10P Publishing

Classical and Quantum Gravity

Class. Quantum Grav. 37 (2020) 065004 (30pp) https://doi.org/10.1088/1361-6382/ab6b6e

Hadamard renormalization for a charged
scalar field

Visakan Balakumar® and Elizabeth Winstanley

Consortium for Fundamental Physics, School of Mathematics and Statistics,
Hicks Building, Hounsfield Road, Sheffield. S3 7RH United Kingdom

E-mail: VBalakumarl @sheffield.ac.uk and E.Winstanley @sheffield.ac.uk

Received 23 October 2019, revised 24 December 2019
Accepted for publication 14 January 2020 @
Published 18 February 2020

CrossMark
Abstract
The Hadamard representation of the Green’s function of a quantum field
on a curved space-time is a powerful tool for computations of renormalized
expectation values. We study the Hadamard form of the Feynman Green’s
function for a massive charged complex scalar field in an arbitrary number
of space-time dimensions. Explicit expressions for the coefficients in the
Hadamard parametrix are given for two, three and four space-time dimensions.
We then develop the formalism for the Hadamard renormalization of the
expectation values of the scalar field condensate, current and stress-energy
tensor. These results will have applications in the computation of renormalized
expectation values for a charged quantum scalar field on a charged black hole
space-time, and hence in addressing issues such as the quantum stability of
the inner horizon.

Keywords: Hadamard renormalization, charged scalar field, quantum field
theory on curved space-time

1. Introduction

The quest for a theory of quantum gravity, in which both space-time and matter are quanti-
zed, has yet to yield a definitive solution. In the absence of such a theory, a semiclassical
approach, namely quantum field theory on curved space-time (QFTCS), represents a first
step. In QFTCS, the space-time metric is treated classically, and the properties of quantum
fields propagating on this classical background are studied. Any successful theory of quantum
gravity must reproduce the results of QFTCS in an appropriate limit, and therefore QFTCS is
a nontrivial testing-ground for theories of quantum gravity. QFTCS has also resulted in many
deep results in its own right, such as the discovery of Hawking radiation [1], the Unruh effect
[2] and the creation of particles in an expanding universe [3—5] (see also [6—10] for reviews).
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The renormalized expectation value of the stress-energy tensor (RSET) (T,“,>ren plays a
central role in QFTCS. Via the semiclassical Einstein equations

G;uz + Aguu = <Tm/>ren (1.1
(where G, is the Einstein tensor, A the cosmological constant, g,,,, the space-time metric
and we are using units in which 87G = ¢ = h = 1) the RSET governs how the quantum field
will affect the space-time geometry. However, since the stress-energy tensor operator involves
products of field operators evaluated at the same space-time point, it is divergent and a naive
computation of its expectation value will give an infinite result. It is therefore necessary to
employ some kind of regularization and renormalization prescription.

There are many possible approaches to renormalizing the RSET (see, for example,
[7, 8, 10]). Amongst these, the axiomatic approach developed by Wald [9, 11] has proved
to be extremely powerful. The stress-energy tensor operator is regularized by point-splitting
[12—14], considering the field operators acting at two distinct, but closely separated, space-
time points. The divergences in the RSET arise in the limit in which the space-time points are
brought together. These divergences are purely geometric and independent of the state of the
quantum field. The RSET is computed by subtracting appropriate geometric divergent terms
and then taking the coincidence limit of the space-time points. Wald [9, 11] has given a list
of physically-motivated axioms which must be satisfied by the resulting RSET, and which
determine the RSET up to the addition of a local conserved tensor. Such a renormalization
ambiguity is to be expected in the absence of a full theory of quantum gravity and corresponds
to the freedom to move any local conserved tensor from the left-hand-side to the right-hand-
side of (1.1).

The RSET can be computed by applying a second-order differential operator to the
Feynman Green’s function Gg(x,x’) of the quantum field. The Feynman Green’s function
depends on two space-time points x and x’, and is itself divergent in the limit X' — x. The
divergences in the RSET can therefore be identified from the corresponding divergences in
Gr(x,x'). In the original formulation of point-splitting regularization [12-14], the parametrix
giving the divergent terms in Gg(x, x") was constructed using a DeWitt—Schwinger expansion.
This is a special case of the Hadamard representation of Gg(x, x") [15]. Wald showed that sub-
tracting the divergent parts of the Hadamard parametrix from G(x, x'), applying the appropri-
ate second-order differential operator and taking the coincidence limit yields an RSET which
satisfies his axioms. It has been rigorously established that the Hadamard approach yields
valid results for the renormalized stress-energy tensor, which are unique apart from the antici-
pated freedom to add a local conserved tensor (see, for example, [16-24] and [25] for a more
comprehensive list of papers on Hadamard renormalization).

Hadamard renormalization following this approach has proved to be an elegant method
for computing the RSET and other expectation values. The Hadamard prescription has been
developed in detail for a massive neutral scalar field with arbitrary coupling to the curvature in
any number of space-time dimensions [25]. Hadamard renormalization has also been applied
to the electromagnetic field [26], Stiickelberg massive electromagnetic field [27], one-loop
quantum gravity [28], p-forms [29] and fermions [30-33].

In this paper we extend the Hadamard formalism to a massive charged complex scalar
field on a curved space-time with an arbitrary number of dimensions. Our primary motiv-
ation is to develop the machinery necessary for the computation of the RSET for a charged
quantum scalar field on a charged Reissner—Nordstrom black hole background. Unlike the
uncharged Schwarzschild black hole, a Reissner—Nordstrom black hole possesses an inner
(Cauchy) horizon as well as an event horizon. The inner horizon is classically unstable, with
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a weak singularity forming as a result of the backreaction of classical perturbations [34—43].
It is expected that there will also be a quantum instability at the inner horizon, with a stronger
singularity forming as a result of divergences in quantum expectation values [44—47]. The pre-
cise nature of quantum effects on the classical instability remains an open question. Recently
this has begun to be studied in detail, as new techniques have been developed for computing
renormalized expectation values inside the event horizon of a black hole [48, 49]. An analysis
of the leading-order asymptotics of the RSET for a massless, minimally coupled quantum
scalar field [50] in both the Hartle—Hawking [51] and Unruh [2] states found that the diver-
gence at the inner horizon is weaker than expected. Numerical computations of the vacuum
polarization (the expectation value of the square of the quantum scalar field) [52] reveal good
agreement with this asymptotic analysis. In the Hartle—Hawking and Unruh states, two of the
components of the RSET have recently been computed on the inner horizon [53], indicating
that a curvature singularity forms at the inner horizon due to the back-reaction of the neutral
scalar field. At the same time, it has been shown that there exists a quantum state for which the
RSET is regular at the inner horizon [54] so the back-reaction in this case would not lead to the
formation of a singularity. All this recent work considers only a neutral scalar field, whereas
it is the presence of the classical electromagnetic field which leads to the inner horizon in the
first place. Therefore, computations of the RSET for a charged scalar field may help to shed
further light onto this question.

This paper represents a first step in this direction, since the geometric divergent terms in the
Hadamard parametrix (which we derive in this paper) must be known before the RSET can be
computed. In our analysis we make no assumptions about the background space-time geom-
etry or the fixed, classical, electromagnetic field with which the charged scalar field interacts.
Therefore our results are applicable, not only to black hole space-times, but also to scalar QED
on cosmological space-times, for which the RSET has recently been computed using adiabatic
regularization in two [55] and four [56] space-time dimensions.

The renormalization of the stress-energy tensor for a charged quantum scalar field has
been previously considered in four space-time dimensions within the framework of DeWitt—
Schwinger regularization in early work by Boulware [57] and subsequently by Herman and
Hiscock [58]. Generalizing the methodology of [13, 14], Herman and Hiscock derive the
quartic, quadratic, linear, logarithmic and finite renormalization counterterms required for the
computation of the RSET, together with the linear and finite renormalization counterterms
needed in computing the renormalized expectation value of the current operator (j ") ren. This
latter expectation value governs the back-reaction of the charged quantum scalar field on the
classical electromagnetic field via the semiclassical Maxwell equations

YV F" = 47 (J" ) ren (1.2)

where F*¥ is the electromagnetic field, V,, the space-time covariant derivative and we are
using Gaussian units. The analysis in [58] uses the Hadamard function GV (x,x') =
(®(x)®*(x') + &*(«')D(x)) where a star * denotes the complex conjugate. The Hadamard
function GV(x,x’) is related to the Feynman propagator Gg(x,x’) by the relation
Gr(x,x') = G(x,x') — %iG(l)(x, x'), where G(x,x) is one half the sum of the advanced and
retarded Green’s functions. We emphasise that the Hadamard elementary function GV (x, x)
is not the same as the Hadamard representation of the Feynman Green’s function Gg(x, x'),
which is our focus in this paper. A method for computing the imaginary part of G()(x,x') in
a Euclideanized static, spherically symmetric space-time is developed in [59]. More recently,
the Seeley—DeWitt coefficients for a charged scalar field appearing in the DeWitt—Schwinger
expansion have been studied in an alternative approach using heat kernel methods [60, 61].
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The outline of this paper is as follows. In section 2, we give the Hadamard parametrix
of the Feynman Green’s function for a massive complex charged scalar field with arbitrary
coupling to the curvature and in arbitrary space-time dimensions, in terms of sesquisymmetric
biscalars U(x,x'), V(x,x") and W(x,x"), which have power series expansions in the square of
the geodesic distance between the space-time points. The recurrence relations satisfied by the
expansion coefficients (which are themselves biscalars) are derived in section 3, and solved
explicitly for two, three and four space-time dimensions, up to the order required for the com-
putation of the RSET. Expressions for the renormalized expectation values of the current and
RSET are found in section 4 in terms of quantities which depend on the quantum state of the
field. We compare our results with those arising from other approaches to regularization in
section 5. Section 6 contains our conclusions and discussion.

2. Feynman Green’s function for a charged scalar field

In d space-time dimensions, we consider a massive, charged, complex scalar field ® of mass
m and charge ¢ satisfying the equation

[D,D" —m* —ER] @ =0 .1

where D, =V, —igA,, is the covariant derivative, with A, the electromagnetic potential; R
is the Ricci scalar curvature and £ a coupling constant. Throughout this paper the metric has
signature (—, =+, ..., +). If £ = 0 the scalar field is minimally coupled to the Ricci scalar cur-
vature and, in d space-time dimensions, the scalar field is conformally coupled to the curvature
if £ = &, where

d—2

“Tia-n

(2.2)

We assume that the scalar field has been quantized but that the electromagnetic field and
space-time metric remain classical. The scalar field is assumed to be in a Hadamard state
(this is a reasonable assumption for physical states [62]). We consider the Feynman Green’s
function Gg(x,x’) for this state, which is given by the expectation value of the time-ordered
product

CiGr(x,X) = <T [cﬁ(x)cﬁf(x')b 2.3)

where &' denotes the adjoint field operator (which is not equal to d for a complex scalar
field). The Feynman Green’s function Gg(x,x”) is a biscalar function of the distinct space-time
points x and x" and satisfies the inhomogeneous scalar field equation

[D,D" — m? — R Gr(x,x') = — [—g(x)] 7 6%(x — ') 2.4)

where g(x) is the determinant of the space-time metric and 6¢(x — x’) is the d-dimensional
Dirac delta function. We assume henceforth that the space-time point x’ lies within a normal
neighbourhood of the point x, so that there is a unique geodesic connecting the two points.

Our assumption that the quantum state of the scalar field is Hadamard dictates the form
of the Feynman propagator Gg(x,x’) for closely separated points, depending on the number
of space-time dimensions. In all cases the Hadamard expansion of Gg(x,x") depends on the
geodetic interval o (x, x"), which is one-half the square of the geodesic distance between x and
X', and satisfies the equation
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20 =g oto” 2.5)

where we use a semicolon ; to denote a space-time covariant derivative, that is o = V*o.
Depending on the number of space-time dimensions, the Feynman propagator will depend
on two or three biscalars, which we denote U(x,x’), V(x,x") and W(x,x") in accordance with
standard notation [25], and which are regular in the limit x’ — x. In the list below we give
the form of the Feynman propagator in terms of U(x,x’), V(x,x’), W(x,x’) and o (x,x’) for
different numbers of space-time dimensions, and also the expansions of U(x,x’), V(x,x’) and
W(x,x') in terms of powers of o. In each case we include a factor ie as € — O to ensure that
the singularity structure of Gg(x, x’) is consistent with the definition of the Feynman propaga-
tor as a time-ordered product. We use a superscript of the form (d) to denote the number of
space-time dimensions d.

d = 2 In two space-time dimensions, the Hadamard form of the Feynman propagator is

/
i (x,%) = a® {V(z)(x,x’)ln [U(z;x) —I—ie} + W<2>(x,x’)}, 2.6)
where
1
@_1
ot = = 2.7)

and the biscalars V) (x, x") and W (x, x’) can be written as power series in the geodetic

interval o
VO (xx) =Y VP (x,x)o" (x,X), (2.8a)
n=0
o0
WO (x,x) =Y WP (x,x')o" (x,x'). (2.8b)
n=0

d = 2p, p > 1 When the number of space-time dimensions is even and greater than two,
so that d = 2p with p = 2,3,..., the Hadamard expansion of the Feynman propagator
takes the form

U (x,x')
[o(x,x") +ie] "™

o(x,x')

+V<2p>(x’x/)1n[ 5 +ie}+w<21’>(x,x’)}, (2.9)

—iGézp) (x,x') = a®) {

where

g _ Lp—1

207 (2.10)

and the expansions of U®) (x,x), V) (x,x’) and W) (x,x’) in powers of & (x,x’) are
now

p—2
U (x,x') = Z U@ (x,x')o" (x,x), (2.11a)
=0
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V) (x,x) =V (x,x)0" (x,), (2.11b)
n=0
W) (x,x') Z W) (x, x')o" (x, X'). (2.11¢)

d=2p + 1 When the number of space-time dimensions is odd, d =2p + 1 with
p=0,1,2,..., the Feynman propagator has the Hadamard form

U@+
—iGE T (x,x) = o@D {(xx)] + W<2P+”(x,x’)} . (2.12)
[0, x7) +ie] "2
where
T'(p— 1
ot — (73 (2.13)
2(2m)PTe
and
U(2P+l) Z U(2P+1) x .X' ( ) (21461)
(ZP‘H) Z wy 2”+1) x x o"(x, ) (2.14b)

The quantity ¢ introduced in the Feynman Green’s functions (2.6), (2.9) for even space-time
dimensions is an arbitrary length scale, required to ensure that the argument of the loga-
rithm is dimensionless. Both the Hadamard parametrices (2.6), (2.9), (2.12) and the general
forms of the power series expansions of U(x,x"), V(x,x’) and W(x,x’) (2.8), (2.11), (2.14) are
unchanged from those for a neutral scalar field [25] because including the gauge potential A,
does not alter the principal part of the PDE (2.4).

There is one significant difference in the Feynman Green’s function Géd) (x,x") and
Hadamard parametrices for a charged complex scalar field compared to a real neutral scalar
field considered in [25]. For a real neutral scalar field, both the Feynman Green’s function
Géd) (x,x') and the Hadamard coefficients U (x,x’), V(9 (x,x’) and W(? (x, x') are real sym-
metric biscalars. However, for the complex charged scalar field, these will be complex ses-
quisymmetric biscalars [63], satisfying the symmetry relation

K(x,x') = K*(x', x). (2.15)
The condition (2.15) will also be satisfied by the Hadamard expansion coefficients ul® (x,x"),
VD (x,x")and w (x, x"). Now consider a general symmetric sesquisymmetric biscalar K (x, x”)
satisfying (2.15), and suppose that this has a covariant Taylor series expansion of the form

K(x,x') = ko(x) + k1, ()0 + kapy (X) 0% + kzppr ()0 aV o ™ + ..,
(216)
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where the coefficients ko, ki, k2, and k3,5 are complex and depend only on the space-time
point x. From (2.15), the real part of K(x,x') is a symmetric biscalar. This means that ko(x)
must be real and that the real parts of k;,, and k3, x are fixed to be [64-66]:

1
Rk = — ko (2.17a)
1 1
§R [kS/,LV)\] - _5% [k2(‘uu;)\)} + ﬁkO;(#VA)' (217b)

In addition, we find that the imaginary part of k»,,,, is also fixed by (2.15):

1 1
S llag] = 2 Ko+ 2K ] = =59 ki) 2.18)

where we have simplified using (2.17). In (2.17), (2.18), we have used the notation R[k] to
denote the real part and 3[k] the imaginary part of the quantity k.

3. Hadamard coefficients

While the Hadamard expansion of the Feynman propagator is the same for a charged as for an

uncharged scalar field, it is anticipated that the form of the Hadamard coefficients U,(,d) (x,x),

@) (x,x")and w (x,x") will be changed by the introduction of the electromagnetic potential
A, into the scalar field equation (2.4). In this section we derive the recurrence relations satis-
fied by the Hadamard coefficients, and give their explicit forms for d = 2, 3 and 4 to the order
required for the renormalization of the stress-energy tensor.

To derive the recurrence relations, we make use of (2.5) for the geodetic distance. In addi-
tion, the recurrence relations involve the Van Vleck—-Morette determinant A(x, x’), a regular

biscalar defined by

1
Alx,x') = = [=g(x)]7* det [~ o (x,x)] [-g(x)]
where a subscript ; v/ denotes the space-time covariant derivative V,, with respect to the

space-time point x’. The Van Vleck—Morette determinant is related to the D’ Alembertian of
the geodetic interval by

: (3.1)

V,Vho =d— 20" AZ0H, (3.2)
which simplifies the recurrence relations.

The recurrence relations that we derive below for the Hadamard coefficients U,(ld) (x, X )
and V,Ed) (x,x") can, at least in principle, be solved by integrating along the unique geodesic
connecting the space-time points x and x’. As a result, these Hadamard coefficients are unique
and determined by the space-time geometry, the background electromagnetic potential A, and
the parameters ¢, £ and m appearing in the charged scalar field equation (2.4). In particular,
they do not depend on the state of the quantum scalar field, a point which is crucial for the
process of Hadamard renormalization (see section 4). In contrast, the Hadamard coefficients
W,gd) (x,x") are not uniquely specified and the Hadamard coefficient Wéd) (x,x") is completely
undetermined by the recurrence relations. If this coefficient were known, then the recurrence
relations could (in theory) be solved for the coefficients Wi (x,x") with n > 1 by integrat-
ing along the unique geodesic connecting x and x’. The undetermined Hadamard coefficient



Class. Quantum Grav. 37 (2020) 065004 V Balakumar and E Winstanley

Wéd) (x, x") depends on the state of the quantum scalar field as well as the space-time geometry
and the electromagnetic potential (which we are regarding as fixed and purely classical).
Solving the recurrence relations by integrating along a geodesic is possible in practice
only for space-times possessing a high degree of symmetry. For a general space-time and
background electromagnetic potential, closed form expressions for the purely geometric
Hadamard coefficients U{" (x,x), @ (x,x") cannot be derived. When performing renormali-
zation (as we shall discuss in section 4), it is therefore useful to have covariant Taylor series
expansions of the Hadamard coefficients U,(Zd) (x,x'), V,gd) (x, x') (where applicable) in terms of

o', We write these covariant Taylor series expansions as follows:

o0
d o .
UD ) =3 U ()0 (') o (), (3.3a)
j=0
o0
d ‘a s
VIO (e x) = STV ()0 (xx) o (), (3.3b)
Jj=0

(d) 1(d) . . . .
where the U,;”, V,;” are symmetric tensors of type (0,7) defined at the space-time point x. To

find the U,S;I), V,Ef), we will require the covariant Taylor series expansions of the quantities
L .
0., the square root of the Van Vleck—Morette determinant A% and A*%Afua’“, which can

be found in [67]. To the order we require, the expansion for o, is

— e g ppte ) Ie S g e % Jpte &
U;MV_ng_iRMalVOQU g +*Rua1ua2;a30 oo

3 12

1
N _ 14 e IS L apne & Jpe 7]
|:60R;La1ua2;a3a4 + 45Rl»wélpazR aszvay | O g g o

+ (3.4
while that for Az is
1 1 o 00 1 e Qe e & |
A2 :1+ERa]a20 o —ﬂRalazma oo™
1 L, -
+ @ROHOQ;OWM + ﬁR Oél‘l'azR a3 Py
*mRame] oo (3.5)
1
and finally for A~ A2,0%* we have
T 1 oy cvr eys
A_%Afﬂa’“ = EROCIOQU’O“J""2 — ﬂRalaz;mo“"‘(f’o‘zo""3
1 [T
+ [lzoRalaz;asm + %RpalTazRTa3pa4 O.,Oclo.,aza.,oao.,om
(3.6)

+ ...

In deriving the covariant Taylor series expansions of the Hadamard coefficients, we will not
assume the field equations for either the space-time curvature or the gauge field. The gauge
field strength F,,,, is defined by

Fuy =V,uA, —V,A,. (3.7)
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The calculations below make use of the identity
V#VDFHV = 0, (38)

which follows from the definition of the Ricci tensor and the antisymmetry of the gauge field
strength F,,,.

3.1d=2

3.1.1. Recurrence relations for d =2. To find the recurrence relations for the coefficients

,52) (x,x"), we substitute the Hadamard parametrix (2.6) into the inhomogeneous scalar field
equation (2.4). From the resulting terms proportional to log [a /02 + ie}, we find that the bis-
calar V) (x, x') satisfies the homogeneous scalar field equation (2.1):

0= [D,D" — (m* +€R)| VP, (3.9)
while the remaining terms in the inhomogeneous scalar field equation (2.4) yield
1
0=0 [DD" — (m? + ER)] W® 42 {a?“DM - A*%A?Ma‘“} v, 3.10)

We now substitute the power series expansions (2.8) into (3.9), (3.10) and compare coeffi-
cients. The O(0?) terms in (3.10) give

I
0=[0"D, - A~* AL | V{7, (3.11)
In order that the leading-order singularity in the Hadamard parametrix (2.6) matches that in
Minkowski space-time, it must be the case that V0(2) (x, x") satisfies the boundary condition [25]
VP (r,x) = —1. (3.12)

The recurrence relation satisfied by the coefficients V,Ez) is derived from (3.9) and takes the
form

0= [D,D" — (m* + ¢R)| VP

L
+2(n+1) {g;#DH — A*%Afnas# + (1 + n)] V,Ei)l, (3.13)
forn =0, 1, .. .. Finally, the higher-order terms in (3.10) give the following relation between

the coefficients W,Ez) and V,Ez)
0= [D,D" — (m* + ¢R)| W

+2(n+1) [o¥D, - A“EAZGH 4 (1 + m| wi,

L
) [MD# —ATIALG +2(1 +n)] v (3.14)

3.1.2. Expansions for d =2. The recurrence relations (3.13) together with the conditions
(3.11) and (3.12) uniquely determine the coefficients V,Sz)(x, x'). For a neutral scalar field,
Véz) (x,x') is identically equal to —A2 (x,x’) [25], but the presence of the gauge potential A,
in the covariant derivative in (3.11) modifies V(gz) (x,x") in the case where the scalar field is
charged. We therefore consider the covariant Taylor series expansions (3.3b) of the coefficients
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2 (x,x"). To find the RSET, it is sufficient to compute V(gz) up to O(o) and Vl(z) to zeroth
order.

These expansions are known for a neutral scalar field [25], so we just need to find the cor-

rections due to the gauge field potential A,,. Since the relations (3.11), (3.13) are linear in the

coefficients V,§2>

, We write
v = A1 4 V2. (3.15)
Substituting in (3.11), the equation satisfied by the correction \7(§2) is
0= [cr;“D“ - A*%Aia;“} VP +igA,ot AL (3.16)
The boundary condition (3.12) implies that %é) = 0, and then from (3.16) we have
Vit = —igA,, (3.17a)
Vigh, = ing(HAu) + %ZAHAV = %qD(uAl,). (3.17b)

Combining these with the expansion (3.5) for A? and using the fact that, in two dimensions,
the Ricci tensor and scalar are related by

R
Ruv = 58w (3.18)
we have
Vi) =1, (3.19a)
Vit = —igAy, (3.19b)
1
Véi,)w = 54 R8u + D<H v)- (3.19¢)

We see that corrections to Vé ) due to the electromagnetic potential arise at O(a% ). The lead-
ing order corrections due to A,, are independent of the space-time metric and therefore arise
in flat Minkowski space-time as well as curved space-time. At O(¢) in Vé2), the corrections
due to the electromagnetic potential do now depend on the metric via the covariant derivative.
Bearing in mind that the electromagnetic potential A, is real, it is straightforward to check
that %[Vél | satisfies the condition (2.17a) and [V, 55) ] satisfies (2.18).

The next coefficient, V,( ), is found from the recurrence relation (3.13) with n = 0. Since the
form of this coefficient, Vl( ), is known for a neutral scalar field [25], we write

Dy |y, (3.20)

where the correction ﬁfz)

vi
due to the gauge potential satisfies the equation
0= [DuD" — (w* +€R)] Vi +2 [0 D, — A Aj 0 + 1]
—2igo A,V + [2igAMV, +ig (V,.A") + ¢PA,AR] A2, (321
To find the RSET, we only require the zeroth order term in \71(2), which is found to vanish

10
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Vi =o, (3.22)

and thus
1 1
v =@ - -1 {mz ; (g - 6) R} . (3.23)

Therefore, to leading order, the electromagnetic potential A,, has no effect on Vl(z).

3.2. d >2even

3.2.1. Recurrence relations for general d =2p, p > 1. Substituting the Hadamard expan-
sion (2.9), (2.11) into the inhomogeneous scalar field equation (2.4) and comparing coeffi-

cients of the various powers of o, we find recurrence relations for the coefficients U,(,2p ) (x,x),
,5213 ) (x,x") and W,$2P ) (x,x).
The equation for U(gz” ) is derived from the © ([cr +ie] ) term in the inhomogeneous sca-
lar field equation (2.4), and takes the form
0=[a-taj0" — oD, UFY (3.24)
i mwl Yo - .

In order that the leading-order singularities in the Hadamard parametrix (2.9) match those in
Minkowski space-time, it must be the case that U(()Zp ) satisfies the boundary condition [25]

U (x,x) = 1. (3.25)

Due to the terms containing the electromagnetic potential A, it is not the case that U(()ZP ) is
equal to A as for a neutral scalar field. Since the equation for UézP ) is linear, we can write

U™ = A+ U, (3.26)
and then ﬁézp ) satisfies the equation
(oD, ~ A—%Aiwﬂ U = igA, 0" AL, (3.27)
Terms in the inhomogeneous scalar field equation of order [ + ie] ” T forn = 0,1,... p—3
give the following recurrence relations for the Hadamard coefficients U,(lZp ) (x,x)
0= [D,D" — (m*+ €R)] U
—2(n+2-p) {A*%Aia;“ —otD, — (n+ 1)} U,(ffl), (3.28)

forn=0,...,p—3.
The biscalar V(®) (x, x') satisfies the homogeneous scalar field equation, derived from the
terms in the inhomogeneous scalar field equation proportional to log [U /02 + ie}:

0= [D.D" — (m*+€R)] V) (x,x') (3.29)

and its expansion coefficients are governed by the recurrence relations

1
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0= [D,D" — (m’ +¢R)| V)
. R
+2(n+ 1) [07D, — A ALe" + (p )| VY, (3.30)

forn =1,2,.... The term of order [ + i¢] ~!in the inhomogeneous scalar field equation (2.4)

gives the boundary condition for V(gz” ),

2
0= [D,D" — (m® +¢R)] U
1
+2 0D, — AT AL + (p - 1)] VY. (3.31)
By considering the terms in the inhomogeneous scalar field equation (2.4) which are
0 ([o + ie]k) for k = —1,0,1,2,..., we find that the biscalars V*)(x,x’) and W) (x,x’)
are related via
0= [D.D" — (m* +€R)] U + o [DD* — (m* + €R)] W)
1
42 [asﬂDu A AL 4 (p— 1)} Ve, (332)

The O (00) contribution to (3.32) is simply equation (3.31) for the Hadamard coefficient
V(gzp ) (x,x"). The recurrence relations for the coefficients Wi (x,x") are found from the

(@] ([a + ie]"+1) contributions to (3.32) and are given by
0= [D,D" — (m* + €R)] W)
F2n4 1) [0#D, = A7 HALe™ 4 (n4 )] W)

+2 04D, — A AL + (2n+ 1+ p)] VD). (3.33)

3.2.2. Expansions for d =4. We begin by finding the covariant Taylor series expansion of
(784) using the governing equation (3.27):

~(4
Uéo) — 0 (3.34a)
—w .
éll = iqA.; (3.34b)
0 L L
Uy = =514V (uAv) = 507 AuAY: (3.34¢)
09 L oA + iR AN+ ALY A
03uvA — 61q (n V4N + 121q (prAN) zq [((TASZeY! (334d)
- %i(fA#AVA A
~(4) 1. 1. 1.
U04;U/)\7— = = ﬂlqA(uvl/R)\T) - ﬂlqR(uuvAA‘r) - ﬁlqv(pvyv/\AT)
1 1 1
=37 (VaAy) (Vadn) = 2@ RuArAn) = 2q*Au Ve Vads)
1. 1
+ ZquA(uAVV M) + ﬂq“AuAl,A Mr. (3.34e)

12
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Combining these with the expansion of Az (3.5), and simplifying, we find compact expres-
sions in terms of the covariant derivative:

Uy =1 (3.35a)
Ust, = igA s (3.35b)
1 iq
U(();Lu = ER#V - ED(.UAV); (3.35¢)
1
U(gg/)_tuk = R(HV A) + 6 D( D A)\) + A(H 1/)\) (335(1)

@ _1 1
04pvir — %R(W-AT) + %RP( WJ\V >\|p|-,-) + 288R(MVR>\_,_)

(DuDrA) — 1D, [AR\)] (3.35¢)

24 247 24

Asind = 2, we find corrections to U “ due to the electromagnetic potential at O(a% ), and the
leading-order corrections due to A, are independent of the space-time metric. Terms involving
coupling between the electromagnetic potential and the Ricci curvature arise at (’)(a% ). Itis
straightforward to check that %[Uégzw} satisfies (2.18), while (2.17) also holds.

To find V0(4), we proceed in a similar way and write

v — Y 47, (3.36)

where Vé4) is the form of Vé4) for an uncharged scalar field, as given in [25]. Then the equa-
tion satisfied by Vé4) is

1 ) ~ ~
"= A AL —igauo + 1| VY o DD — ( + €R)] U

= 2igA, 0"V + [2igAFV , +iq (V,A") + A, A" AL
(3.37)

As an intermediate step, we can write D, DH 584) in the form

D,D'USY =igD"A,, + [6gaf’ Usshs, — 19D DyAa + %"A“Rw ot
aB77(4) ar7(4) apn 774
+ 128" Upso g + 0D Uz, + D DaUpy,,,

250 g oo 14,4 iq o gy
+3 UnauR0™ = oA Raquw) = 3 A Rauan) | oo

+... T (338)

13
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This simplifies to

~ i 1 .
DD U =igD"A,, + %q [A“Rau + 5 RAL+ V“FW] ot

ig ig ig
LRWDLAY — LRD(,A,) + ARy
2 .

9 Lo 19 Sa

ZF HFIJ(X + EV V(”Fl,)a

ig
6

7 ig .
“v‘?A(MVaF,,)a Ra(ﬂFl,)a:| otoV + ... (3.39)

AR (v +

2
The covariant Taylor series expansion of 17(54) is then

Vi =0 (3.40a)

~ i 1 i
VS?L = Eq [mz + (E - 6> R] A, — %V“Fau; (3.40b)

~(4 ig 1 ig 1
Wi = = [ (6 5 ) & ot = (6= 5 ) At
2 2

4 ra q o ig o
— —F% F,o, ——=A Foo— = Foa. .
24" # 12 (#v ) 24_V(Mv ) (3.400)
Combining these with the expansion of V(§4) given in [25], we have
v e (e— DRl (3.41q)
00 2 6 ’ .
4 1 1 iq 1
ig
- 1A Fa X .
IZV M (3.41b)

4) 1 2 1 1 3 1
yW ——)R|Ruw+ —&— = |Ruw — =—=0R,
02ur = g {m +<5 6) ] w5 (&7 20 ) R~ 555 R
1 1 1

+ @RauRau - ﬁRaﬂRauﬁv - %Raﬁ’yuRaﬂ’W

iq | , 1 ig 1
T4 [m + (5 - 6> R] DAy — 1 (5 - 6> ARy

2 2 :
q e q e 19 «@
- QF /_LF,/a - EA(MV FV)Oé - QV(MV FV)Oc'

(3.41c)

The leading order form of Vé4) is therefore, as in d = 2, unaffected by the presence of the
gauge potential A,. At O(U%), as well as corrections due to the potential A, the electro-
magnetic field strength F,,,, also arises, with couplings between the gauge potential and cur-
vature appearing at O(c!). Again, the coefficients in the covariant Taylor series expansion of
VY satisfy (2.17a), (2.18).

14
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Similarly, we write V1(4) as
V1(4) _ V1(4) + ‘71(4), (3.42)

where V1(4) is the form of V1(4) for an uncharged scalar field, as given in [25]. The equation sat-
isfied by V¥ is
2 [0V, = A ALo " —igA,ot + 2] VY 4 DD — (v + €R)] V"
= 2igA, 0"V + [2igAPV , +iq (V,,A") + ¢?A,A" VY.
(3.43)
Only the zeroth order term in \71(4) is needed for a computation of the RSET in d = 4. We find
that this is given by

_ 2
v = fZ—SFQBFa,g. (3.44)

Combining this with the expression for V1(4) from [25], we have

v = e (2] szi e~ D or- L gesg
0" g 6 24 5 720 ab

1 q2
+ mRaﬁvﬁRaW - &FWF&E. (3.45)
Here there is a correction due to the electromagnetic field strength at leading order. This cor-
rection will be important in section 4.5 where we consider the trace anomaly.

3.3. d odd

3.3.1 Recurrence relations for general d =2p + 1. The recurrence relations satisfied by the
coefficients in the power series expansions (2.14) for odd numbers of space-time dimensions
are derived in a similar way to those for even space-time dimensions. First we substitute
the Hadamard parametrix (2.12) into the inhomogeneous scalar field equation (2.4). Due to
the fractional power of o in (2.12), the resulting equation consists of two parts. The first
involves only integer powers of o and shows that W%+ D satisfies the homogeneous scalar
field equation

0= [D,D" — (m*+ €R)] WD), (3.46)

while the second involves noninteger powers of o and gives the equation satisfied by U®*+D,

namely
0=0 [D,D" — (m* +£R)] y@r+n
1 3.47
— (2p _ 1) [U;#DH _ A—%A}ua;u] U(2p+1). ( )

Substituting the power series expansion (2.14) for U@+ into (3.47), the (9(00) term gives

the equation satisfied by Uézp 0.

0= oD, - A*%Aio*‘} Uy, (3.48)

15
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while the coefficient of "*! yields the recurrence relation
0= [D,D" — (m*+ ¢R)| UPPTY
. N A 2p+1
+n+3-2) 04D, = AT ALY + (n+ D] US54,
The boundary condition satisfied by U(()2p s [25]

U (x,x) = 1. (3.50)

3.3.2. Expansions for d =3. We first note that the equation (3.48) and boundary condition
(3.50) satisfied by U, (241 are identical to those (3.24) and (3.25) satisfied by Uéz” ). Therefore
the expansion of UéS is the same as that of U(g4), and the terms required to calculate the RSET

are:
Ul = 1; (3.51a)
Ughy, = igAy; (3.51b)
1 i
Uéifw = 1o Rw — EqD(uAV); (3.51¢)
@ _ 1 ig iq
Uozpwn = *ﬁR(uu;/\) + gD(MDuA,\) + EA(HRUA). (3.51d)

In d = 3, we also require U 1(3) to O(o**) in order to find the RSET. The equation satisfied by
©F
Uis

Lo
0= [D,D" — (m* + €R)] U + {J;“DM CATHALGH 4 1] u®. (352
This is very similar to the equation (3.31) for Vé4) in four dimensions:
Lo
0= [DuD" = (m* +¢R)] U +2 [07D, — A~ Age + 1] VY. (3.53)

We can therefore easily deduce the expansion of U ](3) from that (3.41) of Vé4). The terms
required for the computation of the RSET are therefore

1
U =m? + <§ - 6) R, (3.54a)
(3) 1 | 1 g0
Ul =35 5*6 R, +iq |m” + ’5*6 R Au—gv Fop. (3.54b)

4. Renormalized expectation values

In (2.6), (2.9), (2.12) we have written down the Hadamard parametrix for the Feynman Green’s
function Gg(x,x’), which depends on three sesquisymmetric biscalars U (@) (x,x"), V@ (x,x")
and W@ (x,x’). For a neutral scalar field, the biscalars U@ (x,x’) and V(@ (x,x) are purely

16
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geometric and are uniquely determined by the space-time geometry. Here we are considering
a charged scalar field interacting not only with the space-time geometry but also with a fixed,
background, purely classical electromagnetic field. As a result, the biscalars U (x,x’) and
V@ (x,x") depend on the electromagnetic potential as well as the space-time metric, but they
are still uniquely determined by the recurrence relations derived in the previous section.

The part of the Feynman Green’s function which is divergent in the coincidence limit is
Gs(x,x"), where we define

!
PV (x,x)In [U();’zx) + ie} d=2,
U@ (x,x') olxx) .
—iGS(x,x/) _ 04(217) {W + V(ZP) (x,x') In |:T + 1€:| d = 2p, (41)
(2p+1) /
O4(217+1)U—(x’x)1 d=2p+1.
[o(x, %) +1€]72

Since Gs(x,x’) depends only on the biscalars U@ (x,x’) and V(@ (x,x'), it is uniquely deter-
mined by the background space-time and electromagnetic potential, and takes the same form
independent of the quantum state of the scalar field. In this section we turn to the construction
of renormalized expectation values of the scalar field condensate, current and stress-energy
tensor. We first subtract the divergent Gs(x,x’) from the Feynman Green’s function Gg(x,x’)
to give a regularized Green’s function Gg (x,x’), which takes the form

—iGr(x,x') = —i[Gp(x,¥') — Gs(x,x)] = 2 DWD (x,x") (4.2)
for any number of space-time dimensions d. The renormalized current and RSET will be given
by applying appropriate differential operators to —iGg(x, x") and then taking the coincidence
limit x — x. In this section we first derive some useful identities for the biscalar W4 (x, x'),
before turning our attention to the renormalized expectation values themselves. We emphasize
that the biscalar W(?@ (x,x’), and therefore the regularized Green’s function Gg(x,x’) are not
uniquely determined by the background geometry and electromagnetic potential, and depend
on the details of the quantum state of the scalar field. This means that the expectation values

we study in this section will also depend on the quantum state of the field. Our discussion in
this section is for a general space-time and background electromagnetic potential. We there-
fore do not specify a quantum state for the field, and as a consequence the biscalar W@ (x, x’)
will remain undetermined in our analysis. We focus on general properties of the renormalized
expectation values arising from Hadamard renormalization. In practical applications, a par-
ticular space-time, electromagnetic potential and quantum state will be specified, which will
enable W@ (x,x"), and therefore renormalized expectation values, to be computed explicitly
using the results presented in this section.

4.1. Properties of the biscalar W@ (x, x')

The biscalar W@ (x,x") appearing in the Hadamard parametrix (2.6), (2.9), (2.12) cannot
be uniquely determined from recurrence relations derived in section 3, and depends on the
quantum state under consideration as well as the background geometry and electromagnetic
potential. We therefore leave this biscalar undetermined, but are able nonetheless to derive
some of its properties. Following [25], we write W@ (x,x") as a covariant Taylor series expan-
sion in the form

17
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W@ (x,x') = w(()d) (%) + wgi) (x)oH + wgi)y(x)a HoV + Wgu)m (x)ohoVor ..., (4.3)

where the coefficients w(()d), w§ u)’ wg u)v and wgi)u » depend only on the space-time point x. We

emphasize that, since the biscalar w) (x,x") depends on the quantum state of the field, so too

do the coefficients w(() ), wy #) , wéi)y and wgi)y » and therefore they are undetermined by our

(d) () ()

general analysis. Since W@ (x,x") is sesquisymmetric, the coefficients w > Way and wy f oy

will satisfy the conditions (2.17) and (2.18). Following [25], we now derive some identities
involving the coefficients in (4.3) which are useful for the study of the general properties of
the expectation values of the current and stress-energy tensor.

First consider the case of even numbers of space-time dimensions. The equations (3.10),
(3.32) satisfied by W(x, x') in this case take the form

0= [D,D" — (M +ER)] W™ 420D, + (p+ 1)] VP + O(0). (4.4)
Inserting the expansions (3.3b), (4.3), we find the following identities
2 2 v (2 2
0= DMD“W(() 2 ZDHWEMP) +2gH wglfg — (m2 + fR) w(() 2

(4.5q)
+2(p+ 1)V,

1
0=D D"w?p) + 4D“w(2p) + 6g"”w§if’l)w + gR”awﬁp) (m2 + {R) ngp)

+2D, VP +2(p+2) Vi)

(4.5b)
The real and imaginary parts of (4.5a) are (having simplified using (2.17a), (2.18))
0= 2R (wil)) +204"S (W) = [ + R + A, A )
+2(p+ 1)V, (4.6a)
0 = VHS (Wﬁf’)) gAPY WOZP q(V*A,) (217)' (4.6b)
We only require the real part of (4.5b). Using (2.17), (2.18), this simplifies to
0 =29 (wi¥)) + 4"V, S (W) +24 (V(aa") S (wi))
1 1
= 3 Valng? — SR awi) — { R + PA'V oA } &)
+v, Vl(ép)- 4.7

The calculation proceeds similarly for odd numbers of space-time dimensions. In this case
WP+ satisfies the homogeneous scalar field equation (3.46) and the identities (4.5) simplify:

0= DD w4+ 20w - 2gr WP — (m? + €R) wiTY, (4.8a)

ul/
1
0 = DD 4 aprwitD 4 6grrwP T 4 R W
3 (4.8b)

(m +§R) (2p+1)

18
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The results corresponding to those in (4.6) and (4.7) are

0=2g""R <w§ipj1)) + 2gAFS (ngp+l)) — [m? + R + g*A,A] w(()2p+])’

(4.9a)
0= V& (ngp'i‘l)) _ qAHV,uW(()Zp—H) —q (va“) W(()2p+l), (4.9b)
and
0 =20k (W) + a0, (W) + 29 (Toa) 3 (w35
1 1 1
= VoW — SR [zgR;a + APV A, | WD
(4.10)
respectively.

We now have the machinery required to derive expressions for the renormalized expecta-

tion values of the scalar field condensate (®®'), current (J#) and stress-energy tensor (T},,,) in
terms of coefficients in the expansion (4.3). The renormalized expectation value of the scalar
field condensate takes a simple form in terms of the regularized Green’s function Gg (x,x’)
(4.2)

(®01)en = lim R {~iGr(x.2")} = alwg” (x). @.11)

The renormalized current and RSET are examined in the following subsections.

4.2. Renormalized current

The classical current J# for a charged complex scalar field @ is

ig . 9 &1
JH == |9*D*P — & (DHD)"| = ——— [@*DHD]. 4.12
o | (D"®)"] = - S [0* D" 9] (4.12)
The renormalized quantum expectation value of the current is therefore given as the limit
(")ren = = 4= lim S {D* [iGr (. )]} . (4.13)
The derivative is straightforward to compute and gives
(d) (d)
~ a\tq d d arq d d
Uudeen = =3 =S [D,ng ) +w§l]] = {unwg ) _g [wm } (4.14)

We require the renormalized expectation value of the current to be conserved, that is

0= V“(%)m = ﬁ {q (VFA,) w(()d) + qAMV“w(()d) - VS [wi‘ﬂ} (4.15)

which holds from (4.6b), (4.9b).
4.3. Renormalized stress-energy tensor

The classical stress-energy tensor for a massive, complex, charged scalar field ¢ nonmini-
mally coupled to the space-time curvature is
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T =5 (1 - 26) [(D,®)" D, @ + D, (D, )]
+ % <25 - ;> 8w8" [(D,®)" Dy® +D,® (D;®)"]

—£[®*D.D,® + © (DD, ®)"| + &g, [2*D,D’® + © (D,D’P)"]
1 1
+¢ (RW - ZgWR> >*P — Engwcb*@
* 1 o *
= {(1-20 0,07 D, + (26 - 1) gua (0,3) Dy
1
—260*D,,D, @ + 2£g,,,®*D,D D + ¢ (R,W — ngR) >* P

1
—Zngu,,@*@} .
(4.16)

When the scalar field is uncharged, the covariant derivatives D, in (4.16) are replaced by the
usual space-time covariant derivatives V,, and the expression (4.16) reduces to that given in
[25, 68, 69] for a neutral scalar field.

Following the Hadamard renormalization prescription, the expectation value of the
quantum stress-energy tensor operator is given as the limit

(Tu) = lim RA{Tp (x.2) [-iGr (x.2')]} 4.17)

where 7, is the second order differential operator
v’ * 1 ped *
T = (1-2) 8, DD} + (25 - 2) 88" DyDs —26D,D,

1 1
+ 288 DpD” 4§ <RW - Zg;wR) - Engum (4.18)

where gul‘, is the bivector of parallel transport. According to Wald’s axioms [11], the renor-
malized expectation value of the stress-energy tensor is unique only up to the addition of a
local conserved tensor. We therefore write

(T deen = @@ Tim R [Ty (3 W D (x,) | + 68, 4.19)

x'—x

where éftdy) is a local tensor whose form will be constrained by considering the divergence of

<T,u1/>ren‘
Applying 7., (4.18) to W(x,x") (4.3) and taking the real part, we find

(Bushen = { =22 (50, ~ 20,3 (4)) = (€= 3 ) Wil
R+ )+ g [g7R (950) + a0 ()
+ <§ - éll) DW(()d) - % (m2 + &R+ qupAp) w(()d)] }
* é’(‘d”)' (4.20)
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This expression is manifestly symmetric in g and v and reduces to the corresponding expres-
sion in [25] when g = 0 and the scalar field is neutral.
We now examine the conservation of the RSET. Taking the divergence of (4.20), and sim-
plifying using the identities (4.6), (4.7), (4.9), (4.10), we find, when d = 2p is even,
VT hren = —a PPV, V) 1 47, (1) ren + VHO 2D 4.21)

pvo

and when d = 2p + 1 is odd,
V(T hren = 47F iy () en + VFOZHD, 4.22)

where we have used the expression (4.14) for the renormalized expectation value of the cur-
rent. The first term on the right-hand-side of (4.21) arises in the neutral scalar field case [25].
Following [25], we therefore define

2 (2p) (2p) _
5@ _ {a( " pguw Vg + 0 d=2p, 423)

py 9&%5’“) d— 2p + l,

d) . .. o Lo
where @,(W) is a local conserved tensor, giving the expected renormalization ambiguity in the

RSET. For all d, we then have

VAT Yren = 4TF 1 (T ren (4.24)
leading to the nonconservation of the RSET of the charged scalar field. This result follows
from the fact that there are two matter fields in our system, the electromagnetic field (which
we are treating as purely classical) and the quantum charged scalar field. It is only the total
stress-energy tensor arising from both matter fields which will be conserved. The stress-energy
tensor due to the classical electromagnetic field is

1

T,Sl/ = FupFVp - ZguquTFpT- (4.25)
Taking the divergence gives
VHTSU = FVquFW) = 477Fup<]p>ren, (4.26)

where we have used Maxwell’s equation
0= ViuFpr (4.27)

(which is unmodified by the presence of the charged scalar field) and the second equality fol-
lows from the semiclassical Maxwell equation (1.2). Therefore, since the electromagnetic field

F,,, is antisymmetric, the total stress-energy tensor Tﬁy + <Tw)ren is conserved, as required.
With the definition (4.23), the expression (4.20) can be simplified using (4.6a), (4.9a) to
give, when d = 2p is even,

. 2 © 1 2
<Tuu>ren :a(Zp) {_2% (Wgupu)> - ZqA(NS (W]VI;)> N <§ N 2) W(();Z)V
1
+ (€Rm/ + quuAV) W(()zp) + 8w [(5 a 4) DW(()ZP) - Vl%p)} }
et (4284)

pvo
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and when d = 2p + 1 is odd

(T en =0 {20 (w1) ~ 208, (w2

1 2p+1 2p+1
(6 ) s

1
g (5 - 4> DWéz”“)} +O@+h, (4.28b)

4.4. Renormalization ambiguities

The RSET constructed in the previous subsection was defined up to a local conserved tensor
@ff?, in accordance with Wald’s axioms [11]. The possible form of @EJ’Q is discussed in detail
in [25].

There is an additional renormalization ambiguity in even space-time dimensions, due to
the choice of renormalization length scale ¢ arising in the Hadamard parametrices (2.6), (2.9).

This leads to an ambiguity in the Hadamard coefficient W) (x, x') corresponding to the free-
dom to make the replacement

W) (x,x') = w@) (x, x') + (@) (x,x') In 2. (4.29)

Considering the terms in the covariant Taylor series expansion of W) (x,x") (4.3), this
replacement leads to

W) @) Ly e (4.30a)
Wi )V e, (430
o) )+ (VD + Jen V) ) mer 300

Ambiguities in the renormalized expectation values of the scalar field condensate, current and
stress-energy tensor therefore arise.
For the scalar field condensate (4.11), we find

(DT en — 2Py 4 y3) 1 2, @31

From (3.19a), in two dimensions V(go) is a constant. In four dimensions, from (3.41a), the renor-

malization ambiguity depends on the Ricci scalar curvature as well as the mass and coupling
of the scalar field, and vanishes when the scalar field is massless and conformally coupled. In
both two and four space-time dimensions, the renormalization ambiguity in the expectation
value of the scalar field condensate does not depend on the electromagnetic potential.

The ambiguity in the renormalized expectation value of the current (4.14) is

{aam§® = [wi?] + (gauve” = S [V ) me}.

(4.32)
In two space-time dimensions, using (3.19a), (3.19b), we see that the ambiguity in the renor-
malized expectation value of the current vanishes. From (3.41a), (3.41b), the same is not true
in four space-time dimensions, when

a®g

<Jp>ren —
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@
N a\q q
Uidren = = {qAng“) -3 [wi‘})] + 5 (VF,) In ez}. (4.33)

Given that the current acts as a source for the semiclassical Maxwell equation (1.2), this
renormalization ambiguity corresponds to a constant renormalization of the permeability of
free space (which has effectively been set equal to 47 in (1.2) as we are using Gaussian units),
which we discuss further in section 5.

The renormalization ambiguity in the RSET takes the form

<T;w>ren — <T;w>ren + \11225) In gz (4.34)

where the local tensor \11225 ) is

1
W) = o) {25}3 Vi, ] - 2a408 Vi) - (5 - 2) o,
2,
) gWDV(gop)

B ngl(gm} _ (4.35)

In two space-time dimensions, we have, using (3.19), (3.23),

FN.

+ (ERu + FPALA) VI + (5 -

@)
v = a2 mg .. (4.36)

This is the same as in the neutral scalar field case [25] and there are no corrections due to
the electromagnetic potential. In particular, \Il,(fu) vanishes if the scalar field is massless. For
a massive scalar field, since the RSET satisfies the semiclassical Einstein equation (1.1), the
ambiguity (4.34) corresponds to a renormalization of the cosmological constant A.

When d = 4, the tensor (4.35) is much more complicated. Using (3.41), (3.45), it is found

to be
1 1 1 1
@, 4] _ = 2 _ _

1/, 1 1 1 1
— (€= 36+ == ) Ruw — 2R uRaw + — R Roup,
) <£ 35 + 30> 7 + nB

90 * 180
1 7 1
—R*PY R + ——F®,Fpa, ,{ —R*PR,
Trgolt wesw Rl plva 8y {720 8

1 1 11
_ 1 papyop (- e+ =) OR
720 of10 3 (5 35T 40)

1, N\ 12, @ e
—g | 578 R +@F Fopyp p- (4.37)

In this case there are corrections arising from the electromagnetic field strength. The curvature
terms in (4.37) correspond to higher-order corrections to the gravitational action giving rise
to the semiclassical Einstein equations (1.1). The corrections due to the electromagnetic field
are proportional to the classical electromagnetic stress-energy tensor (4.25) and therefore the
ambiguity (4.34) in this case corresponds to a renormalization of the gravitational constant G
(which we have fixed by 87G = 1in (1.1)). See section 5 for further discussion of this point.
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4.5. Trace anomaly

Now suppose that the local geometric tensor @ﬁtdu) which arises in the RSET (4.28a), (4.28b)

is given by

(4.38)

o _ J U me d=2p,
00 d=2p+1,

so that the only renormalization ambiguity we are taking into account is that due to the choice
of renormalization length scale £. We now consider the trace of the RSET.
First, from the homogeneous scalar field equation (3.9), (3.29) satisfied by the biscalar

V@ (x,x'), we can establish the identity
0= 2g R (V) + 2V +2q41S (Vi) = [m? + €R + 24,4 V.
(4.39)

We can then calculate the trace of \I/fff );

g“”\I/ﬁf’) e {_zg;ng {Vgﬁ)’j} — 2gAFS {Vgﬁ)] _ zpvl(gﬂ)

+@p-1) (5— o ép‘j y

==l LV — 2p - 1) (¢ - &) OV }

) OV + [€R + °AMA,] Véé”}

(4.40)
where &, given by (2.2), corresponds to conformal coupling and we have simplified using
the identity (4.39). Note that the trace (4.40) vanishes when the scalar field is massless and
conformally coupled.

The trace of the RSET (4.28a) is given, when d = 2p is even, by

(T} )ren = o) {—2g‘“’§]‘€ (w(z”)> — 2gAMS (Wﬁp)>

1% 2uv
~(2p — 1) (€ — &) WS + (ER + A A, ) wi”

—zpvff)")} + g u), (4.41)

which simplifies, using (4.6a) to give

(Tte)ren = =l {aPw? = (2p = 1) (€ = &) OW” =2V} 4 g W),
(4.42)
A similar calculation for d = 2p + 1, using (4.9a), (4.28D), yields

<1‘5>ren = —ath {mzw(()Zp-i-l) —2p(§—&) DW(()ZP+1)} . (4.43)

If the scalar field is massless and conformally coupled, the trace (4.43) vanishes for odd num-
bers of space-time dimensions. However, for even number of space-time dimensions, the trace
does not vanish for a massless and conformally coupled scalar field. In this case we obtain the
trace anomaly

(T)ren = 22DV P, (4.44)

When d = 2, the coupling constant for conformal coupling is & = 0, and then, using (2.7),
(3.23), the trace anomaly is
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(1" e (4.45)

H>ren = 24
In this case there are no corrections to the trace anomaly due to the electromagnetic field.
When d = 4, we have & = % and, using (2.10), (3.45), the trace anomaly takes the form

1 1 1 1 7

— | ==—0R — —R*R —R¥Rps — = FPF .
472 | 720 7200 " T 70 NPT R
(4.46)

In this case we therefore have a correction due to the electromagnetic field, depending only
on the field strength tensor F,,.. This correction arises in Minkowski space-time [70], when
the curvature-dependent terms in (4.46) vanish. A similar correction arises in the DeWitt—
Schwinger regularization approach [58], and has also been found in the context of adiabatic
regularization of a charged scalar field on cosmological space-times [56] (although note that
we use different conventions).

<f5>ren -

5. Comparison with other approaches to regularization

Hadamard renormalization is not the only approach to regularization of quantum fields on
curved space-times. Other methods which have been employed for scalar fields on curved
space-time backgrounds include DeWitt—Schwinger, Pauli—Villars, dimensional, zeta-func-
tion and adiabatic regularization. The vast majority of work in the literature concerns a neutral
rather than charged scalar field.

A notable exception to this is Boulware’s early work [57], which employed the DeWitt—
Schwinger method of regularization for a charged scalar field in four space-time dimensions,
and demonstrated that this was essentially equivalent to Pauli—Villars and dimensional regular-
ization. DeWitt—Schwinger regularization in four space-time dimensions was also studied by
Herman and Hiscock [58], who considered Hadamard’s elementary function, corresponding
to the imaginary part of the Feynman Green’s function.

There is extensive work in the literature on the equivalence of various approaches to
regularization for a neutral scalar field. For example, it has been proven that Hadamard
renormalization is equivalent to zeta-function regularization [16, 18, 71]. In addition, the
DeWitt—Schwinger representation of the Feynman Green’s function Gl(:d) (x,x") for a neutral

scalar field is a special case of the Hadamard form (2.6), (2.9), (2.12) [67]. This means that the
divergent parts of the Hadamard and DeWitt—Schwinger representations are identical and the
DeWitt—Schwinger expression corresponds to a particular choice of the biscalar Wéd) (x,x)
which is undetermined in the Hadamard formalism. Therefore the Hadamard and DeWitt—
Schwinger approaches to regularization are also equivalent [71]. The Hadamard and DeWitt—
Schwinger representations of the Feynman Green’s function depend on linear combinations
of Seeley—DeWitt coefficients, which have recently been proven to be sesquisymmetric for a
charged scalar field [63]. Accordingly, one may anticipate that the analysis of [67] extends to
the charged case, and therefore the DeWitt—Schwinger representation of the Feynman Green’s
function for a charged scalar field also corresponds to a particular case of the Hadamard rep-
resentation studied in this paper.

One advantage of Hadamard renormalization is that it is a very general approach to regu-
larization, valid for any background space-time and electromagnetic potential. Furthermore,
the results are applicable to any quantum state, providing that state is Hadamard (which is the
case for physically reasonable states [62]). The disadvantage of Hadamard renormalization is
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that, because it is so general, it does not explicitly give the renormalized expectation values
of physical observables such as the stress-energy tensor. In practical applications, a particular
metric and electromagnetic potential will be specified, and renormalized expectation values
computed on this background for one or more quantum states. Unless there is a high degree
of symmetry, it is likely that numerical calculations will be required, typically involving sums
over field modes.

Friedman-Lemaitre—Robertson—Walker (FLRW) space-times, being homogeneous and
isotropic, possess sufficient symmetry to be amenable to analytic calculations. Renormalized
expectation values on these backgrounds have been studied extensively within the framework
of adiabatic regularization, both for neutral [68, 69, 72—75] and charged [55, 56] scalar fields.
The advantage of adiabatic regularization is that, in the scenarios in which it is valid, renor-
malized expectation values can be computed in a comparatively straightforward manner. The
disadvantage of adiabatic regularization is that it can only be applied to those space-times,
such as FLRW space-times, which have a well-defined adiabatic regime [73]. Furthermore, in
such space-times, adiabatic regularization only applies to a single vacuum state, namely the
adiabatic vacuum. The adiabatic vacuum has been proven to be a Hadamard state for a neutral
scalar field on an FLRW space-time [76, 77], and one would expect this to be true also in the
charged case. Furthermore, the equivalence of adiabatic and DeWitt—Schwinger (and hence
Hadamard) renormalization when the scalar field is neutral has been demonstrated explicitly
via a lengthy calculation [73, 78]. The fact that the trace anomaly (4.46) for a charged scalar
field computed in this paper using Hadamard renormalization agrees with that obtained in [58]
using DeWitt—Schwinger regularization and in [56] using adiabatic regularization provides
strong evidence for the equivalence of these approaches.

Very recently, adiabatic regularization on an FLRW space-time has been employed to
study the running of coupling constants in the theory considered here [79]. As observed in
[80], Hadamard renormalization is not the most appropriate framework for discussing the
renormalization of coupling constants in the field equations, because the Hadamard parame-
trix depends on o** and hence the direction in which the points are separated. However, in
even numbers of space-time dimensions, the renormalization length scale ¢ which appears in
the Hadamard parametrix leads to a renormalization ambiguity (as discussed in section 4.4),
which in turn can be interpreted as a renormalization of the coupling constants. To see how our
results compare to those derived in [79] using adiabatic regularization, we write the semiclas-
sical Einstein equation (1.1) and semiclassical Maxwell equation (1.2) with the dimensionful
coupling constants restored and including the classical electromagnetic stress-energy tensor

T, (4.25)
1

G;w + Ag,uu = 87G <T,uu>ren + %

(R (5.1a)

V. F*™ = 4o (J" Ve, (5.1b)
where G is Newton’s gravitational constant, p is the permeability of free space and we have
fixed the speed of light ¢ to be unity. We consider in turn the effect of the renormalization
ambiguity for the semiclassical Einstein equation (5.1a) and Maxwell equation (5.1b) in four
space-time dimensions.

The renormalization ambiguity in the RSET is given by (4.34), where, in four space-

time dimensions, the tensor \Ilffy) has the form (4.37), and consists of two types of terms.

The first type depend only on the space-time curvature and are present for a neutral scalar
field with ¢ = 0 [25]. In this case, as a result of renormalization, the semiclassical Einstein
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equation (5.1a) are modified by the addition of local geometric tensors usually denoted by
H ,%2 which arise as functional derivatives of higher curvature terms in the renormalized
effective action:

G[,LI/ + Agul/ + ’YIHLV + 'YZHZU =87G |:<T;uz>ren + TEV:| B (52)

where ~; and , are coupling constants and the geometric tensors are given by [25]
1
1 2
H,, =2R ., —2RR,, + g [ZR - ZDR} ,

1
H}, =R — OR — 2R’ Royp, + 28w [R*’Ra5 — OR] . (5.3)

The second type of terms in \I/,(fy) depend on the classical stress-energy tensor TEV of the

electromagnetic field. We can write (4.37) in the form

1 1 2 1
4 4 1 1 2

) 1 1 1, 7 r
= &= 2 ) Ruw = S8R | + 7mguy — 5T, ¢ - (5.4)

Adding a term \I'Efu) In % to (Tw>ren (4.34) therefore corresponds to a renormalization of the
constants G, A, and ; /2 in agreement with well-known results in both adiabatic regularization
[69] and dimensional regularization [80] for a neutral scalar field. The presence of the scalar
field charge ¢ leads to a renormalization of the permeability of free space:

Ho Mo 12

‘We now turn to the renormalization ambiguity (4.33) in the expectation value of the current:

1 1 ¢a®

In¢ (5.5

<Jp>ren — <J,u,>ren + m (Vprl“) Inf-. (56)

From the semiclassical Maxwell equation (5.1b), this yields precisely the same renormaliza-
tion of the permeability of free space (5.5) as obtained from the semiclassical Einstein equa-
tions. This could alternatively be interpreted as a renormalization of the scalar field charge
by fixing the permeability of free space p. This is the approach taken in [79] using adiabatic
regularization, where it is found from the semiclassical Einstein and Maxwell equations that
the scalar field charge is renormalized by terms proportional to In y, where p is an arbi-
trary mass scale. Therefore our results on the running of the couplings in the theory, obtained
from Hadamard renormalization, are in agreement with those derived [79] using adiabatic
regularization.

6. Conclusions

In this paper we have developed the methodology for the Hadamard renormalization of the
expectation values of the scalar field condensate, current and stress-energy tensor for a mas-
sive, charged, complex scalar field with general coupling to the space-time curvature. Our
work extends the approach of [25] to the charged scalar field case. Using the Hadamard

27



Class. Quantum Grav. 37 (2020) 065004 V Balakumar and E Winstanley

representation of the Feynman Green’s function, we have derived the recurrence relations
satisfied by the Hadamard coefficients. Performing covariant Taylor series expansions of these
coefficients, we have, in two, three and four space-time dimensions, presented sufficient terms
in the expansions to enable the renormalized expectation value of the stress-energy tensor
to be computed. We have also studied the trace anomaly of the RSET, and found that while
in two space-time dimensions there are no corrections due to the scalar field charge, in four
space-time dimensions the trace anomaly is modified by a term depending on the electro-
magnetic field strength, in agreement with other approaches to renormalization [56, 58].

The formalism developed in this paper is very general, as we make no assumptions about
the background space-time metric or electromagnetic field (both of which are treated classi-
cally). While we have presented expansions of the Hadamard coefficients explicitly for two,
three and four space-time dimensions, the method can be extended to any number of space-
time dimensions.

While the methodology presented here is valid for any space-time background, we envis-
age that it will be particularly applicable to the calculation of the RSET for a charged scalar
field on charged background black hole space-times. This quantity is of relevance for two
physical questions. First, the fate of the inner horizon of a charged black hole, as discussed
in the introduction. Second, the electromagnetic field of a charged black hole creates charged
particle pairs which alter the Hawking emission of the black hole [81]. Using an adiabatic
approximation in which the mass and charge of the black hole vary slowly, Hiscock and
Weems [82] considered the evolution of a charged black hole and found that it is possible for
the black hole to evaporate in such a way that its charge/mass ratio increases (see also recent
work by Ong and others [83—85]). To go beyond the above adiabatic approximation, the full
RSET is required. We leave the resolution of these questions for future work.
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