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Abstract

We study the renormalized stress-energy tensor (RSET) for a massless, conformally
coupled scalar field on global anti-de Sitter space-time in four dimensions. Robin
(mixed) boundary conditions are applied to the scalar field. We compute both the vac-
uum and thermal expectation values of the RSET. The vacuum RSET is a multiple
of the space-time metric when either Dirichlet or Neumann boundary conditions are
applied. Imposing Robin boundary conditions breaks the maximal symmetry of the
vacuum state and results in an RSET whose components with mixed indices have
their maximum (or maximum magnitude) at the space-time origin. The value of this
maximum depends on the boundary conditions. We find similar behaviour for ther-
mal states. As the temperature decreases, thermal expectation values of the RSET
approach those for vacuum states and their values depend strongly on the boundary
conditions. As the temperature increases, the values of the RSET components tend to
profiles which are the same for all boundary conditions. We also find, for both vacuum
and thermal states, that the RSET on the space-time boundary is independent of the
boundary conditions and determined entirely by the trace anomaly.

Keywords Anti-de Sitter space-time - Renormalized stress-energy tensor - Quantum
scalar field

B Elizabeth Winstanley
E.Winstanley @sheffield.ac.uk

Thomas Morley
Tom.Morley 1994 @ gmail.com

Sivakumar Namasivayam
SNamasivayam1 @sheffield.ac.uk

1 Sheffield, UK

Consortium for Fundamental Physics, School of Mathematics and Statistics, The University of
Sheffield, Hicks Building, Hounsfield Road, Sheffield S3 7RH, UK

Published online: 28 March 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10714-024-03224-w&domain=pdf

38 Page2of24 T. Morley et al.

Contents

Introduction . . . . . . . L e
Euclidean Green’s functions . . . . . . . . .. .. ... L Lo
Expectation values of the RSET . . . . . . . . ... ...
Vacuum expectation value of the RSET with Robin boundary conditions . . . . .. ... ... ...
Thermal expectation value of the RSET with Robin boundary conditions . . . . .. ... ... ...
The RSET atthe boundary . . . . . . . . . .. .. e
DISCUSSION . . . . o ot e e
References . . . . . . . . . .. L

NN R WD =

1 Introduction

In the absence of a full theory of quantum gravity, quantum field theory in curved
space-time (QFTCS) provides us with an effective theory in which we study quantum
fields propagating on a background classical curved space-time. In QFTCS, the renor-
malized expectation value of the stress-energy tensor operator (RSET) (YA",“,) plays a
pivotal role. The expectation value of this operator is used as the source term in the
semiclassical version of Einstein’s field Eq. (1) (here and through this paper we use

units in whichh=c=G = 1):
1 A
R;w - ERgﬂv + g,uvA = 87T<T[LU>’ (1)

and therefore governs the backreaction effect of the quantum field on the space-time
geometry.

In this paper we consider the RSET for a quantum scalar field on global anti-de
Sitter (adS) space-time. Although this is a maximally symmetric space-time, quantum
fields on this background have rich properties, not least because of the need to impose
boundary conditions on the field due to the fact that adS is not a globally hyperbolic
space-time. The study of quantum fields on adS was initiated many years ago [1], where
amassless, conformally coupled scalar field was studied, subject to either “transparent”
or “reflective” boundary conditions. The latter correspond to either Dirichlet (the field
vanishes on the boundary) or Neumann (the normal derivative of the field vanishes on
the boundary) boundary conditions. The vacuum state retains the maximal symmetry
of the underlying geometry when either Dirichlet or Neumann boundary conditions
are applied and the vacuum expectation value of the RSET is a constant multiple of
the space-time metric [2-4]. The introduction of a nonzero temperature breaks this
symmetry but, nonetheless, the thermal expectation value of the RSET for a massless,
conformally coupled scalar field can be found using an elegant method based on the
time-periodicity properties of the thermal Green’s function [3].

The simplest boundary conditions, as studied in [1-5], are by no means the only
possibilities [1, 6-16]. The wide range of valid boundary conditions gives rise to an
extensive set of possible quantum states that can be studied. Amongst the various
possible boundary conditions, in this paper we focus on Robin (mixed) boundary
conditions (see, for example, [7, 9, 14, 16, 17] for more general boundary conditions
that can be applied). For a massless, conformally coupled scalar field, Robin boundary
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conditions correspond to the vanishing of a linear combination of the field and its
normal derivative on the boundary. Such boundary conditions break the maximal
symmetry of the vacuum state [6, 8, 14, 18, 19].

The renormalized vacuum polarization (VP, the square of the scalar field) was com-
puted in [20] for a massless, conformally coupled scalar field on four-dimensional adS
with Robin boundary conditions applied to all field modes. For both vacuum expec-
tation values (v.e.v.s) and thermal expectation values (t.e.v.s) it was found that, on the
space-time boundary, the VP has the same value for all boundary conditions except for
Dirichlet, where the value was different. The same conclusion was reached recently
[21] on three-dimensional adS for a scalar field with nonzero mass and values of the
coupling to the space-time curvature for which Robin boundary conditions can be
applied. As a result, while Dirichlet boundary conditions are the most widely consid-
ered in the literature due to their simplicity, it is the Neumann boundary conditions
which give the generic behaviour of the VP on the space-time boundary. In contrast, if
Robin boundary conditions are applied only to a subset of the scalar field modes cor-
responding to s-wave perturbations, then the VP for a massless, conformally coupled
scalar field on four-dimensional adS always takes the Dirichlet value on the boundary
[6].

In this paper we explore whether the result in [20] extends to the v.e.v.s and t.e.v.s
of the RSET for a massless, conformally coupled scalar field on four-dimensional
adS. In [6], applying Robin boundary conditions just to the s-wave modes, it is found
that the RSET on the space-time boundary again takes the same value as for Dirichlet
boundary conditions. Here we follow [20] and apply Robin boundary conditions to a/l
field modes. As in [20], we employ Euclidean methods to find the v.e.v.s and t.e.v.s of
the RSET, paying particular attention to how these depend on the parameter describing
the Robin boundary conditions.

Our paper is structured as follows. In Sect.2 we outline the construction of the
vacuum and thermal Green’s functions for a massless, conformally coupled, scalar
field on four-dimensional adS. This is followed, in Sect. 3, with the calculation of the
expectation values for the RSET in both vacuum and thermal states, including a brief
discussion of the numerical methods employed. The results for the v.e.v.s and t.e.v.s
for the RSET are given in Sects. 4 and 5 respectively. The behaviour of these quantities
approaching the space-time boundary is explored further in Sect. 6. Finally we present
our conclusions in Sect.7.

2 Euclidean Green’s functions

AdS space-time is a maximally symmetric solution of Einstein’s field equations of
general relativity, with constant negative curvature. In global coordinates (z, p, 6, ¢)
the metric is

ds* = L?*sec? P [—dt2 + d,o2 + sin® P (dé’2 +5sin 0 d¢2)], 2)

where 0 < p <7/2,0<6 <m, and0 < ¢ < 2x. In four dimensions, the cosmo-
logical constant (A < 0) is related to the adS radius of curvature, L, via A = —3/ L2,
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In adS the time coordinate is periodic with t € (—m, 7] and the end points identified.
This results in somewhat unphysical closed time-like curves. This is circumvented by
considering the covering space (CadS) where the time coordinate is ‘unwrapped’ to
give —00 < t < 00.

We work in Euclidean space where the Green’s function is a unique, well-defined
distribution. The Euclidean metric is obtained from the adS metric (2) by performing
a Wick rotation, t — it, leading to

ds®> = L?sec? p [dt? + dp® + sin” p (d6? + sin® 0 d¢?)]. (3)

We consider the Euclidean Green’s functions for a massless, conformally coupled
scalar field in the vacuum state and in a thermal state at inverse temperature . The
vacuum Green’s function GIE o(x, x") takes the form [20]

Gt (x,x)) = ;cos cosp’
{’0 ’ - 87T2L2 IO IO

x [ dwedtty 0 D PGos guo. o). )

=—% =0

where o is the frequency, AT = 7 — 7/, the radial Green’s function is denoted by
gwe(p, p) and Py(x) is a Legendre polynomial. The angular separation of the space-
time points, y, is given by

cosy = cosf cosd + sinfsinb’ cos Ag, 5

where A¢ = ¢ — ¢’. For a thermal state at inverse temperature 8, the frequency
takes the quantized values w = nk where « is related to the inverse temperature by

K=—. (6)

With this notation, the thermal Euclidean Green’s function G]i P (x, x") is then [20]

oo o
K .
GE p(x.x)) = o3z 05 p cos D €M AT 2L+ 1) Py(cos y)gue(p. 0)-
n=-—00 £=0

@)
The radial Green’s function g,¢(p, p’) satisfies the inhomogenous equation

i - 2 i 22 N o 7
7, \smep @ sin” p —L(L+ 1) ¢ gwe(p, p°) =38(p — p), (3)
P dp
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and takes the form

Pt (P<)qwe(p>)

Noe ’ ®

Sowt(p, p') =

where p. = min{p, p’} and p~ = max{p, p’}, with N, a normalization constant.
Here p,¢ and g,,¢ are solutions of the homogeneous version of (8) and can be written
in terms of conical (Mehler) functions. The function p,¢(p) is regular at the origin
p = 0 and takes the form

——1/2

1
Pot(p) = mpiw,1/2 (cos p), (10)

where Pl‘j (z) are associated Legendre functions. At p = /2, the function g,¢(p)
satisfies Robin boundary conditions:

qwe(p) cos ¢ + sin¢ =0, (11)

deﬁ (,0 )
dp
where ¢ € [0, ) is the Robin parameter. The value { = 0 corresponds to Dirichlet

boundary conditions, while ¢ = 7/2 gives Neumann boundary conditions. Imposing
(11) on the general solution of the homogeneous version of (8) gives

—{—1/2 —L—1/2
€8P (wos p) + P P (= cos )] (12)

qot = =
sin p

where the constant Cg)e is given by

¢ 2|F(iw+§+2))|2tan§ _ |F(ia)+zf+1)|2

= , : . (13)
ol 2|1—w(1a)+213+2)|2tan§- + |l-w(tw+2£+l)|2
We have Cge = —1 for Dirichlet boundary conditions and Cgéz = 1 for Neumann
boundary conditions. The normalization constant Ny, is then given by [20]
2
Noe (14)

NS ES ST

Following [20], we now write the vacuum and thermal Euclidean Green’s function
with Robin boundary conditions as follows:

Gro(x.x') = Gp(x,x") cos® ¢ + Gy o(x, x')sin> ¢ + Gy o(x, x')sin2¢,  (15)
Gr p(x.x") = Gp g(x, x) cos® ¢ + Gy g(x, x') sin® ¢ + Gy g(x,x")sin2¢, (16)
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where GE o(x, x") and G (x x) are the vacuum and thermal Euclidean Green’s
functions with Dirichlet boundary conditions, given by

1 cospcosp’ [

167212 \/sin p sin p” J=—oo

o
x 32 + D) Py(cos )T (€ + 1 +iw)
=0

—L—1/2 —L—1/2 —L—1/2
xP;,_ l/é (cosp<)[ io— l/é( cosp>)—P,-w_1/2 (cosp>)], a7

dw eiwAr

Gpo(x,x') =

K cos p cos p’

GE (x,x)) =
D.p (%> ¥) 167212 /sin p sin p’

oo o0
x Z /MKAT Z(zz + 1) Pi(cos )T + 1+ ink)|?

n=-—00 =0
—(—1/2 —£—1/2 —£—1/2
XPinK—l§2(COS p<) [ inK— 1;2( cos p>) m/( 1;2(COS 'O>):| » (18)

GE o(x, x")and GE (X, x") are the vacuum and thermal Euclidean Green’s functions,
with Neumann boundary conditions, given by

1 cospcosp’ [

167212 \/sin psin p’ Jo——o0o

x Y @2+ D) Pycosy) T (€+ 1 +iw)|?

iwAT

G o(x, x) = dwe

£=0
—t—1/2 —t—1/2 1)
X th 1//2 (cos '0<)[ io— 1//2 (—cosp=) + Pia)—l/é (COS,O>)] s
19)
k  cospcosp’
GE .X,_X/ =
N (X ) 1672 L% \/sin p sin p’
00 00
x Y eATS Q04 D Py(cos Y)IT(E + 1+ i)
n=—00 £=0
——1/2 —0—1/2 12
X PinK_léz(COS )0<) [ ink— 1?2( COS p>) —+ PillK—l;Q(COS ,0>):| ,
(20)

GE o(x, x") and GE ﬂ(x, x') are the vacuum and thermal regular contributions (not
Green’s functions), given by

1 cosp cosp [

GE (x,x)) = dw ' AT
Ro(x: x) 1672L2 \/sin p sin p’ Joe—oo
o0
1/2
XZD Pe(cos )P 1/2 *(cos p) P 1/2 (cos p'), 1)
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oo
K cos p cos p’ N
GE X, X)) = el AT
R.p( ) 167w2L2% \/sin p sin p’ n;oo
0.¢]
—0—1/2 —t-1/2
X Z Dfoe Py (cos y)Pl.m(f]éz(cos 0) Pinkfléz(cos o), (22)
=0

where the constants D(ie are given by

2T (fetd2) 12 cos ¢ — [T (2tEL) 2 5ing
D¢, = e+ DT + £+ iw)|? — ey, ’
e = ( NS )| 2T (A2HH2) 2 in ¢ + [T (PtE) 2 cos £

(23)

with @ = nk in the thermal sum (22). It is clear from (21, 22), that
GE’O(x, x'), GE’ ﬁ(x, x") will diverge if there are values of the Robin parameter ¢
satisfying

|1—~(ia)+2€+1)|2

2tan¢ = — (24)

| (it 2

If the Robin parameter ¢ lies in the interval (it < ¢ < mw, where it ~ 0.687
for a massless, conformally coupled scalar field on four-dimenional adS, then there
exist real values of w satisfying (24) [20]. Such values of w give rise to classical mode
solutions of the scalar field equation on the adS space-time (2) which are exponentially
growing in time and are therefore classically unstable [20]. To consider a quantum
scalar field, we require the classical scalar field to be classically stable, so for the
remainder of this work we restrict our consideration of Robin boundary conditions to
values of the Robin parameter ¢ in the interval 0 < ¢ < it

3 Expectation values of the RSET

Having given expressions for the vacuum and thermal Green’s functions for the mass-
less, conformally coupled, scalar field on four-dimensional adS, we now determine
the v.e.v.s and t.e.v.s of the RSET. For both vacuum and thermal states, the Euclidean
Green’s functions are singular in the coincidence limit x” — x. Assuming that both
these states satisfy the Hadamard condition, the singular part of the Green’s function is
given by the singular part of the Hadamard parametrix G (x, x), which is independent
of the quantum state. The RSET expectation value for a particular quantum state is
found by subtracting GS(x, x’) from the Euclidean Green’s function GE (x, x") for that
state, applying a second order differential operator, and then taking the coincidence
limit, namely [22]:

(T () = lim [T ) [ 6P ) = 63002 = gm0 25)
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where 7, (x, x') is the second order differential operator [22]

2 1 / 1 A
Ty = §gvv VuVy = Eglwgpa VpVor = §guu 8 VwVy

1 0 1 1
+ gg;vav + 8<R;w - Eg;wR)»

(26)

and g, represents the bivector of parallel transport between the points x and x'.
The final term in (25), vy (x, x'), is a state-independent biscalar, regular in the coin-
cidence limit, which ensures that the RSET is conserved [22]. Usmg (15, 16, 25) the
vacuum/thermal expectation values of the stress energy tensor (T/L,,) can be written
as:

() = 1im (T (. 2) [ OB (. 2) = G50, x) | = guwvr (v, X)) eos? ¢

+ lim {’Tw(x, X' [G{i(x,x’) - Gs(x,x/)] - ngl(x,x/)] sin® ¢

+ 1im (T (v, x "GE (x, x")} sin 2¢. Q7

The quantity GE g (x, x) inthe final term in (27) is regular in the coincidence limit. Since
the singular terms 7, (x, x "YGS(x, x’) and the final subtraction term guvvi(x, x') are
both independent of the quantum state, we therefore obtain the following expression
for the expectation values of the stress-energy tensor when Robin boundary conditions
are applied, in terms of those when Dirichlet or Neumann boundary conditions are
applied:

(Ty)sen = (Tun)2, cos? ¢ + (T,,)N, sin® ¢ + hm {T,w(x x")GE (x, x)} sin 2¢.

(28)
From henceforth, the ‘ren” subscript will be omitted and it can be assumed that all
(T),v) terms are renormalised. The t.e.v.s of the RSET with Dirichlet and Neumann

boundary conditions have been determined in [3] (see (3.13), in which there is a minor
typographical error which is corrected below):

(fw)?/N = ﬁ {I}ﬁlo + gcos“p f3 <%):| guv + [%6 cos4pf3 (%)] tutv}
+ 8::2154 [I:—%Csczp cos2p Sy (%p) + %cotp Ci (%p) + Zcos?p S, (% p>:|g,w
+ |:é(3 — cot? £)So (g,;;) +cotp (1 — %cos2 p) C (% p) + 2 cos? P S (g p)] TuTy
+ |:é(3¢sc2p —4)So (%p) +cot p (% Sinzp — 1) C (i > = cos? p S (? >i| pﬂpv} N

(29)

where g, is the space-time metric (3), and 7, p, are unit vectors in the T and p
directions, respectively. The Dirichlet boundary condition corresponds to the + sign
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whilst the Neumann boundary condition has the — sign. The functions f,, S, and C,
are given by [3]

fa@) =) "n"E™ =17 (30)
Sm(x, p) = an(—l)"(enx — D)7 'sin(2np), (31
Cu(x, p) = an(—l)”(e”x — 1)~ cos(2np). (32)

To obtain the corresponding vacuum expectation value from (29), we take the limit as
B — o0, as will be discussed in Sect. 4.

The expression Lim {7}, (x, x’ )GE P (x,x’)} in the final term in (28), has been
x'—x ’

evaluated with MATHEMATICA. Using the recurrence relations for the conical functions

[23, §14.10.1], the nonzero components of this contribution to the v.e.v.s of the RSET
are given by

oo
( T>{ _ cospcot3p
TR0 192452 E_O

o0
I —3/2—¢ .
/ Die{ —2 X [Piw_/l/z (cos p)]* sin® p
=—00
=20 Xt P,w 1/2 ‘(cos p) P ! 1/2 % (cos p) sin 2p

- [25(2@ £ 1) +2(1 — €2 — 50°) sin? ,0] 12,05 (cos ,0)]2}, (33)

30
¢ cos p cot
(TR0 = T92LiA2 Z / {6 Xeoo [P 1/2 £ (cos p)]? sin? p
+23L 4+ 2) xor le 1/2 (cos ,o)le 1/2 (cos p)sin2p
+ [2@ 21 +4¢+ 302 4+ 30)2) sin p] [Pw 1/2 (COS )] } (34)
A cos p cot> p 32— .
( oghi,o 1921472 Z / { -2 xig [P,-w_/l/2 (cos ,o)]2 sin® P

—1/2—¢ .
-2+ 1) xor le 1/2 (cos ,o)le_/l/2 (cos p)sin2p

) [e2 + (14204 0% — o) sin p] [P,55 (cos p)]z}, (35)

with (YA"(Z’);O = (7}9)1{{,0, where D(iz is given by (23), and xp is
Xot = 1420+ 62 + o, (36)
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For the corresponding expressions for the t.e.v.s we replace @ with nk and change the
integral to a sum to obtain the following nonzero components

AL _/ccos,ocot 0 ) 32 2
(T )R p = T Zon;m — 2 Xm0 [P 1/z(cos/o)] sin? p

2—¢ .
— 20 xne PmK 1/2(cos 0) m,(/_l/z(cos p)sin2p

1

- [25(25 + 1) +2(1 — €2 — 522c2) sin? p] [P0 5 (cos ,0)]2}
37

3 o

N K COS p cot” p ¢

<T/I)O>R,/3_ 192L47T 2: 2 : DnZ{6Xn€ ink— 1/2(00510)] sin’ o
=0 n=—00

+ 234+ 2) xne PmK l/2(cos PP, l/2(cos p)sin2p

[2@ —2(1 + 4 + 362 4 3n%2) sin ,0] [P0 5 (cos p)]2}, (38)

3 o

A0\ ¢ Kk cos p cot” p

(T p = DZTZ Z {—ang[ .l l/z(cos,o)] sin® p
=0 n=—00

-2+ 1) xne PMK l/2(cos PP, l/z(cos p)sin2p

+2[€2+(1+2€+£2— k) sin ,0] [P,,a"%) 5 (cos p)] } (39)

and (qu)R g = (TQ) R.B- The D¢ ¢ and x;¢ terms are obtained from the corresponding
terms in (23, 36) by replacmg o with nk. It is straightforward to check that the
contributions to the RSET expectation values arising from the last term in (28) have
vanishing trace.

The v.e.v.s and t.e.v.s of the RSET are calculated numerically using MATHEMATICA.
The sums in (29) converge extremely rapidly and are straightforward to compute.
The remaining contributions (33-39) which arise when we impose Robin boundary
conditions involve either a double infinite summation (for the t.e.v.s) or an integral
and a summation (for the v.e.v.s). For the v.e.v.s, we performed the integral over w first
before summing over £. For fixed ¢, the integral over w is rapidly convergent, and we
integrated over the interval |w| < 100. For the t.e.v.s, the sum over n again converges
rapidly, and we summed over n with a magnitude of less than or equal to 50.

As was found in the computation of the VP [20], the sum over £ exhibits nonuniform
convergence with respect to the radial coordinate, p, converging more quickly nearer
the origin and much slower as the space-time boundary is approached (see Fig. 1).
For the v.e.v.s, we summed over 0 < ¢ < 100 and for the t.e.v.s 0 < £ < 80. We
used a smaller range of values of n and £ for the t.e.v.s compared to the v.e.v.s due to
increased computation time required for the function evaluations.

We estimated the errors in truncating the sums and integrals as follows. For the
v.e.v.s, for a selection of values of the Robin parameter ¢ and radial coordinate p,
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AT T
(Tr)R,ﬁ

10-10 F

10—30
—— p=11/20

p=311/10

-50
10 0=9477/200

10770

L L n L L )
20 30 40 50 60 70

Fig. 1 Log-log plot of the £-summand in (f}t >l§% B (37) as a function of ¢ for a selection of values of the

radial coordinate p. With ¢ = 37/5 and k = 1/2, we have performed the sum over |n| < 50. It can be seen
that, as p increases, the £-summand decreases at a much slower rate with increasing ¢, resulting in a sum
over £ which converges more slowly for larger values of p

we compared our results obtained by integrating over |w| < 100 and summing over
0 < ¢ < 100 with those found from increasing the maximum values of the magnitudes
of w and ¢ to 170. For example, for ¢ = 37/10 and p = 947/200, by this method
we estimate the relative error in (33) to be of order 10~2. The relative error was much
smaller further away from the space-time boundary, and is estimated to be of order
1078 at p = 37/10 and p = 7/20. However, the contributions to the RSET in (33-
35) contribute only a small proportion of the overall value. For example, the value of
(33) at p = 947 /200 and ¢ = 37 /10 as a fraction of the total v.e.v. of (f}’)g was
~ 5 x 10™%, meaning that the errors in the numerical calculations of the contributions
(33-35) are much less significant in the final results. The same holds for the t.e.v.s.
We employed the same method to estimate the relative errors in the t.e.v.s, and find
that the errors depend strongly on both the temperature and the radial coordinate p.
For k = 1/2 and ¢ = m/10, the relative error in the numerical computation of (37)
at p = 80m /200, for example, was ~ 3.5 X 1073, As a result of increasing errors
encountered close to the boundary, the numerical calculation of (37), for k = 1/2 was
performed up to p = 857/200 only. The relative errors near the space-time boundary
improved somewhat with increasing «. For p = 907 /200, for instance, the relative
errors in (37) were ~ 2 x 10710 and ~ 5 x 107! for k = 2 and k = 27 respectively.

4 Vacuum expectation value of the RSET with Robin boundary
conditions

In the low temperature limit (8 — 00), the v.e.v. of the RSET, (7},,)¢/~, derived from
(29) reduces to [3]
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- D/N _ 1
il = = ggomapaém

(40)
in agreement with the calculation in [4] for a scalar field with Dirichlet boundary con-
ditions. In particular, the v.e.v. (40) is identical for Dirichlet and Neumann boundary
conditions. This does not occur for the VP (where the v.e.v.s for Dirichlet and Neu-
mann boundary conditions are different), and can be understood as follows. For both
Dirichlet and Neumann boundary conditions, the vacuum state is maximally symmet-

~

ric, and therefore the RSET will be a constant multiple of the metric, (Tw,)oD N aguy

for some constant «. Taking the trace, o = (YA]QL )OD/ N /4. For a massless, conformally

coupled scalar field, the trace (YA"M“ )OD/ N'is fixed to be the trace anomaly, which, on
four-dimensional adS is [4]

A 1

my — .~
Tu) = ~2a0m2t @b
Therefore, for a massless, conformally coupled scalar field, the RSET for a maximally
symmetric state is entirely determined by the trace anomaly and is independent of any
boundary conditions applied.

While the v.e.v of the RSET with either Dirichlet or Neumann boundary respects
the maximum symmetry of the underlying space-time, this is not the case when Robin
boundary conditions are applied, as can be seen in Fig.2. For all values of ¢ #
0, /2 each component of the RSET varies with the radial coordinate p. The energy
density — (ff )6 is positive throughout the space-time, reaching the common vacuum
Dirichlet/Neumann value at the space-time boundary. This is in contrast to the findings
in [6] where the energy density is negative on most of the space-time and only becomes
positive as the boundary is reached. This is due to the application of Robin boundary
conditions to only a subset of the modes in [6]. The other components of the RSET
take the same constant values when ¢ = 0 or 7 /2 and Dirichlet or Neumann boundary
conditions are applied. The quantities plotted in Fig.2 are greatest at the space-time
origin and converge to the Dirichlet/Neumann value as the space-time boundary is
reached (p — m/2). Their values at the space-time origin increase as ¢ increases
from zero, attain a maximum at some value of ¢ € (0, 7/2) and then decrease as
¢ approaches /2. As ¢ increases above /2, these quantities increase rapidly as ¢
approaches ¢t &~ 0.687. Asdiscussed at the end of Sect. 2, for values of ¢ greater than
Cerit» there are classical mode solutions of the scalar field equation which are unstable
[20]. Due to this classical instability, the semiclassical approximation employed in
this paper will break down for {it < ¢ < 7.

Whilst the v.e.v. of the (f[f’ ) and <f~66 ) components of the RSET are negative, they are
greater (less negative) for Robin boundary conditions than when Dirichlet/Neumann
boundary conditions are applied. However, the variation in the v.e.v.s of the RSET
components due to varying the boundary conditions is rather small, at roughly the
percent level.

While it may appear from Fig. 2 that the v.e.v.s of the (f",,p )6 and (fg)é components
are the same, there is in fact a subtle difference. Writing the components of the RSET
in the Landau decomposition, analogous to that employed in the thermal state [5],
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Fig.2 V.e.v.s of the RSET with Robin boundary conditions. The top row shows the energy density — (f"f )6 s

the middle row (f"pp )6 and the bottom row (fg )6. On the left are 3D surface plots showing the variation

of the nonzero components of (fl‘j)é with p and ¢. On the right are the nonzero components of (f’/f)({)

as functions of p for a selection of values of the Robin parameter ¢. Dirichlet and Neumann boundary
conditions are shown as dashed lines

gives

. 1 1
(B)§ = Diag| - B, P§ + 11§, P - ST A = Eng] (42)

where Eé is the energy density, Pg the pressure and 1'[6 is the shear stress or pressure
deviator [5]. The pressure deviator measures the difference between the RSET of the
quantum scalar field compared with that found if the field were modelled as a classical
gas of particles (as it vanishes in the latter case). As the (7:99 )6 component of the RSET
is greater than the (f",f )6, component, in Figure 3 we show —1'16 as a function of the
radial coordinate p for the vacuum state. For both Dirichlet and Neumann boundary
conditions, the vacuum pressure deviator is zero (not shown in Fig.3). For Robin
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Fig. 3 Vacuum pressure deviator —I'[f) (42) with Robin boundary conditions. On the left is a 3D surface

plot showing the variation of —1'16 with p and ¢. On the right is —l'[g as a function of p for a selection of
values of the Robin parameter ¢. Robin parameters ¢ > /2 are shown with dotted curves. The pressure
deviator vanishes identically when Dirichlet or Neumann boundary conditions are applied and is not plotted
in these cases

boundary conditions 1'[6 vanishes at both the origin and boundary of the space-time
and attains its maximum absolute value between the two.

5 Thermal expectation value of the RSET with Robin boundary
conditions

The t.e.v.s of the nonzero components of the RSET with various values of « (6)

are shown in Figs.4, 5 and 6 (as in the vacuum state, the (]A"f )% component has the

same values as the (f‘g))g component). The nonzero components have very similar
behaviour. Unlike the vacuum case, the t.e.v.s with Dirichlet and Neumann boundary
conditions, for all nonzero components of the RSET, are no longer constant and vary
with the space-time location. The difference between the t.e.v.s with Dirichlet and
Neumann boundary conditions is a maximum at the space-time origin and decreases
with increasing p. The RSET components for these two boundary conditions converge
to their common v.e.v. at the space-time boundary (o — m/2). The absolute difference
seen between the nonzero RSET components for the Dirichlet and Neumann boundary
conditions increases with increasing « (and hence increasing temperature) and is not
clearly discernible at low temperatures in Figs.4, 5 and 6 due to the scales used.

The energy density —(f‘:)é, is positive throughout the space-time, achieves its
maximum value at the space-time origin and increases with increasing temperature.
For all Robin parameters studied, the energy density converges to the common vacuum
Dirichlet/Neumann value at the space-time boundary. For the other nonzero compo-
nents of the RSET, the t.e.v.s are predominantly negative at low temperature and
increase with increasing temperature, becoming positive in a neighbourhood of the
space-time origin at p = 0 for sufficiently large . They also achieve their maxi-
mum values at the space-time origin, converging to the v.e.v. (40) at the space-time
boundary.

It can be seen that at low temperature (¢ = 1/2), the curves for t.e.v.s with Robin
boundary conditions lie outside of the curves corresponding to Dirichlet/Neumann
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as a function of p for a selection of values of the Robin parameter ¢. Dirichlet and Neumann boundary

conditions are shown with dotted lines
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boundary conditions. With increasing temperature, the curves for t.e.v.s with Robin
boundary conditions increasingly lie within those for Dirichlet/Neumann boundary
conditions and are mostly contained within them for k = 2m. As the temperature
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increases, the variation in the nonzero components of the RSET with varying Robin
parameter ¢ becomes much less apparent, as seen in Figs. 4-6.

As in the vacuum case, we also plot minus the thermal pressure deviator (— I )

which is the difference between the (Ap ) B and (Tee) p components of the t.e.v. of
the RSET (see Fig.7). The pressure deviator is not only sensitive to the different
Robin boundary conditions (as in the vacuum case) but also to the different tempera-
tures. Unlike the vacuum case, the pressure deviator is no longer zero everywhere for
Dirichlet and Neumann boundary conditions (see also [5], where Dirichlet boundary
conditions are applied). For these boundary conditions, the pressure deviator does van-
ish at the space-time origin and boundary and attains its maximum magnitude between
these, this maximum magnitude increasing as the temperature increases. There is a
difference in sign with —Hé being negative for Dirichlet and positive for Neumann
boundary conditions respectively.

For Robin boundary conditions, the profile of the pressure deviator is largely similar
to that for Dirichlet or Neumann boundary conditions, vanishing at the origin and
space-time boundary and having a maximum magnitude at some p € (0, w/2). At
the higher temperatures we see that 1'[/{3 is most positive with Dirichlet boundary
conditions (¢ = 0) but with increasing Robin parameter, ¢, the pressure deviator
becomes increasingly negative. As seen in the RSET components, we find that with
increasing temperature, the thermal pressure deviators with different Robin boundary
conditions are increasingly ‘contained’ within the Dirichlet and Neumann curves.

6 The RSET at the boundary

The behaviour of the RSET components as the space-time boundary is approached
may be understood from the corresponding analysis in [20] for the VP. Since we are
considering a massless, conformally coupled scalar field, we can make a conformal
transformation to the Einstein static universe (ESU), containing a time-like surface
which is the image of the adS boundary under this mapping. Using the general con-
struction in [24], the Green’s function for the scalar field on ESU with Robin boundary
conditions applied can be written as an asymptotic series in terms of the Green’s func-
tion on ESU with Neumann boundary conditions applied G%SU (x, x") (see [20, 24]
for more details). This procedure gives the following asymptotic series for the vacuum

Euclidean Green’s function on ESU, GIS%U, with Robin boundary conditions applied:

GEY (x.x) = G (x. 1)) — —G“O(x x)cot ¢ + —G<20(x,x’) cot? ¢ + ...

(43)
where the first two terms in the series are given by
Gipx.x") = / GV (x, GV (y,x) dsS, (44)
/2
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Gy (x. x") =/I GV (x, y) [/Z GEV(y, 2)GESY e, x)dS] ds.  (45)
7 7

Here 7, is the surface at p = /2 in ESU, and the integrals are performed over the
space-time points y, z on this surface in ESU. Higher-order terms in the series can be
found iteratively. The Green’s function on ESU with Neumann boundary conditions
applied has a compact closed-form expression [20]

GEV(x, 1) = — : + : (46)
872L2 | cosh At +cosW  cosh At + cos W

where At = t — 1’ is the separation of the points in the t-direction,

W = arccos [— cos p cos p’ — cos y sin p sin p/] , (47)
U* = 57 4 arccos [— cos p cos p’ + cos y sin p sin ,0’] (48)
and y is the angular separation of the points (5). Applying the differential operator

T, (x, x’) to the Green’s function (43) and bringing the space-time points together
gives

F) Y = B8 = 1 tim {700 [60 000 ]}
+C°Ltzf lim [ Tz, x)[ngg(x x)]} . (49)

We can relate the RSET on ESU to that on adS using [25]

AuvadS _ A ESUYVE 1 L 3
(,f)?,o—( );oﬁ W[g H,-"H,|, (50)

where g and g are the determinants of the metrics on ESU and adS respectively and
(I)HMU and @ H,, are given by [25]

1
DH,, =2R.,, —2g,,0OR — Eg,sz +2RR,, (51)
2 1 1
O Hyy = R Ry, — SRRuy = S Rpo R gy + ZRzg,w. (52)

On adS, ) H,,,, vanishes identically and ® H,,, = 3g,,,/L?. Using (49, 50) we can
write

A A COt{ . 1
T = @RS - == tim { T ) [ G ) | f eos® o
cor ¢ lim {T,W(x,x') [Gg?g(x,x’)]}cos4p+... (53)
X' —X
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From the analysis in [24], the RSET on ESU (49) can also be expressed as an asymptotic
series at an arbitrarily small distance, €, from the boundary at p = 7 /2 as

F)EY ~ goel (4TS + e 10, + 21O )+ 0™, (54

where g‘;‘; (x, x") is the bivector of parallel transport between the space-time points

x and x’. When substituted in (50), the leading-order term e_4g“ g’g T(flﬁ,, together
with the contribution from & H, > yields ( W)"Nd% in (53). The next-to-leading order

quantity €3 g% g'?, T(, g,, corresponds to the second term in the expansion (49), and

the quantity € 2g o g'g Tof/ g, to the third term in (49). From [24], the next-to-leading

order term is given, up to a multiplicative constant, by:
T o (3w — Xhu) - (55)

where xu» = nu.«h} and ny, is a unit vector normal to the boundary. The nonzero
components of x,, are xg9 = Lcospsinp and x4y = L cospsinp sin 6, giving
X = 2cot p/L. As we approach the boundary (0 — 7/2), we have x,, = x =0,
and therefore the second term in (54) is zero. We arrive at the same conclusion from a
direct computation of the second term in the asymptotic expansion (49). Subsequent
terms in the expansion are of lower order in €. This means that, as we approach the
boundary, (T, )Z‘dg = (YA"; )i‘l,d% as shown numerically in Sect.4. Similar arguments

apply to the t.e.v. of the RSET.

7 Discussion

In this paper we have determined the v.e.v.s and t.e.v.s of the components of the
RSET for a massless, conformally coupled scalar field propagating on a background
four-dimensional global adS space-time. We have used Euclidean methods, which
give a unique Green’s function and avoid the need for an ‘i€’ prescription, render-
ing the numerical calculations easier than in the corresponding Lorentzian case (see,
for example [6], whose results we have been able to reproduce with our Euclidean
methods).

With mixed indices, the v.e.v.s of the nonzero components of the RSET are con-
stant when both Dirichlet and Neumann boundary conditions are applied, respecting
the underlying maximal symmetry of the adS space-time. Furthermore, the constant is
fixed by the trace anomaly (since we are considering a massless, conformally coupled
scalar field), and hence is the same for both Dirichlet and Neumann boundary condi-
tions. This common value for the v.e.v. with both Dirichlet and Neumann boundary
conditions differs from that seen with the VP [3, 20, 21]. The maximal symmetry is
broken when Robin boundary conditions are applied, and the v.e.v.s depend on the
space-time location. However, for all Robin boundary conditions, the v.e.v.s of the
nonzero components of the RSET with mixed boundary conditions take the same

@ Springer



38 Page220f24 T. Morley et al.

value on the space-time boundary, namely that for Dirichlet and Neumann boundary
conditions.

This symmetry breaking is also seen with the t.e.v.s, even for Dirichlet and Neumann
boundary conditions. The t.e.v.s with either Dirichlet or Neumann boundary conditions
are no longer constant and depend on the spatial location, with the maximum difference
between them being found at the space-time origin. For thermal states, the boundary
conditions have a significant effect on the expectation values of all nonzero components
of the RSET. This effect is most apparent near the space-time origin, but becomes
diluted with increasing temperature. With increasing temperature we find that the
t.e.v.s with different Robin boundary conditions are increasingly ‘contained’ with the
Dirichlet and Neumann curves, with the difference between all boundary conditions
proportionately decreasing with increasing temperature. However, for all temperatures
and Robin parameters, the t.e.v.s of all nonzero components of the RSET with mixed
indices converge at the space-time boundary to the common v.e.v. found with Dirichlet
and Neumann boundary conditions. This can be compared with the results for the VP
[20] where the v.e.v.s and t.e.v.s for all Robin parameters converged to the Neumann
result, except when Dirichlet boundary conditions were applied. In the case of the
RSET, as both Dirichlet and Neumann boundary conditions result in the same v.e.v.s,
in this case, all boundary conditions, including Dirichlet, converge to the same result.
This supports the conclusion in [20, 21] that Neumann boundary conditions reflect the
generic behaviour of the quantum scalar field at the boundary.

The value of the VP on the boundary is a priori unconstrained by the renormal-
ization process, whereas the RSET for any maximally symmetric state of a massless,
conformally coupled scalar field is completely determined by the trace anomaly. This
is not the case for scalar fields with mass and/or more general coupling to the space-
time curvature, when, even for a maximally symmetric state, the trace of the RSET
depends on the constant value of the VP as well as the mass and coupling [4]. It would
therefore be interesting to compute the RSET for massive or nonconformally-coupled
scalar fields, extending the work of [21], which we plan to do in a forthcoming paper.
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