion, we can fix it in the canonical action (23) directly.
This defines the gauge-fixed canonical action,

y* [AO’HO’AivHi] = rEﬂ[AO’l_IO’Ai’rIi’ - ?]

/dDX[HanAO + HiaOAi —_ %*],

(38)
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where the gauge-fixed Hamiltonian density is
Hy =+ Y. (39)

Note that this gauge-fixed action is not equivalent to
canonical action (23) as it no longer encodes a variational
principle with respect to the multiplier #. The equations of
motion generated by the gauge-fixed canonical action are’

_ of
00Ag ~ € + —1I1,, 40
Ao +0H0 0 (40)
of

0ol ~ 0,11, — —1T1I, 41
0110 i+ OAO 0> ( )

b of
aoAi ~d H,’ + 0iA0 + —Ho, (42)

dIl;

of

GOHi ~ ClD_4aijl' - Ho. (43)

0A,

This is now a fully determined set of coupled partial
differential equations in the sense that specifying initial
conditions fully fixes the evolution. However, note that
these are not immediately equivalent to Eqs. (33)-(37).
First, the four dynamical equations are all modified by
additional terms, and more importantly the constraint
equations are absent. The remedy is to consider the
gauge-fixed action to encode the dynamics only, and to
require the first-class constraints (37) to be satisfied in
addition to the dynamical equations by considering them to
be subsidiary conditions on the initial value surface,

¥\ (19, X) = Ty (17, %) =0, W, (10, %) = 0,11;(179, X) = 0.

(44)

Equations of motion (40)—(43) guarantee that imposing
constraints (44) on the initial value surface is sufficient to
guarantee their conservation. The system of Egs. (40)—(44) is
now obviously equivalent to the original system (33)—(37).

The choice for the multiplier in (32) is not dictated by
physical principles, but is rather a matter of convenience, as
in fact any gauge choice is. In this work we consider only
linear gauges natural for free theories. We require them
(i) to respect homogeneity and isotropy of the FLRW
spacetime, (ii) not to introduce additional dimensionful
scales, (iii) to be composed of commensurate terms, and
(iv) to respect Lorentz invariance in the Minkowski limit.
This essentially restricts the choice of the multiplier to a
two-parameter family,

*Partial derivatives of 7 are generalized to functional deriv-
atives in an obvious way whenever necessary. This detail is
omitted for notational simplicity.

7= -ga“‘DHo +0iA; = (D=2 = 20)HA,;,  (45)

where £ and { are two arbitrary dimensionless gauge-fixing
parametelrs.4 This particular gauge choice then produces the
equations of motion

a()AO ~ —6614_DH0 -+ aiAi - (D -2 - ZC)HA(), (46)

0oy ~ 0,11; + (D — 2 — 2{)HIy, (47)
OOA,» ~ a4_DH,- + aiAO7 (48)
a()l_[i ~ 0,-1'10 + aD_40jFJ-,- (49)

that are generated by the gauge-fixed Hamiltonian

4-D
o, =2 5 (I = &TloTy) + ;0,40 + TTydiA,
aD—4

The two first-class constraints (44) satisfy closed equations
of motion,

00‘111 ij2+ (D—Z—ZC)H‘Pl, aoquzvzlp], (51)

where V2 = 9;0; is the Laplace operator, exemplifying the
fact that the dynamics preserves (44) if imposed on the
initial value surface.

We have defined the gauge-fixed system in terms of the
gauge-fixed canonical action (38) with the choice for the
multiplier in (45) describing the dynamics, and the two
subsidiary conditions (44) accounting for first-class con-
straints. Despite being the superior formulation for analyzing
the structure of gauge theories, the canonical formulation is
often less intuitive than the configurations space formu-
lation. There is an associated gauge-fixed configuration
space action associated with the canonical one. By solving
for the canonical momenta on-shell,

5.7,
ST,

inHONﬁO

aP-*

= _T(()OAO +(D=2=20)HA; - 9;A;), (52)

5.5,

0= T 0L = 0P (90— 0iAg). (53)

4Having £ and ¢ be time-dependent functions would be just as
easy, but we do not consider it for simplicity; the generalization is
straightforward.
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and inserting the solutions into the gauge-fixed canonical
action produces precisely the associated gauge-fixed con-
figuration space action

1
S* [Aﬂ] = /de\/__g |:_ng)gw)—F;wF/m
- 215 (VA - 2Cn"AM)2] (54)

with the gauge-fixing term (1). Thus we have derived how
the gauge-fixing terms arise in classical gauge theories. The
subsidiary conditions (44) in the configuration space for-
mulation take the form

Ea* P, m (VF=20n")A, =0, a*PW,~0,Fy~0. (55)

IV. QUANTIZED PHOTON IN FLRW

The classical theory in the multiplier gauge is formulated
so that the dynamics is represented by a gauge-fixed action
without constraints, and the first-class constraints are
imposed as subsidiary conditions on the initial value
surface. The canonical quantization of such a gauge-fixed
theory is most naturally implemented in the Heisenberg
picture, where field operators account for the dynamics,
and the state vector accounts for the initial conditions.

A. Dynamics
The usual rules of canonical quantization are sufficient to
quantize the gauge-fixed dynamics of the classical theory.
Canonical fields are promoted to Hermitian field operators,
Ag(x) = Ag(x),
Ai(x) = (),

To(x) = Tho(x),
L (x) — T1i(x), (56)

and their Poisson brackets (27) to commutators,

[Ao(n.3). (. %)) = i8"~' (% = %),

~

[Ai(’?, 3?) ﬁj(’?, f’)] = 5iji5D_1()_é - )7)- (57)

The gauge-fixed equations of motion (46)—(49) remain
unchanged,

0pAg = —Ea*PTly + 0,A; — (D — 2 —20)HA,,  (58)
ooIly = 0,11, + (D — 2 — 20 )HIl,, (59)
0pA; = a* P11, + 9;A,, (60)
oIl; = 911y + aP~9;F ;, (61)

and are generated by the Hamiltonian (50) with fields
promoted to field operators.

B. Subsidiary condition

Implementing the first-class constraints in the quantized
theory is less straightforward. It definitely must involve
Hermitian constraint operators,

A A A

P, (x) = aiﬁi (x). (62)

However, the constraints cannot be imposed as operator
equalities as that would contradict canonical commutation
relations (57). To understand how to quantize the first-
class constraints we better first consider the correspondence
principle, which tells us that matrix elements of Hermitian
first-class constraints have to vanish at initial time,

(@, (1. ¥)[Q2) = 0, (Q1[¥3(m0, %)|Q2) = 0. (63)
This cannot be satisfied by requiring that the Hermitian
constraints themselves annihilate the state vector (as
required in [77,78]), as that would again contradict the
canonical commutation relations (57). However, it is con-
sistent to require that the state ket-vector is annihilated by an
invertible non-Hermitian linear combination of the two
constraints (62),

R(7) = / P11 0. % — )P 0. %)
+f2(’70,)?—7)‘f’2(770»7)}7 (64)

that we refer to as a subsidiary non-Hermitian constraint
operator, and that its conjugate annihilates the state bra-
vector,

K(X)|Q) =0, (QIKT(X)=0, Vi (65
This condition is a generalization of the Gupta-Bleuler
subsidiary condition for covariant photon gauges in flat
space. It is divorced from spacetime symmetries and
symmetries of the gauge-fixing term, and is rather based
solely on the canonical structure.

The conditions in (63) are preserved in time,
(Qi[¥(n,%)|Q) =0, (Q|¥2(n. X)[Q) =0,  (66)
due to the equations of motion the Hermitian constraints
satisfy,
aolill - \i}z + (D - 2 - 25)7’[\?1, 60‘?2 - Vzlf’l. (67)
This implies that the time-independent non-Hermitian
constraint can be expressed in terms of Hermitian ones

at any point in time, since there are f and f, at any time #
such that
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R() = / PV f (0. % - )8, (1. )
+ fo(n, X = )Py (n, ¥))]. (68)

Given the equations of motion (67), the coefficient func-
tions have to satisfy

dof1 ==V f2=(D=2=200Hf\.  dof2=—f1. (69)

The subsidiary constraint operator (64) commutes with
its conjugate

[K(3). K"(3)] = 0. (70)

and consequently a matrix element of any polynomial
functional of Hermitian constraints vanishes,

(| 2%, (1. %), ¥,(n, %)]|Q) = 0. (71)
as required by the correspondence principle. In particular,

the two-point functions of Hermitian constraints must
vanish,

Q¥ (0, )91 (. ¥)|) = 0. (72a)
QP (n.3), (7. 7)) = 0. (72b)
Qs (0. 3)F, (. X)) = 0. (72¢)

For later sections it is useful to define some shorthand
notation. Namely, we can invert relation (68) and express
the Hermitian constraints in terms of the non-Hermitian
ones,

i N N i N
¥i(x) =Ki(x) + Ki(x),  ¥o(x) =K5(x) + Ky (x), (73)
where pieces K, and K, contain just K, and their
conjugates contain just K, such that for any physical state

we have

K (0)|Q) =K, (x)|2) =0, (QIK](x) = (Q|K}(x) =0.

(74)

C. Quantum observables

A classical observable ¢ is a quantity composed out of
canonical fields that has vanishing Poisson brackets with all
the first-class constraints (31). When promoting such a
classical observable to a quantum observable we have to
promote & to an operator 0, by promoting the canonical
fields it is composed of to canonical field operators. This
process requires that we address the question of operator

ordering in 0.

In quantum gauge theories there is an additional operator
ordering issue compared to quantum theories without
constraints. To understand this ordering issue consider a

.. . 5
trivial classical “observable”,

O(n. %, X') = Ag(n. X)W, (1. X') = 0, (75)

that vanishes on account of being proportional to one of the
first-class constraints (31). When promoting this quantity to
an operator we may first consider Weyl ordering (denoted
by subscript W henceforth). In this particular case there is
no need for explicit Weyl ordering as the involved field
operators commute,

~

(Ao (. %) 2 (0. %) + 2 (1. 7)Ao (0. ))

o(n. %) P (. 7). (76)

[0(n.%. %)

s N —

However, taking the expectation value produces a non-
vanishing result,

(QI[O(n.%.%)lwlQ) = Re([Ks (1. 7). Ao (. X)), (77)

where we use the shorthand notation of the decomposition
in (73). This is independent of any physical state satisfying
(65), as it is only the commutator that appears on the right-
hand side of (77). This nonvanishing expectation value
violates the correspondence principle; even though the
right-hand side does not depend on the quantum state,
the choice of K is still largely arbitrary, and consequently so
is K,. The proper way to order the operators (henceforth
denoted by subscript g for “gauge”) in observable (75) is to
(i) decompose the Hermitian constraint operator ‘f’z into the
non-Hermitian subsidiary constraint operator K and its
conjugate K*, and (ii) put all K operators on the right of
the product and all K™ operators on the left of the product,

[6(n.%.3)], = K3 (0. %) Ao (0. %) + Ao (n.¥) K, (0. 7). (78)

Such ordering guarantees that the expectation value van-
ishes due to (74) for any physical state,

(QI[6(n.3.7)],1Q) = 0. (79)

It is useful to note that the properly ordered observable can
be written in terms of the Weyl-ordered observable plus the
commutator accounting for the difference,

We consider for simplicity a product of two fields evaluated at
different spatial points, to avoid having to multiply distributions
in the quantized theory.
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637, = (6.3 F)]y — Re([Raln. 7). Ag(n. ).
(80)

We comment more on the significance of this in Sec. VIII B.
The difference between two orderings is ultimately the
Faddeev-Popov ghost contribution.

Having addressed the operator ordering in (78), we need
to consider further quantum properties of this trivial
observable, which are usually encoded by correlators
(n-point functions). Since it contains a Hermitian constraint
and vanishes trivially classically, its n-point functions
ought to vanish as well. However, while the operator
ordering in (79) guarantees this is satisfied for the expect-
ation values (one-point function), the two-point function of
this operator does not vanish,

(QI[O(n. 3. %)), [0 (n.5.5)],/2)
[Ky(n.%).Ao(n,5)] #0.  (81)

which is problematic. It would not be reasonable to
conclude that quantum mechanics prevents this object
from being a trivial observable, on account of its correlators
not vanishing. That would imply a significant reduction in
the number of observables in the quantized theory, with
respect to the classical theory, and would provide a way to
measure a quantum violation of classical first-class con-
straints. The resolution is to require that the product of
operators associated with the observable has to first be
properly ordered in the gauge sense,

[0(n.%.3)0(n.5.7)],

Ky(n.5).  (82)

and only then should the expectation value be taken. This
way the two-point function also vanishes,

QIO %,7)0(n.5.7)|Q) = 0. (83)

The operator in (82) can also be expressed in terms of the
Weyl-ordered products and compensating commutators,
analogous to (80). The extension of this prescription to
higher n-point functions should be straightforward.

V. FIELD OPERATOR DYNAMICS

The dynamics of the linear quantized theory is com-
pletely accounted for by the field operators. In this section
we consider the dynamics of photon field operators in
comoving momentum space, and we express the solutions

in terms of a few scalar mode functions introduced in
Sec. I B. Canonical commutation relations fix the nor-
malization of these scalar mode functions and imply the
commutation relations for time-independent momentum
space operators. The section concludes by computing the
non-Hermitian subsidiary constraint operator and discus-
sing the freedom in how it is chosen.

A. Field operators in momentum space
The FLRW spacetime is homogeneous and isotropic, and
the analysis of dynamics considerably simplifies by work-
ing in comoving momentum space. It is first advantageous
to decompose the spatial components of the vector potential,

into its transverse and longitudinal parts,

Al =PTA;, 1} = P/IL,
Af =PEA;,  TIf =PHID, (85)

defined in terms of the transverse and longitudinal projec-
tion operators,

9,0, 9,0;
Phi=d0i-< Pi=< (86)

that are orthogonal, P,-TjIPJL.k = PiLijTk = 0, and idempotent,
PIPh = Ph. PHP% =Pj. The conveniently rescaled
spatial Fourier transforms of such decomposed field oper-
ators are

A o D-2-2 d° 'k . . -

Ao(n,X) :a—%/welkw%(”,k% (87a)
~ D-2-2¢ APk - -

flor. ) = a5 [ 0. (870)

(2n)"

. oo [ dPTVk . (=i)k;

itnd) = [ g SR AT, 670
A oo [ dPTVk - (=i)k; -

Mt (n. %) = “*/ ik L2 (n. k), 87d
o) = o [ L B a0, o)

(27[)7 o=1
(87e)
A D4 d" 'k iEfD_z —'
I1; (nvx) =a?: 1€ 81(59 k)”Tﬂ("]’ k)’ (87f)
(2]1-) 2 o=1
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where the momentum space Hermitian operators behave

under conjugation as @XI?) = @(—I;) Here we introduced
transverse polarization tensors with the following properties:

- -, - - -

kiei(o.k) =0, &;(0.k) =¢;(0.—k).€}(0.k)ei(0". k) =5,
b=2 . L kik;

i (88)

The canonical commutators of the momentum space field
operators are now

iéD_l (lz—i_ ]g/)v
(89a)

[Ao(n. k). 220 (. k)] = [AL (. k). 72, (0. K')] =

[AT,O' (I/I’ ]_{))7 ﬂAT,a’ (’7’ ]?)] = 500’i 6D_1 (l_{) + ]?)’ (89b)

while the momentum space equations of motion for the
transverse sector are

~ 1 ~
aOAT,o’ = ﬂAT,o’ + 5 (D - 4)HAT,09 (90)

D-2 2
A ke ~i oA D -4
H*( /dD lkZ|: ”T(;HTG—’—EATT,HAT,O’—F( 4 )H(

o=1

R I S
+/dD lk{ 5 ﬂZﬂL—T

(D-2-2)

- 4

where the arguments of all the fields are (7, /2) Note that
because the system is linear, the operator ordering of the
Hamiltonian does not matter when generating the field
operator equations of motion. It does matter, however,
when observables are concerned, as discussed in Sec. IV C.

B. Subsidiary conditions in momentum space

The subsidiary condition introduced in Sec. IV B also
takes a considerably simpler form in comoving momentum
space. For the Hermitian constraints we define Fourier
transforms

~ D=2 Pk . “

P, (n.%) = a i”/ 2= 591 (n. k), (97a)
~ 5 —2-2 dP'k . N
\P2<;/I’x) = aD 22 ;/ (271-)% e’k xkl//z(”[, k), (97b)

such that the momentum space Hermitian constraints have
the same dimensions,

H(A AL+ Al 7y —

A 1
aOﬁT,G = _szT,O' - 5 (D - 4)Hﬁ-7’.m (91)

and the ones for the scalar sector read

1
do Ay = —Ea> % hy + kA, — E(D 2-20HA,,  (92)

1
Qoo = kit + 5 (D =2~ 2) M. (93)
A A 1 A
00 AL = @7, — kAy + 5 (D—-2-20)HAL, (94)
1

Note that the Fourier transforms in (87) represent a time-
dependent canonical transformation, so that the momentum
space Hamiltonian generating the dynamics is

AT{; + -AT oT.5)

s K R
07‘70+ (% AL+AL7TO—7TLA0 AO”L)

(T>v40 Ao”o) (96)

l/?l(l’],]_é) = ﬁ'o(’?, ]_é)v V;ZO/I’ ]_g) = ﬁL(’/I’ I_é)v (98)

and satisfy closed momentum space equations of motion,

. | N
Ot = ki +3 (D =2 = 20)Hij,

. L1 .
doWry = —kyry — ) (D =2 =20)Hyp,. (99)

The momentum space non-Hermitian constraint operator is
introduced in the same manner,

5o po [ dP7! e
K(X)=a > —— e K(k), (100)

which translates into a simple linear combination of the two
momentum space Hermitian constraint operators,

(101)

K(K) = c1(n, K3y (1, K) + c2(m, K)pa (1, K).

The momentum space equivalent of the position space
subsidiary condition (65) on the space of states now reads

085014-11



DRAZEN GLAVAN

PHYS. REV. D 109, 085014 (2024)

KE)Q) =0, (QK(k)=0, Vk (102)
The condition of non-Hermiticity of the subsidiary con-
straint operator, necessary for consistency with canonical

commutation relations, in momentum space translates into

A,

K () # er DK (k) (103)

where y(l_c') is an arbitrary real function reflecting the fact
that subsidiary conditions (102) are defined up to an
arbitrary phase.

The conservation of (101), together with the equations of
motion (99) for the Hermitian constraints, implies equa-
tions of motion for the coefficient functions,

1
a()Cl :kcz—E(D—2—2C)Hc1, (1043)

1
docr = —key 43 (D-2-2{)Hc,.  (104b)

The decomposition of the Hermitian constraints in terms of
the non-Hermitian ones (73) in momentum space now reads

W1 (0. k) = K[ (n.—k) + K (n.k),  (105)
W (n. k) = K5(n. —k) + Ks(n. k), (105b)
where
A . D-2-2¢ dD_lk PN -
R0 = [ Eomet i b, (106
A D-2-2¢ dD_lk -
Raln ) = o [ e Tk B (1060

C. Solving for dynamics

Solving for dynamics means expressing the time-
dependent field operators in the Heisenberg picture in
terms of initial conditions given at some 7. This is what the
usual solving for operators in terms of creation/annihilation
operators is, which can also be seen as expressing field
operators in the Heisenberg picture in terms of ones in the
Schrodinger picture. In this section we express the sol-
utions of the field operators in terms of the scalar mode
functions satisfying mode equations, with solutions depen-
dent on the specific FLRW background.

1. Transverse sector

The two transverse sector equations of motion (90) and
(91) combine into a single second order one,

[ag + k2 - </1% - i) (1- e)sz] #re =0,  (107)

A 1 1
AT.G = —p |:ao + (/1]" + 5) (1 — €)H:| ﬁT,o" (108)

where we introduce

_D-5+¢

(e (109)

The second order equation (107) is just the scalar mode
equation (5) with A — A;. Furthermore, we have that (A, + %)
(1—¢)=(D—4)/2 is time-independent, so that recurrence
relations (11) are applicable. Therefore, we can write the
solutions as

g o (1. K) = =ik, (1. )by (0. k) + ik, (n. k) D] (o, —F),
(110)

“ZlT,o‘(rlv lz) = uzr+1(’77 k)Z;T(Gv lz> + Uﬁrﬂ (n. k)l;;(dv —]z)
(111)

It follows now from the canonical commutation
relations (89b) and the Wronskian (12) that the initial
condition operators satisfy creation/annihilation commu-
tation relations,

[br(0. k). b(o K)] = 8,08° (k=K).  (112)
Explicit solutions for the transverse sector mode functions
depend on the particular FLRW background only, and not
on the gauge-fixing parameters. This reflects the fact that
the transverse polarizations are the physical propagating
degrees of freedom of the photon in spatially flat cosmo-
logical spaces.

2. Scalar sector

In the scalar sector the two equations for canonical
momenta (93) and (95) decouple from the rest. They
combine into a second order equation,

[ag+k2— (12—%)(1—6)27{2]@:0, (113)

fo=7 [00 + (/1 + %) (1- e)H] 2. (114)

taking the form of the scalar mode equation, where the
parameter

D-3+e-2{
A= 115
2(1—¢€) (115)
satisfies the relation (10). Therefore, according to (5), (6),
and (11), the solutions are given in terms of scalar mode
functions
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R (0, k) = KU, (. K)bp (k) + KU; (. k)bjp(—K),  (116)

o0 k) = ik 1 (0, K)o () = KU, (1K) B (=K). (117)
These solutions now source the two remaining scalar sector

equations (92) and (94), which again combine into a single
second order one,

[05 + k> — (AZ - Z) (1- 6)27'{2] Ay

— @ X[225(1 = ()M + (1= O], (118)

Ea> %

ﬂL:%[ao—F(/Hr%)(l—e) ]A0+ Ao. (119)

The source for the second order equation above already
suggests what is likely the simplest choice of gauge-fixing
parameters—¢ = 1 and { = 1—which turns it into a
homogeneous one. In the de Sitter space limit ¢ = 0, this
corresponds to the simple noncovariant gauge due to
Woodard [38]. Equations (118) and (119) are solved by

Ag(n.K) = U (. k) by (k) + U; (. k) b}y (—k)

+ 0o(n. k)bp (k) + vy (n. )bp(=k).  (120)
AL (1K) = =il (0, K) by (K) + iU, (n, k) by (—F)

— ivg (0, )bp (k) + ivj (0. K)bH(=k),  (121)

where the homogeneous parts solve the scalar mode
equation (5), while the particular mode functions v, and
vy, satisfy sourced mode equations,

[ag + K - <,12 - %) (1- e)sz} g

= a> X [=2iE(1 = O)kHU, . + (1 = &)kUy). (122)

i 1
vy, :z |:()0+ </1+§>(1 —€)H:| U0—§a2_2(u/1+1, (123)
and we conveniently normalize them to

Re[vo(n, K)U; 1 (n. k) + vp (n. K)U; (0. k)] = 0. (124)

This fixes the commutation relations between the time-
independent operators, the only nonvanishing ones being
—5P-1(k = k).

= [bu(k). by(K)] = (125)

These are not the canonical commutation relations for the
creation and annihilation operators that one is accustomed
to working with. Nonetheless, they are perfectly valid
solutions. In fact, a simple non-Bogolyubov transformation,

S RV

— (K AT (_T a
1(k)—ﬂ(by( k) +bp(=k)),  (126a)
PR 1 ~ - A
2(k) = 7 (bp (k) = bp(k)), (126b)

leads to more familiar creation/annihilation operators with
nonvanishing commutators,

(b1 (k)51 (R)] = 152 (k).B3 (K)] = 6P~ (k=F)).  (127)
However, for our purposes it is far more convenient to work
with l;p and 13H directly, as they readily translate to the
subsidiary condition on physical states.

3. Non-Hermitian subsidiary constraint

The conservation of the non-Hermitian subsidiary con-
straint operator (101) implies two Egs. (104) that combine
into a single second order one,

[ag + k> — (;12 - i) (1- 6)2H2] c; =0, (128)

. :% [ao + </1+%>(1 —e)H} o (129)

with 4 defined in (115). Again we recognize the scalar
mode equation (5) and apply the recurrence relation (11) to
write the general solutions in a convenient form:

c1(n.k) = iB(=k)U;(n, k) — (130)

ia(k)U; (. k).

2 (1.K) = B(=K)Uyy (0. Kk) + a(OUs,, (k). (131)

where a(k) and (k) are free coefficients. Upon using the
Wronskian (12) the non-Hermitian constraint evaluates to

K (k) = a(k)bp(k) + B(=k)bp(=k).  (132)

and the condition of non-Hermiticity (103) now translates
into the condition on the coefficients,

p(k)

The way that the free coefficients appear in (132) is
reminiscent of Bogolyubov coefficients, and ultimately they

#1. (133)
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have such an interpretation. Since the overall normalization
S . . . . . 6
of IC is immaterial we may parametrize it conveniently as

=, -

K(k) = N (k) (e=0Pchlp(k) by (k)

+ e#Rsh[p(=K)|b}(=k)). (134)
where we introduced a normalization coefficient,
N (K) = (chlp(k)]ch[p(=k)] = ship(K)]shp(~k)])~
= (chlp(k) = p(=))) %, (135)

and where 9(12) (p(/?), and p(lz) are arbitrary real functions.
Fixing these functions is a matter of convenience, whether it
is respecting some symmetry or some other requirement.

Since /@(/?) will annihilate the ket state, it is convenient to
employ it in computations, instead of using l;P(l;). It is
likewise advantageous to introduce another non-Hermitian
operator associated with BH(/E),

- -

%0 (e~ ®ch[p(—k) by (F)
Dshlp(K)]B;(=K)),

that preserves the form of nonvanishing commutators (125),

B(k) = N (k)e'

+ ool (136)

A,

K@), B (0] = [BER). KT (F)] = >~ (K - F).
In this sense (134)—(136) can be seen as a Bogolyubov
transformation preserving the noncanonical commutation
relations (125).

We can now also evaluate the parts of the non-Hermitian
decomposition (105) in terms of the scalar mode functions

that will prove useful later,

(137)

Ki(n, k) = ikN (K)e= B [eioRchlp(=K))U, 1 (1. k)

+ e @ Oship(R)Uy, , (1, K)IKE),  (138a)
K> (. >—kN<>-’9 e Beh[p(—k)Uy (1, k)

— e CRsh[p(R)|ud; (n, k) K (R). (138b)

VI. CONSTRUCTING THE SPACE OF STATES

The preceding section considered the quantization of
the dynamics of field operators and of the subsidiary

SThis parametrization technically covers just half of the
parameter space, The other half is covered by interchanging
the roles of bp(k) and b} (- k) Even though there should be no
obstructions to this Ch01ce it turns out to be inconsistent with
manifest Poincaré symmetries in flat space, and we do not
consider it.

non-Hermitian constraint operator. To complete the quan-
tization we need to construct a space of states on which the
field operators act. This cannot be the usual Fock space due
to the subsidiary condition (102) that forces upon us an
indefinite inner product space. The construction of the space
of states in quantized theories is typically intricately
connected to the symmetries of the system. Here we discuss
two concepts of symmetries arising in multiplier gauges:
physical symmetries that are symmetries of the gauge-
invariant action (18), and gauge-fixed symmetries that are
symmetries of the gauge-fixed action (54). The former are
actual symmetries of the system and characterize physical
properties of the state, while the latter are symmetries of the
gauge-fixed dynamics and are a matter of choice. Even
though in the case at hand the gauge-fixed symmetries
coincide with the physical symmetries, as both actions (18)
and (54) are invariant under spatial Euclidean transforma-
tions, in general this need not be the case. For example, in
the de Sitter space limit (¢ = 0) the gauge-invariant action
would be invariant under the maximal number of isometries,
while the gauge-fixed action for { # 0 would be invariant
under Euclidean spatial transformations only. Thus we
would be able to define a state respecting physical de
Sitter symmetries, but the gauge-fixed dynamics could not
be made de Sitter invariant. For such a state correlators of
gauge-independent operators would exhibit physical sym-
metries, despite the fact that the correlators of gauge-
dependent quantities would not. This is why understanding
the distinction between the two is important. The physical
symmetries will influence the construction of the transverse
sector of the space of states, while the gauge-fixed sym-
metries will dictate the construction of the scalar sector.

A. FLRW symmetries

Flat FLRW spacetimes have 1 D(D — 1) isometries of the
(D — 1)-dimensional Euclidean spaces that make the equal-
time spatial slices. They consist of (D — 1) spatial trans-
lations,

n—n, xX; = Xx; +aq, (139)
and of 1 (D — 1)(D — 2) spatial rotations, whose infinitesi-
mal form is
n—n, X;i = X; + Zwijxj, (Cl)l] = —Cl)jl) (140)

Both the gauge-invariant and the gauge-fixed photon
actions, (18) and (54), are invariant under infinitesimal
active transformations of the vector potential, associated
with spatial translations,

Au(x) > Au(x)

— a;0,A,(x), (141)
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and with spatial rotations,

Aﬂ(x) i AM(X) + ZwijxiajAﬂ(.x) + 25;4(011141(75) (142)

B. Physical symmetries

Even though the active transformations (141) and (142)
are symmetry transformations of the gauge-invariant
action (18), they are ambiguous on the account of gauge
transformations that carry no physical meaning. This means
we can combine (141) and (142) with a gauge trans-
formation and change their form without affecting the
physical content. The most convenient choice fixing the
ambiguity is requiring that the generators of these trans-
formations take a gauge-invariant form themselves. This is
accomplished by modifying (141) and (142) by a gauge
transformation to read, respectively,

Aﬂ(x) - Aﬂ(x) — a,»F,p(x),

Ed AM(.X) + 2(1)ijxl'FjM(X>. (143)
Thus, the conserved Noether charges associated with the
two symmetry transformations of the gauge-invariant
action (18) are, respectively, the total linear momentum
and total angular momentum,

P, = /dD_lx(—Finj), M= | d°'x(2xF jIl).

(144)
They satisfy E(D — 1) algebra on-shell,
{Pi,Pj} =0, {Mj, P} % 2P 5,
{Mij. My} ~ 46, My, (145)

and serve as generators of corresponding symmetry trans-
formations. Their structure is more transparent if we write
them out in terms of longitudinal and transverse compo-
nents of the canonical variables (84)—(86), and recognize
the constraints (55),

P, = / dP~'x(-1T 0, AT — ATW,). (146)

Mi;= /dD_lx(Q’x[iF;kHz + 2045 ). (147)

] Jl
Quantizing these symmetry generators implies promoting
fields to field operators, which necessitates proper operator
ordering in order for them to be observables. First, the parts
of (146) and (147) containing constraints should be ordered
according to the prescription outlined in Sec. IV C,

~

P = pT / PV x(RIAT + AT

>

2)s (148)

Wy = M7+ / PR AL + 20,ATRy). (149)
Second, the purely transverse parts should be normal-
ordered according to the standard prescription that is best
implemented in momentum space where all the annihilation
operators of the transverse sector are put to the right of all
the creation operators. Using Fourier transforms of field
operators (87), the solutions of the transverse field oper-
ators (111) and (110), and the Wronskian (12) of the mode
function, the normal-ordered purely transverse parts of the
operators evaluate to

i / AP~ kk,EL (k)& (), (150)
MT.:/dD—lk S0 ik, ik, 2 & (K)
Y ¢ Yok; Y ok;
+ 233(12)5,.}(/2)} , (151)

with the expressions written compactly using a shorthand
notation,

A > D=2 - A -
Eilk) = Zgi(f’» k)br (o, k).

o=1

(152)

These generators of physical symmetries commute with the
non-Hermitian constraint,

-

[K(k),P;] =0, K(k),M;) =0,  (153)

and preserve the algebra (145) at the level of matrix
elements,

(w|[P:i. P]lw') =0,
(WM My lw') = (w4, My lw').

(WM, Plw") = i(w]2P s ply).
(154)

In fact, it is only the purely transverse parts of (148) and
(151) that contribute to the matrix elements of the algebra.

The dynamics of field operators is given by the gauge-
fixed action. As a consequence the physical symmetry
generators (148) and (149) are not time-independent. That is
why it is meaningless to require there exists a state that is an
eigenstate of these generators in the usual sense. However,
the matrix elements of physical symmetry generators are
conserved in time, since only the purely transverse part
provides a nonvanishing contribution to them. The fact that
this part is time-independent can be seen from the solutions
given in (150) and (151). This implies that we can still
define a notion of an eigenstate |Q2) of generators by the
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property that an expectation value of any polynomial of
generators equals the polynomial of expectation values,

(Q2(P;, M,;)|Q) = 2(P;, M), (Q|P;|Q) = P,
(QIM,;|Q) = M. (155)

This condition, together with the algebra (154), implies
there is only one such state that is a simultaneous eigenstate
of both, and that it has to have vanishing expectation values,

Another thing becomes evident upon closer examination
of (155)—it is only the transverse sector that is affected
by these conditions, and the full state will be the tensor
product between the transverse sector and the scalar sector,
|Q) = |Qr) ® [Qy). The only scalar sector operators
appearing in the generators are constraints, which are
ordered such that terms containing them drop out from
any expectation values:
(Q2(P. M))|Q) = (Qr| 2 (PT. M]))|Qy).  (157)
Since the transverse sector is unconstrained, its space of
states can be constructed as the usual Fock space. There

must be some annihilation operator é; (o, k) that annihilates
the vacuum,

er(6.K)|Qr) =0, VY 6.k, (158)

so that the rest of the Fock space is generated by acting with

the associated creation operators 6;(0, I:) on that vacuum.
The most general choice respecting isotropy and homo-
geneity is given by the Bogolyubov transformation,

ér(0.k) = e 1@ chlpr (k)b (o, k)

+ e Wshlpy (k)| bh (0, k), (159)
where (k) and py(k) are arbitrary real functions. The
vacuum defined in (158) is now an eigenstate of the purely
transverse parts of generators (150) and (151),

PTIQr) =0,  M}|Qr) =0, (160)
with vanishing eigenvalues, and thus corresponds to the
state respecting physical cosmological symmetries. Note
that the procedure of this section has fixed only the
transverse sector of the state, while leaving the scalar sector
unfixed. The scalar sector has to be fixed from different
considerations that the following section is devoted to.

C. Gauge-fixed symmetries

The conserved Noether charges associated with spatial
translations and spatial rotations that follow from the
gauge-fixed action (54) are, respectively,

P = /dD—lx(—noa,.Ao—H,a,.A,>, (161)

Ml’; = / dD‘lx(ZHOx[,-dj]Ao + 2Hkx[iaj]Ak + 2H[iAj]) .
(162)

They are generators of the corresponding symmetry trans-
formations of the gauge-fixed dynamics, and they satisfy
the E(D — 1) algebra off-shell,

ij’

*

it (163)
The structure of these charges and their quantization is
more transparent when written in terms of transverse and
longitudinal components of the canonical fields,

pr — / dD—‘x[—n]Ta,-AJT + (VAL — ‘Pla,-AO)}, (164)

1

M = /dD‘lx [2x[tFJT]kHz{ +2(¥1x9;40 — ‘PZXUAJL'])}'

(165)

Classically these symmetry generators are observables,
differing from the gauge-invariant ones (146) and (147)
only off-shell. Quantizing the gauge-fixed generators and
requiring they remain observables produces the following
operator ordering, according to Sec. IV C:

Pr—pT / APV x(RIAL + AR, — RT0Ag — 0.40K) ),

(166)

M} =M] + / dD"x(ZI%Ix[idj]Ao + 2x;0;A0K,

— 2K xAl — 2x;ALK,), (167)
where the normal-ordered purely transverse parts were
already given in (150) and (151). These quantum gener-
ators respect the E(D — 1) algebra at the operator level,

[Pr.PY] =0, M}, PY] = 2iﬁ§5ﬂk,
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In order for the translationally and rotationally invariant
physical state to exist, it must be annihilated by
both symmetry generators (166) and (167), and by the
non-Hermitian constraint (134). This implies that the non-
Hermitian constraint (k) must commute with the gauge-

fixed generators, modulo K itself. That is already satisfied
for translations,

[K(k)., PY] = kiK(k), (169)
but only after requiring
p(k) =p(k), (k) = p(k) (170)

is it satisfied for rotations,

e (0 2 o) £ T
MF] = ie®®) [k —— —f,— | (e=0®) . (17
[K(k), M} = ie <klakj kfak,-)(e K(k)). (171)

With the restrictions (170) implemented in (166) and (167),
the gauge-fixed generators take the form

- A

pr =0T+ / AP~ kk, [I@T(Z)B(k) +B*(i£)1€(1¥)}, (172)

iy =l + [ d-tk-i

e An o 0 0 i Ao
i0(k) 3T i —I. —i6(k)
x {<e 5 (k))(kl % k,aki) G )

+ (eie(?),@T (]_{’)) (ki % _ kj %) (e—iﬁ(%)lg’(];))} .
(173)

Next we turn to finding an eigenstate of gauge-fixed
generators (172) and (173) with vanishing eigenvalues.
This is now a condition on the scalar sector, since the
transverse sector has already been fixed in Sec. VI B. Given
that the subsidiary condition (102) acts on the scalar sector
only, I@(%)|QO) =0, by simple inspection of generators
(172) and (173) it is clear that the sought-for state vector

has to be annihilated by B(k),

B(k)|2p) = 0, (174)
in addition to being annihilated by /6(/?) This guarantees
that the state is annihilated by the gauge-fixed symmetry
generators,

|

|'Q‘8hys> = |QO> + Z / dD_lkl U dD_lknfn(]_él’ sy ]:n)I&T(l_él) T ,€T(]_£n)‘90>
n=1

Pr|Q) =0, M7|Q) = 0. (175)

Having defined the homogeneous and isotropic state,
next we construct the scalar sector space of states. Since the
operators acting on this vector space are (k) and B(k), the
rest of the basis vectors are generated by acting with
operators K' (k) and B'(k). However, this will not be a
Fock space, since these operators are not the standard
creation/annihilation operators due to their algebra. There
are several features to notice.

1. Indefinite metric (inner product) space
In the scalar sector the space of states is spanned by
K" (k) and B' (k) acting on Q). In such a space there are
states of vanishing and negative norm (in addition to

positive norm). It is not difficult to construct examples.
The two state vectors,

) = / PR ()| ).

lwz) = / P f (0B ()| ). (176)

are not orthogonal to each other, (y|y) # 0, but also both
have a vanishing norm,
(177)

(wily) =0, (wslyn) = 0.

This is a consequence of commutation relations (137). It is
also straightforward to demonstrate the existence of neg-
ative norm states, e.g.

Wa) = [w) + wa) = (slwa) = -2 / PRI <0,
(178)

Even though this might seem disconcerting at first, it is not
really an issue, as it does not affect the physical states
defined by (102).

2. Physical subspace is positive-definite

The physical subspace of the entire space of states is
defined by a subsidiary condition on the scalar sector space
of states, K(K)|QE™*) = 0. If the “vacuum” state of that
subspace is defined by condition (174) consistent with
manifest homogeneity and isotropy, then it can be shown
that the remaining members of the physical subspace take
the form

(179)

085014-17



DRAZEN GLAVAN

PHYS. REV. D 109, 085014 (2024)

that all have a unit norm,

(QF™12F™) = (QlQ) = 1 (180)
This form is dictated by the conditions (102) and (174), and
the algebra of operators (137) spanning the scalar sector
space of states. Physically there is no difference whatsoever
which of the representatives in (179) we choose to represent
the state. Therefore, the choice is delegated to a matter of
convenience, which is obviously the physical and homo-
geneous state.

VII. TWO-POINT FUNCTIONS

The two-point functions fully characterize Gaussian
quantum states in free theories. Moreover, they are basic
ingredients for nonequilibrium perturbative computations
in field theory. In this section we first discuss state-
independent properties of the two-point functions—the
equations of motion they satisfy and the various subsidiary
conditions they have to respect. By the end of the section
we express the photon two-point functions in terms of a
few scalar mode functions introduced in Sec. V. Thus, we
reduce the future tasks of computing photon two-point
functions in FLRW spaces to computing several scalar
mode functions and the corresponding sum-over-modes.

A. General properties

The positive-frequency Wightman function for the pho-
ton is defined as an expectation value of a product of two
vector potential field operators,

iy A (6 x") =

(QIA, (1A, ()[€).

(181)
while the negative-frequency Wightman function,
iy A7) (") = {i[; Af](x;x')}*, is a complex conjugate
that reverses the order of operators in the product in (181).
These two can be used to define the Feynman propagator,

iy A5 (x ) = (QIT (4, (x)A, ())[)
= 00n—n)il; A7) (x; X))

+ 007 =iy A1 (xx7), (182)
and its conjugate, i[; A7](x;x") = {i[; Af](x;x')}*, called
the Dyson propagator. The four two-point functions are
completely determined by specifying the quantum state.
Nonetheless, there are general properties that they have to
satisfy for any allowed states. These properties are useful as
checks of the consistency of two-point functions. We derive
and discuss them here.

First, the field operator equations of motion (58)—(61)
can be written in a more familiar covariant form,

D,YA, =0,
D,, =g,0-V,V,
1
+ E (V,+2n,)(V,-2n,)=R,,. (183)

As a consequence, the Wightman function satisfies the
same homogeneous equation of motion on both external
points,

DLi[; Af](x;x') =0, Dyil,A7](x;x') =0,  (184)
and the canonical commutation relations (57) guarantee
that the Feynman propagator satisfies inhomogeneous
equations,

i6P (x — x')
V=

i8P (x — x')
/—g :

These are not the only state-independent equations that the
photon two-point functions satisfy. The quantization in
Sec. IV required the two-point functions of Hermitian
constraints (72) to vanish according to the correspondence
principle. By expressing the Hermitian constraints in terms
of the derivatives of vector potential field operators,

DLi[fAS](x; X)) = g (185a)

Dyl AL ) = g (185b)

(VF =20n")A, = Ea*PT, = Ea> P, (186a)

(2978000;)A, = a®PoIl; = a>PW,,  (186b)

li

we can translate this quantization requirement into sub-
sidiary conditions for the Wightman function,

(VH=20n#) (VY = 20n")i[ A7 ](x;x') =0, (187a)
(VH — 2§n/‘)(2g’k’5[”k06]a’) i[;AF](x;x") =0,  (187b)
(2g"/5ﬁ60]0j)(V’” 20n")il; Af](x:x') =0, (187c)
(2gi15’[‘l.60]6j)(29’k’5[”k66]a§)i[;Aj}(x;x’) =0, (1874d)
and for the Feynman propagator,
(V4 — 240 ) (T — 2n)if} AF] (') = —57"51)5;6__‘9"') ,
(188a)
(VH — 2(n”)(2g’”6'[“k06]0') iy AT (x;x") =0, (188b)
(2g”5”60 (VY =28n")il[fAS ] (x;x") = 0, (188c¢)
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tklsy 3 A\ [+ _ /iéD(x—x’)
)(nglé[ 0,9))i iy AL ](x x)—didiﬁ.
(188d)

(2g’/5’ dp)0

These are useful as consistency checks of two-point
functions. Failure to satisfy them signals inconsistencies
of photon two-point functions.

The two-derivative subsidiary conditions (187) and (188)
are independent of the choice of state, and in particular of
the choice of the pure gauge sector. There is a different way
of expressing (187) and (188), in terms of single-derivative
subsidiary conditions. These derive from considering
correlators between Hermitian constraints and vector field
operators,

(V= 20n)il; AF](x; x') = Ea®P(QIP, (x)A, (x)|Q),
(189)

(29"8:000))il; A ] (x: x') = > P(Q ¥, (x)4, (¥) Q).
(190)

Given the decomposition (73) of Hermitian constraints into
non-Hermitian ones, and the subsidiary condition in the
state (65), the right-hand sides above reduce to

(V¥ =2¢nM)il; AF)(xs x') = £a®P(QI[K, (%), A, (¥)]|Q),
(191)

(29"8;:000))il, AF)(x:x') = > P(Q[K(x), A, (x)]|2).
(192)

Evaluating the position space commutators on the right-hand
side above is simpler if we first compute the momentum
space commutators,

A

K(K). Ao(n.K)] = =Dz (n. k)8 (k + k). (193)

A=

RR). Ay (0. K] = =ie D%, (n.k)6°~ (k+K),  (194)

where we defined the two scalar mode functions,

U (n,k) = e""®ehlp(k)U; (n,k) — e Oshlp(k) it (n, k),
(195)

Uir(n, k) = eiq)(k)Ch[ﬂ(k)Wﬂl(’?, k)

+ W OSh[p (k)3 (. K). (196)

that also satisfy the recurrence relations (11),

[ao + </1 +%> (1- e)H] U, =—ik%,,,. (197a)

{ao - (/1 +%> (1- e)H} Uy =—ik%,.  (197b)

Using these recurrence relations, the commutators (193) and
(194), Fourier transforms (87) and (106), and the operators
(138), it is straightforward to show that the right-hand sides
of (191) and (192) are

a’\¢
e-2am it =—ea{ () it AL i) .

(198)

(29"787;00)9;)i[; AS] (x; x')

" ¢
-+ %m0 { (4)ia a0 ). (199
where we recognized the scalar two-point function (13),

iFAT L (sy) = (aa/)_[)z_z/ (;iﬂ)_lel ¢

X U 1 (n, k)%ﬁﬂ (', k).

ik-(x—%)

(200)

It satisfies the scalar two-point function equation of motion
(14), which in turn guarantees that conditions (187) are
satisfied. Analogous results for the Feynman propagator are
derived in the same manner,

(=20 i) =-20{ () a8 ()

(201)
(2978000} A7) (x: %)
—(0y + 2CH)3, { <%> [ A (o )}
P LCEd) (202)

aDZ ’

and the scalar Feynman propagator satisfies (17), which
guarantees conditions (188) hold. Expressions (198) and
(199) for the Wightman function and (201) and (202) for the
Feynman propagator are the promised single-derivative
subsidiary conditions.

This is the point where the formalism outlined in this
work makes connection with the Becchi-Rouet-Stora-
Tyutin (BRST) quantization and Faddeev-Popov (FP)
ghosts. On the right-hand sides of the expressions for
the single derivative conditions above we can recognize the
FP ghost two-point function
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"\ ¢
el = (4) i aatu) 203
that satisfies the equation of motion
(Vi =2fn'")V,(¢(x)c(x')) = 0, (204)

such that the single derivative subsidiary condition (198)
takes the form of the Ward-Takahashi identity,
(Vi =20nM)il; 0] (6 ¥') = &0, (e(x)c(x)).  (205)
This is precisely the condition that descends from the
BRST quantization. In addition to the gauge-fixing action

functional (1), there one introduces the accompanying FP
ghost action for Grassmanian fields ¢ and ¢,

SenlC. c] = /de\/—_g(V”E +2¢n"c)(V,c),  (206)

such that the total action is invariant under global BRST
transformations,

daP~'k

5] e) = (a5 [ e TR 0T 0 ) = T oln ) ),

D-2-% aP-'k -
587 1sw) = (a5 [ g

Pk

1 -bx ik (3%
l[i AT](X,X/) = (aa/) 2 /We ke( ) <5U —

— (ad)y" 5" / _(dD_lk iR (Z-¥)

Zﬂ)D_l ¢

A, — A, +080,c, c—>c—0(VF— 2§n/‘)AM,

c—c, (207)
parametrized by an infinitesimal Grassmanian parameter 6.
This implies a conserved BRST charge generating the
transformation. The physical states in BRST quantization
are required to be invariant under the action of this charge,
which yields the Ward-Takahashi identity (205) as a
consequence. It is Eq. (204) that guarantees the single-
derivative subsidiary conditions (198) and (199) are
consistent with the vanishing of the double-derivative
subsidiary conditions (187a)—(187d). Thus the correlators
of Hermitian constraints vanish, and the correspondence
principle is respected.

B. Mode sum representation

The components of the photon two-point functions can
be expressed as integrals over modes of products of mode
functions. This is accomplished by using conditions
imposed on the state both in the physical sector (158)
and in the gauge sector in (102) and (174), and the
momentum space representation of the field operators (87),

where we introduced the following shorthand notation for scalar mode functions,

“,,,(n.k) = e Wehlp, (DU
P o(n1.K) = e#Wchlp(k)]vo(n. k) — e=#Vshlp(k)]vj(n. k).

7 1.(n.k) = e“Wehp(k)]vg (n. k) + e *Oshlp(k)]vy (n. k).,

in addition to the ones already defined in (195) and (196).
The Wightman function constructed this way is guaranteed
to satisfy both the equations of motion (184) and the
appropriate subsidiary conditions (187). The Feynman
propagator follows from the Wightman function simply
from the definition (182) and satisfies the equations of
motion (185) and subsidiary conditions (188). This guar-
antees that the perturbation theory based on these two-point
functions will yield correct results.

(208)
ki % / * /
Z U (0. k)7L (' k) + T o(n, k)5, (k)] (209)
kik;
S R TeNR
ik' / *
k—zj U (. )V (k) + VL (. k)5 (' k)], (210)
Ar+1 (’77 k) - e_i(pr(k)Sh[pT(k)}u:T+1 (’7’ k)’ (21 1)
(212)
(213)

|
VIII. SIMPLE OBSERVABLES

The two-point functions computed according to the
preceding section can be used to compute quantum loop
corrections to various observables in spatially flat cosmo-
logical spaces. However, in addition to working out the
two-point functions, we also have to address the question of
ordering products of field operators comprising the observ-
ables. This is very much related to the fact that observables
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have to be independent of the gauge-fixing parameter £. To
elucidate this point, in this section we consider two simple
observables: the tree-level field strength correlator and the
one-loop energy-momentum tensor.

A. Field strength correlators

The simplest observable one can think of is the tree-level
off-coincident field strength correlator,

(QUF,, () F,(x)|Q) = 4(57,0,)) (8,0, )iz 8, ) (x: %),

(214)

expressed in terms of derivatives acting on the vector
potential two-point function. The field strength tensor is an
observable, as it fully commutes with the Hermitian
constraints, and thus also with the non-Hermitian con-
straint. This is obvious if we write it in terms of canonical
variables of the transverse and scalar sectors,

Fo = a*PI 4+ a1, P,

,- (215)

_ AT
This also makes it clear that the correlator (214) receives
contributions from the transverse sector only, and that any
gauge-dependence drops out,

(QIFoi(x) Fo; (x)|Q) = 9006 (QUAT (AT (x)Q).  (216)

(Qf Fo;(x) i (x)[€) = 200 (80 (QIAT (1) A7 ()|),

(217)

(QUEF 3 (x) Fr()]) = 4(5709) (8,0}, ) (QUAT, (x) A}

" ()]).

(218)

The specific forms that these correlators take depend on the
particular FLRW spacetime, and on the state of the trans-
verse modes that is chosen, i.e. on the free coefficients
chosen in (159). In the four-dimensional limit the trans-
verse photons are conformally coupled, and there exists a
conformal vacuum state that has to reproduce the flat space
correlators,

A A D—4 2
(QIF,, (X)F e (x')|€2) — Z(AC
Ax®AxP
X\ MulpMoly = Mafu)[oMp)p Al (219)

This is a simple check that any photon two-point function
of a physically conformal vacuum state in FLRW space
must satisfy.

B. Energy-momentum tensor

The energy-momentum tensor is perhaps the simplest
one-loop observable, composed of a single photon two-
point function. There is an ambiguity, even at the classical
level, in how we define even the observable, which
consequently appears in the quantized theory as well.
This ambiguity, however, vanishes on-shell both in the
classical and in the quantum cases. Most of this subsection
is devoted to the discussion of how to properly define the
quantum energy-momentum tensor.

1. Classical energy-momentum tensor

Two sensible definitions for the energy-momentum
tensor of the photon field are possible. It can be defined
either as a variation of the gauge-invariant action (18),

-2 68 1
T, =—— = (86 —~g Dg”)g F . F 3, 220
H /=g 8g" ( H 4 7H / 4 ( )

or as a variation of the gauge-fixed action (54),

—2 58 .
T;u =— == T/uz + Tﬁl/a

V357" 220

which, in addition to the gauge-invariant part, contains an
extra contribution from the gauge-fixing term (1),

of _ =2 05
e ma8g
2
= _E (A(ﬂV,,) + 2Cn<ﬂAD)><vap - ZCnpAp)
+ % [(A/,V/’ + 2<jn/’A/,)(V"AU —2{n°A,)
45 (VA,~2twA,) ] (222)

Both definitions give energy-momentum tensors conserved
on-shell, but for the first definition (220) we have to use the
constraint equations (44), while the conservation for the
second definition (222) relies on the gauge-fixed dynamical
equations (46)—(49) only. At the classical level the two
definitions give the same answer on-shell. This is best seen
by expressing the gauge-fixing contribution in terms of
canonical variables,

T8 = —a> P |AgW, + A0, Y, + ga‘*—D‘{‘% , (223a)

TS = —a*P[Ag0,%) + AP, (223b)
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T‘;;Jt = _aZ—D [ZA(ZGJ)‘I’I + 5,} <A0"I12 - Akaklyl

— 5(14_DT%>:| ,

and noting that every term contains at least one of the first-
class constraints (37). In fact, it is only the transverse modes
that contribute to the energy-momentum tensor on-shell.
This is clear since the only contributing part is the gauge-
invariant one (220) that is composed out of field strength
tensors only, which contain only transverse fields and
constraints, as discussed in Sec. VIII A. The same properties
of the energy-momentum tensor are maintained in the
quantized theory if attention is paid to operator ordering.

(223c)

2. Quantum energy-momentum tensor

When defining operators associated with quantum
observables attention needs to be paid to the ordering of
products of field operators. Usually Weyl ordering of field
operators is employed. However, this is not fully satisfac-
tory in gauge theories as, in general, it does not respect the
correspondence principle. For the energy-momentum tensor
this is the question of the contribution of the gauge-fixing
part (222). In the classical theory this contribution vanishes,
and it is sensible to demand the same property in the
quantized theory. This is accomplished by correct operator
ordering. Here we discuss the quantization of the two parts
of the definition (220) and (222) separately.

Gauge-invariant part. For the gauge-invariant part (220)
defining an operator is straightforward, since when
expressed in terms of the canonical fields all the terms
are composed either solely of transverse fields or solely of
constraints. Therefore, we may define the operator to be
Weyl-ordered, and the expectation value essentially reduces
to the coincident limit of the field strength correlator,

(@000 = (3107 = " )
< QU (). Pop(0}I0). (229

If the off-coincident field strength correlator (214) is
computed in D dimensions we can take a dimensionally
regulated coincidence limit required above. The precise
value of (224) depends on the transverse photon state and
the particular FLRW background.

Gauge-fixing part. The gauge-fixing contribution (222)
to the energy-momentum tensor contains constraints, as
evident from (223). Therefore, the operator associated with
the gauge-fixing part of the energy-momentum tensor has
to be ordered properly, as explained in Sec. IV C. The
Hermitian constraints have to be split into parts containing
the non-Hermitian subsidiary constraint K and parts con-
taining its conjugate K, and the former has to be put to the

right of the product and the latter to the left. This is
accomplished by making use of decompositions in (73),

T8 = [fgg]g =—a*P [(IA(;AO +0,K1Ay)

+ (AoleQ +Akakkl) + ga“_D‘Iﬁ] s (2253)

(225b)
7 = (78] = g [2a<,.1€m,) +,(RiAo - 0K Ay

+ 2A<laj)k1 + 5ij<AA0k2 _Akaklel) _géija“_Dq})% .
(225¢)

Note that for terms composed solely of constraints this
ordering is immaterial since the non-Hermitian subsidiary
constraint and its conjugate commute. Defined this way it is
manifest that the expectation value always vanishes,

(QITf(x)Q) =0, (226)
as it should, without any additional arguments.

Even though the operator ordering in (225) leads to
correct and consistent results, it is rather unwieldy to use it
in practice. In general Weyl-ordered products are far more
convenient to use. We can indeed commute the operators in
products of (222) to the Weyl-ordered form, but this leaves
nonvanishing commutators accounting for the difference
between two ordering prescriptions,

[T(g)f)]g = [fg{)]w +a> P Re([Ky.Ag] + [0,K,.Ay).  (227a)
[f(g)ﬂg = [fglf']w +a> P Re([0,K}, Ag] + (K1, A)]), (227b)

~ef ~of _ A A
(151, = [T5lw + a* P Re(2[0,K 1, Aj)]
+ 6;) [kZ’AO] =& [akkl ) Ak])- (227¢)

The Weyl-ordered parts above can easily be defined from
the covariant expression (222) directly, by simply sym-
metrizing the products of Hermitian operators,

1 . n n
[Ty = 5 1A (V) +20m)) (W4, = 26wA )}

G
2

+ (VP4 - ZCn/’A,,)Z} :

+ {{Ap, (VP +2en?)(VoA, — 20n°A,)}

(228)
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The nonvanishing commutators in (227) that are just
c-numbers can be evaluated as coincidence limits of
position space commutators using (191)—(199). This leads
to the following relation between the properly gauge-
ordered gauge-fixing contribution to the energy-momentum
tensor and the Weyl-ordered contribution,

[75), = [T5]w - Re{ 24,V + 2, V)

~ u(VV) + 200V
(¢ )

The result in (226) is guaranteed only if we take the left-
hand side of the expression above as the definition, or if we
take the full right-hand side. This shows how the Weyl-
ordered product is incomplete when defining the observ-
able, as it needs to be supplemented by the contribution in
the second line of (229). This c-number contribution can,
in fact, be recognized as the FP ghost contribution to the
energy-momentum tensor that descends from the FP ghost
action (206). Thus, we see that even in the linear Abelian
gauge theory, and even without being explicitly intro-
duced, the FP ghosts naturally arise as commutators
accounting for the difference between proper operator
ordering of operators and Weyl ordering of operators.
Either form of the definition we adopt, (225) or (229),
leads to the vanishing expectation value (226). Therefore,
one has two options: either gauge-order operators con-
taining constraints or Weyl-order all the products and add
the FP ghost contributions.

Had we ignored the question of operator ordering and
defined (228) as the observable, its expectation value would
no longer vanish identically. This is what is behind the
conclusion in [37,79,80] that the gauge-fixing contribution
to the energy-momentum tensor of the photon engenders a
nonvanishing cosmological constant contribution. This
conclusion, however, does not hold up. Reference [49]
attempted to address the question of the vanishing gauge-
fixing contribution to the energy-momentum tensor in de
Sitter space by considering Weyl ordering of operators, but
without introducing FP ghosts and instead employing
adiabatic subtraction to obtain (226). That approach cannot
be correct, as it suggests that gauge-independence has
something to do with the divergent UV structure of the
theory, and it leaves the option for the gauge-fixing part of
the energy-momentum tensor to produce a physical con-
tribution in some spacetime other than de Sitter. Moreover,
their conclusion that FP ghosts are not necessary when
operators are Weyl ordered contradicts the results of this
section, as well as contradicting consistent analogs for
Stueckelberg vector fields [81,82].

(229)

IX. DISCUSSION

In this work we considered the canonical quantization of
the photon (massless vector field) in spatially flat FLRW
spacetimes in the two-parameter family of linear gauges
(1). We used this framework to demonstrate that observ-
ables with appropriate operator ordering respect expect-
ations set by the correspondence principle. In particular, we
had demonstrated how the gauge-fixing term (1) does not
contribute to the energy-momentum tensor expectation
value for any physical state.

Along the way we had elucidated how the canonical
formulation is the appropriate framework for the Gupta-
Bleuler quantization, and we had derived the subsidiary
condition on the physical state from the first-class con-
straint structure of the classical theory. This subsidiary
condition translates into subsidiary conditions on two-point
functions derived in Sec. VII A. The form of these sub-
sidiary conditions depends on the two gauge-fixing param-
eters £ and £ from (1), as in fact does the two-point function
itself. Two-point functions with free gauge-fixing param-
eters are particularly useful for computations, as they allow
for explicit checks of gauge independence of observables
that should not depend on the gauge-fixing parameters. The
construction of inflationary gauge-independent quantum
observables is still in its early stages [83].

Different two-point functions considered in Sec. VII are
basic building blocks of nonequilibrium loop computations
in the Schwinger-Keldysh formalism appropriate for early
universe cosmology. We believe that the framework set up
in this paper will facilitate the construction of photon
propagators in realistic inflationary spacetimes that will in
turn allow the investigation of slow-roll corrections to large
infrared effects found when photons interact with spectator
scalars and gravitons in de Sitter [13-35]. We had
expressed the photon two-point function in Sec. VIIB in
terms of several scalar mode functions. The equations of
motion that these scalar mode functions satisfy are col-
lected in Sec. V C. In that form it should be considerably
easier to identify convenient choices for gauge-fixing
parameters that lead to simpler propagators for given
inflationary backgrounds. Constructing such two-point
functions will be the subject of future work [84].
Furthermore, collecting subsidiary conditions for two-point
functions in Sec. VII A, in both the double derivative and
the single derivative forms, will facilitate consistency
checks of photon two-point functions constructed in future
studies.

Before embarking to compute the photon propagators in
power-law and slow-roll inflation it is instructive to check
the existing two-point functions in de Sitter space (¢ = 0)
from the literature versus subsidiary conditions for the
Wightman function (187) and for the Feynman propagator
(188). The checks are summarized in Table I. Unexpectedly,
they reveal that the general covariant gauge two-point
functions satisfy all the required subsidiary conditions only
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TABLE 1.

Checks of subsidiary conditions for massless photon two-point functions in de Sitter reported in the

literature. The checks refer to both the Wightman functions and Feynman propagators. The first four entries with
¢ = 0 correspond to covariant gauges, while the fifth entry with { = 1 corresponds to a conformal gauge in D = 4.

de Sitter propagator ollp) (0,11, (6,~I'AII-0_,~1'AI_,~>
Allen-Jacobson [39] (6 =1,{=0,D) X v v
Tsamis-Woodard [40] (6 =0, =0,D) v v v
Youssef [41] (6, =0,D = 4) X v v
Frob-Higuchi [42] (&.¢ = 0, D) X v v
Woodard [38] (6 =1,{=1,D) v v v

in the exact transverse gauge limit £ — 0. For nonvanishing
£ the double divergence of the covariant gauge two-point
functions fails to vanish off-coincidence,
EHPT(D)
(4n)fT(B)

x# X,

V”V’”i[;A,ﬂ(x; x') = = V”V“’i[;rA,jL](x; x'),
(230)

violating subsidiary conditions (187) and (188). This points
to inconsistencies of known results even for the relatively

simple case of the maximally symmetric de Sitter space.
These inconsistencies will be examined in more detail and
addressed elsewhere [60,61].

ACKNOWLEDGMENTS

I am grateful to Chun-Yen Lin, Danijel Jurman, and Jose
Beltrdn Jiménez for discussions on the topic, and especially
to Tomislav Prokopec for the critical reading of the
manuscript. This work was supported by the Czech
Science Foundation (GACR) Grant No. 20-28525S.

[1] L. Parker, Particle creation in expanding universes, Phys.
Rev. Lett. 21, 562 (1968).

[2] L. Parker, Quantized fields and particle creation in expand-
ing universes. 1., Phys. Rev. 183, 1057 (1969).

[3] L. Parker, Quantized fields and particle creation in expand-
ing universes. 2., Phys. Rev. D 3, 346 (1971); 3, 2546(E)
(1971).

[4] M. S. Turner and L. M. Widrow, Inflation produced, large
scale magnetic fields, Phys. Rev. D 37, 2743 (1988).

[5] E. A. Calzetta, A. Kandus, and F. D. Mazzitelli, Primordial
magnetic fields induced by cosmological particle creation,
Phys. Rev. D 57, 7139 (1998).

[6] A. Kandus, E. A. Calzetta, F. D. Mazzitelli, and C. E. M.
Wagner, Cosmological magnetic fields from gauge medi-
ated supersymmetry breaking models, Phys. Lett. B 472,
287 (2000).

[71 M. Giovannini and M.E. Shaposhnikov, Primordial
magnetic fields from inflation?, Phys. Rev. D 62, 103512
(2000).

[8] K. Dimopoulos, T. Prokopec, O. Tornkvist, and A. C. Davis,
Natural magnetogenesis from inflation, Phys. Rev. D 65,
063505 (2002).

[9] A.C. Davis, K. Dimopoulos, T. Prokopec, and O. Tornkvist,
Primordial spectrum of gauge fields from inflation, Phys.
Lett. B 501, 165 (2001).

[10] A.L. Maroto, Primordial magnetic fields from metric
perturbations, Phys. Rev. D 64, 083006 (2001).

[11] A.D. Dolgov, Generation of magnetic fields in cosmology,
From Integrable Models to Gauge Theories: A Volume in

Honor of Sergei Matinyan, edited by V. G. Gurzadyan and
A. G. Sedrakian (World Scientific, Singapore, 2002).

[12] E. A. Calzetta and A. Kandus, Selfconsistent estimates of
magnetic fields from reheating, Phys. Rev. D 65, 063004
(2002).

[13] T. Prokopec, O. Tornkvist, and R. P. Woodard, Photon mass
from inflation, Phys. Rev. Lett. 89, 101301 (2002).

[14] T. Prokopec, O. Tornkvist, and R.P. Woodard, One loop
vacuum polarization in a locally de Sitter background, Ann.
Phys. (Amsterdam) 303, 251 (2003).

[15] T. Prokopec and R.P. Woodard, Vacuum polarization and
photon mass in inflation, Am. J. Phys. 72, 60 (2004).

[16] T. Prokopec and R. P. Woodard, Dynamics of superhorizon
photons during inflation with vacuum polarization, Ann.
Phys. (Amsterdam) 312, 1 (2004).

[17] E. O. Kahya and R. P. Woodard, Charged scalar self-mass
during inflation, Phys. Rev. D 72, 104001 (2005).

[18] E. O. Kahya and R. P. Woodard, One loop corrected mode
functions for SQED during inflation, Phys. Rev. D 74,
084012 (20006).

[19] T. Prokopec, N. C. Tsamis, and R. P. Woodard, Two loop
scalar bilinears for inflationary SQED, Classical Quantum
Gravity 24, 201 (2007).

[20] T. Prokopec, N. C. Tsamis, and R. P. Woodard, Stochastic
inflationary scalar electrodynamics, Ann. Phys. (Amsterdam)
323, 1324 (2008).

[21] T. Prokopec, N. C. Tsamis, and R. P. Woodard, Two loop
stress-energy tensor for inflationary scalar electrodynamics,
Phys. Rev. D 78, 043523 (2008).

085014-24


https://doi.org/10.1103/PhysRevLett.21.562
https://doi.org/10.1103/PhysRevLett.21.562
https://doi.org/10.1103/PhysRev.183.1057
https://doi.org/10.1103/PhysRevD.3.346
https://doi.org/10.1103/PhysRevD.3.2546
https://doi.org/10.1103/PhysRevD.3.2546
https://doi.org/10.1103/PhysRevD.37.2743
https://doi.org/10.1103/PhysRevD.57.7139
https://doi.org/10.1016/S0370-2693(99)01389-1
https://doi.org/10.1016/S0370-2693(99)01389-1
https://doi.org/10.1103/PhysRevD.62.103512
https://doi.org/10.1103/PhysRevD.62.103512
https://doi.org/10.1103/PhysRevD.65.063505
https://doi.org/10.1103/PhysRevD.65.063505
https://doi.org/10.1016/S0370-2693(01)00138-1
https://doi.org/10.1016/S0370-2693(01)00138-1
https://doi.org/10.1103/PhysRevD.64.083006
https://doi.org/10.1103/PhysRevD.65.063004
https://doi.org/10.1103/PhysRevD.65.063004
https://doi.org/10.1103/PhysRevLett.89.101301
https://doi.org/10.1016/S0003-4916(03)00004-6
https://doi.org/10.1016/S0003-4916(03)00004-6
https://doi.org/10.1119/1.1596180
https://doi.org/10.1016/j.aop.2004.01.012
https://doi.org/10.1016/j.aop.2004.01.012
https://doi.org/10.1103/PhysRevD.72.104001
https://doi.org/10.1103/PhysRevD.74.084012
https://doi.org/10.1103/PhysRevD.74.084012
https://doi.org/10.1088/0264-9381/24/1/011
https://doi.org/10.1088/0264-9381/24/1/011
https://doi.org/10.1016/j.aop.2007.08.008
https://doi.org/10.1016/j.aop.2007.08.008
https://doi.org/10.1103/PhysRevD.78.043523

PHOTON QUANTIZATION IN COSMOLOGICAL SPACES

PHYS. REV. D 109, 085014 (2024)

[22] K. E. Leonard, T. Prokopec, and R. P. Woodard, Covariant
vacuum polarizations on de Sitter background, Phys. Rev. D
87, 044030 (2013).

[23] K. E. Leonard, T. Prokopec, and R. P. Woodard, Represent-
ing the vacuum polarization on de Sitter, J. Math. Phys.
(N.Y.) 54, 032301 (2013).

[24] X. Chen, Y. Wang, and Z. Z. Xianyu, Loop corrections to
standard model fields in inflation, J. High Energy Phys. 08
(2016) 051.

[25] X. Chen, Y. Wang, and Z.Z. Xianyu, Standard model
background of the cosmological collider, Phys. Rev. Lett.
118, 261302 (2017).

[26] X. Chen, Y. Wang, and Z. Z. Xianyu, Standard model mass
spectrum in inflationary universe, J. High Energy Phys. 04
(2017) 058.

[27] A. Kaya, Superhorizon electromagnetic field background
from Higgs loops in inflation, J. Cosmol. Astropart. Phys.
03 (2018) 046.

[28] F. K. Popov, Debye mass in de Sitter space, J. High Energy
Phys. 06 (2018) 033.

[29] D. Glavan and G. Rigopoulos, One-loop electromagnetic
correlators of SQED in power-law inflation, J. Cosmol.
Astropart. Phys. 02 (2021) 021.

[30] K. E. Leonard and R. P. Woodard, Graviton corrections to
vacuum polarization during inflation, Classical Quantum
Gravity 31, 015010 (2014).

[31] D. Glavan, S.P. Miao, T. Prokopec, and R.P. Woodard,
Electrodynamic effects of inflationary gravitons, Classical
Quantum Gravity 31, 175002 (2014).

[32] C.L. Wang and R.P. Woodard, Excitation of photons
by inflationary gravitons, Phys. Rev. D 91, 124054
(2015).

[33] D. Glavan, S.P. Miao, T. Prokopec, and R.P. Woodard,
Graviton loop corrections to vacuum polarization in de
Sitter in a general covariant gauge, Classical Quantum
Gravity 32, 195014 (2015).

[34] D. Glavan, S. P. Miao, T. Prokopec, and R. P. Woodard, One
loop graviton corrections to dynamical photons in de Sitter,
Classical Quantum Gravity 34, 085002 (2017).

[35] S.P. Miao, T. Prokopec, and R. P. Woodard, Scalar enhance-
ment of the photon electric field by the tail of the graviton
propagator, Phys. Rev. D 98, 025022 (2018).

[36] D. Glavan, S.P. Miao, T. Prokopec, and R.P. Woodard,
Explaining large electromagnetic logarithms from loops of
inflationary gravitons, J. High Energy Phys. 08 (2023) 195.

[37] J. Beltran Jimenez and A. L. Maroto, Cosmological electro-
magnetic fields and dark energy, J. Cosmol. Astropart. Phys.
03 (2009) 016.

[38] R.P. Woodard, De Sitter breaking in field theory, Deserfest:
A Celebration of the Life and Works of Stanley Deser, edited
by J. T. Liu, M.J. Duff, K. S. Stelle, and R.P. Woodard
(World Scientific, Singapore, 2006).

[39] B. Allen and T. Jacobson, Vector two point functions in
maximally symmetric spaces, Commun. Math. Phys. 103,
669 (1986).

[40] N.C. Tsamis and R.P. Woodard, A maximally symmetric
vector propagator, J. Math. Phys. (N.Y.) 48, 052306 (2007).

[41] A. Youssef, Infrared behavior and gauge artifacts in de Sitter
spacetime: The photon field, Phys. Rev. Lett. 107, 021101
(2011).

[42] M. B. Frob and A. Higuchi, Mode-sum construction of the
two-point functions for the Stueckelberg vector fields in the
Poincaré patch of de Sitter space, J. Math. Phys. (N.Y.) 55,
062301 (2014).

[43] D. Glavan, A. Marunovi¢, T. Prokopec, and Z. Zahraee,
Abelian Higgs model in power-law inflation: The propa-
gators in the unitary gauge, J. High Energy Phys. 09
(2020) 165.

[44] E. Huguet and J. Renaud, Two-point function for the
Maxwell field in flat Robertson-Walker spacetimes, Phys.
Rev. D 88, 124018 (2013).

[45] L I. Cotaescu and C. Crucean, The quantum theory of the
free Maxwell field on the de Sitter expanding universe,
Prog. Theor. Phys. 124, 1051 (2010).

[46] S.N. Gupta, Theory of longitudinal photons in quantum
electrodynamics, Proc. Phys. Soc. London Sect. A 63, 681
(1950).

[47] K. Bleuler, A new method of treatment of the longitudinal
and scalar photons, Helv. Phys. Acta 23, 567 (1950).

[48] F. Finster and A. Strohmaier, Gupta—Bleuler quantization of
the Maxwell field in globally hyperbolic space-times, Ann.
Henri Poincare 16, 1837 (2015).

[49] Y. Zhang and X. Ye, Maxwell field with gauge fixing term in
de Sitter space: Exact solution and stress tensor, Phys. Rev.
D 106, 065004 (2022).

[50] V. Moncrief, Space-time symmetries and linearization
stability of the Einstein equations. 2., J. Math. Phys.
(N.Y.) 17, 1893 (1976).

[51] .M. Arms, Linearization stability of gravitational and
gauge fields, J. Math. Phys. (N.Y.) 20, 443 (1979).

[52] A. Higuchi, Quantum linearization instabilities of de Sitter
space-time. 1, Classical Quantum Gravity 8, 1961 (1991).

[53] A. Higuchi, Quantum linearization instabilities of de Sitter
space-time. 2, Classical Quantum Gravity 8, 1983 (1991).

[54] D. Marolf, Refined algebraic quantization: Systems with a
single constraint, arXiv:gr-qc/9508015.

[55] D. Marolf and I. Morrison, Group averaging of massless
scalar fields in 1 + 1 de Sitter, Classical Quantum Gravity
26, 035001 (2009).

[56] D. Marolf and I. A. Morrison, Group averaging for de Sitter
free fields, Classical Quantum Gravity 26, 235003 (2009).

[57] S.P. Miao, N. C. Tsamis, and R. P. Woodard, Transforming
to Lorentz gauge on de Sitter, J. Math. Phys. (N.Y.) 50,
122502 (2009).

[58] J. Gibbons and A. Higuchi, Removing the Faddeev-Popov
zero modes from Yang-Mills theory in spacetimes with
compact spatial sections, Phys. Rev. D 91, 024006 (2015).

[59] E. Altas, E. Kilicarslan, and B. Tekin, Einstein—Yang—Mills
theory: Gauge invariant charges and linearization instability,
Eur. Phys. J. C 81, 648 (2021).

[60] D. Glavan and T. Prokopec, Photon propagator in de Sitter
space in the general covariant gauge, J. High Energy Phys.
05 (2023) 126.

[61] D. Glavan and T. Prokopec, Even the photon propagator
must break de Sitter symmetry, Phys. Lett. B 841, 137928
(2023).

[62] F. Lucchin and S. Matarrese, Power law inflation, Phys. Rev.
D 32, 1316 (1985).

[63] D.Laand P. J. Steinhardt, Extended inflationary cosmology,
Phys. Rev. Lett. 62, 376 (1989); 62, 1066(E) (1989).

085014-25


https://doi.org/10.1103/PhysRevD.87.044030
https://doi.org/10.1103/PhysRevD.87.044030
https://doi.org/10.1063/1.4793987
https://doi.org/10.1063/1.4793987
https://doi.org/10.1007/JHEP08(2016)051
https://doi.org/10.1007/JHEP08(2016)051
https://doi.org/10.1103/PhysRevLett.118.261302
https://doi.org/10.1103/PhysRevLett.118.261302
https://doi.org/10.1007/JHEP04(2017)058
https://doi.org/10.1007/JHEP04(2017)058
https://doi.org/10.1088/1475-7516/2018/03/046
https://doi.org/10.1088/1475-7516/2018/03/046
https://doi.org/10.1007/JHEP06(2018)033
https://doi.org/10.1007/JHEP06(2018)033
https://doi.org/10.1088/1475-7516/2021/02/021
https://doi.org/10.1088/1475-7516/2021/02/021
https://doi.org/10.1088/0264-9381/31/1/015010
https://doi.org/10.1088/0264-9381/31/1/015010
https://doi.org/10.1088/0264-9381/31/17/175002
https://doi.org/10.1088/0264-9381/31/17/175002
https://doi.org/10.1103/PhysRevD.91.124054
https://doi.org/10.1103/PhysRevD.91.124054
https://doi.org/10.1088/0264-9381/32/19/195014
https://doi.org/10.1088/0264-9381/32/19/195014
https://doi.org/10.1088/1361-6382/aa61da
https://doi.org/10.1103/PhysRevD.98.025022
https://doi.org/10.1007/JHEP08(2023)195
https://doi.org/10.1088/1475-7516/2009/03/016
https://doi.org/10.1088/1475-7516/2009/03/016
https://doi.org/10.1007/BF01211169
https://doi.org/10.1007/BF01211169
https://doi.org/10.1063/1.2738361
https://doi.org/10.1103/PhysRevLett.107.021101
https://doi.org/10.1103/PhysRevLett.107.021101
https://doi.org/10.1063/1.4879496
https://doi.org/10.1063/1.4879496
https://doi.org/10.1007/JHEP09(2020)165
https://doi.org/10.1007/JHEP09(2020)165
https://doi.org/10.1103/PhysRevD.88.124018
https://doi.org/10.1103/PhysRevD.88.124018
https://doi.org/10.1143/PTP.124.1051
https://doi.org/10.1088/0370-1298/63/7/301
https://doi.org/10.1088/0370-1298/63/7/301
https://doi.org/10.1007/s00023-014-0363-z
https://doi.org/10.1007/s00023-014-0363-z
https://doi.org/10.1103/PhysRevD.106.065004
https://doi.org/10.1103/PhysRevD.106.065004
https://doi.org/10.1063/1.522814
https://doi.org/10.1063/1.522814
https://doi.org/10.1063/1.524094
https://doi.org/10.1088/0264-9381/8/11/009
https://doi.org/10.1088/0264-9381/8/11/010
https://arXiv.org/abs/gr-qc/9508015
https://doi.org/10.1088/0264-9381/26/3/035001
https://doi.org/10.1088/0264-9381/26/3/035001
https://doi.org/10.1088/0264-9381/26/23/235003
https://doi.org/10.1063/1.3266179
https://doi.org/10.1063/1.3266179
https://doi.org/10.1103/PhysRevD.91.024006
https://doi.org/10.1140/epjc/s10052-021-09460-7
https://doi.org/10.1007/JHEP05(2023)126
https://doi.org/10.1007/JHEP05(2023)126
https://doi.org/10.1016/j.physletb.2023.137928
https://doi.org/10.1016/j.physletb.2023.137928
https://doi.org/10.1103/PhysRevD.32.1316
https://doi.org/10.1103/PhysRevD.32.1316
https://doi.org/10.1103/PhysRevLett.62.376
https://doi.org/10.1103/PhysRevLett.62.1066

DRAZEN GLAVAN

PHYS. REV. D 109, 085014 (2024)

[64] N. A. Chernikov and E. A. Tagirov, Quantum theory of
scalar fields in de Sitter space-time, Ann. Inst. H. Poincare
Phys. Theor. A 9, 109 (1968).

[65] T.S. Bunch and P. C. W. Davies, Quantum field theory in de
Sitter space: Renormalization by point splitting, Proc. R.
Soc. A 360, 117 (1978).

[66] J. S. Schwinger, Brownian motion of a quantum oscillator, J.
Math. Phys. (N.Y.) 2, 407 (1961).

[67] K. T. Mahanthappa, Multiple production of photons in
quantum electrodynamics, Phys. Rev. 126, 329 (1962).

[68] P.M. Bakshi and K.T. Mahanthappa, Expectation value
formalism in quantum field theory. 1., J. Math. Phys. (N.Y.)
4, 1 (1963).

[69] P.M. Bakshi and K.T. Mahanthappa, Expectation value
formalism in quantum field theory. 2., J. Math. Phys. (N.Y.)
4, 12 (1963).

[70] L. V. Keldysh, Diagram technique for nonequilibrium proc-
esses, Zh. Eksp. Teor. Fiz. 47, 1515 (1964).

[71] K. c.Chou, Z.b. Su, B. 1. Hao, and L. Yu, Equilibrium and non-
equilibrium formalisms made unified, Phys. Rep. 118, 1 (1985).

[72] E. Calzetta and B.L. Hu, Closed time path functional
formalism in curved space-time: Application to cosmologi-
cal back reaction problems, Phys. Rev. D 35, 495 (1987).

[73] R.D. Jordan, Effective field equations for expectation
values, Phys. Rev. D 33, 444 (1986).

[74] M. Henneaux and C. Teitelboim, Quantization of Gauge
Systems (Princeton University Press, Princeton, New Jersey,
USA, 1994).

[75] P.A.M. Dirac, Lectures on Quantum Mechanics
(Dover Publications, Mineola, New York, 2011), Reprint,
1964.

[76] D.M. Gitman and 1. V. Tyutin, Quantization of Fields
with Constraints (Springer, Berlin Heidelberg, Germany,
1990).

[77] D.N. Vollick, Lorentz gauge quantization in a cosmological
space-time, Phys. Rev. D 86, 084057 (2012).

[78] J.C. Cresswell and D. N. Vollick, Lorenz gauge quantiza-
tion in conformally flat spacetimes, Phys. Rev. D 91,
084008 (2015).

[79] J. Beltran Jimenez and A. L. Maroto, The electromagnetic
dark sector, Phys. Lett. B 686, 175 (2010).

[80] J. Beltran Jimenez and A. L. Maroto, The dark magnetism of
the universe, Mod. Phys. Lett. A 26, 3025 (2011).

[81] A.Belokogne and A. Folacci, Stueckelberg massive electro-
magnetism in curved spacetime: Hadamard renormalization
of the stress-energy tensor and the Casimir effect, Phys. Rev.
D 93, 044063 (2016).

[82] A. Belokogne, A. Folacci, and J. Queva, Stueckelberg
massive electromagnetism in de Sitter and anti—de Sitter
spacetimes: Two-point functions and renormalized stress-
energy tensors, Phys. Rev. D 94, 105028 (2016).

[83] S.P. Miao, T. Prokopec, and R.P. Woodard, Deducing
cosmological observables from the S-matrix, Phys. Rev.
D 96, 104029 (2017).

[84] S. Domazet, D. Glavan, and T. Prokopec, Photon propagator
for inflation in the general covariant gauge.

085014-26


https://doi.org/10.1098/rspa.1978.0060
https://doi.org/10.1098/rspa.1978.0060
https://doi.org/10.1063/1.1703727
https://doi.org/10.1063/1.1703727
https://doi.org/10.1103/PhysRev.126.329
https://doi.org/10.1063/1.1703883
https://doi.org/10.1063/1.1703883
https://doi.org/10.1063/1.1703879
https://doi.org/10.1063/1.1703879
https://doi.org/10.1016/0370-1573(85)90136-X
https://doi.org/10.1103/PhysRevD.35.495
https://doi.org/10.1103/PhysRevD.33.444
https://doi.org/10.1103/PhysRevD.86.084057
https://doi.org/10.1103/PhysRevD.91.084008
https://doi.org/10.1103/PhysRevD.91.084008
https://doi.org/10.1016/j.physletb.2010.02.038
https://doi.org/10.1142/S0217732311037315
https://doi.org/10.1103/PhysRevD.93.044063
https://doi.org/10.1103/PhysRevD.93.044063
https://doi.org/10.1103/PhysRevD.94.105028
https://doi.org/10.1103/PhysRevD.96.104029
https://doi.org/10.1103/PhysRevD.96.104029

