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Abstract

In this thesis we study a real quantum scalar field propagating on three (adS3) and

four (adS4) dimensional anti-de Sitter space-time with Dirichlet, Neumann and Robin

boundary conditions imposed at the space-time boundary. Using Hadamard renormali-

sation, we numerically compute the vacuum polarisation (VP) on adS3 for a scalar field

with general mass and coupling and compare our results with those obtained for the

massless, conformally coupled field on adS4. We find that both the vacuum (v.e.v.) and

thermal (t.e.v.) expectation values of the VP with Robin boundary conditions converge

to the Neumann result at the space-time boundary, except Dirichlet, which has its own

limit.

We also numerically compute the v.e.v.s and t.e.v.s of the renormalised stress energy

tensor (RSET) for a massless, conformally coupled scalar field on adS4 as well as for

the scalar field with general mass and coupling on adS3. Dirichlet, Neumann and Robin

boundary conditions are applied at the space-time boundary in both cases. On adS3,

we find that with particular values of the coupling constant, we obtain RSETs with

negative energy density profiles throughout some or all of the space-time.

Using a selection of the RSETs, obtained for the scalar field with general mass and

coupling on adS3, we examine the backreaction of the numerically computed RSETs on

the underlying space-time metric. We focus on some of the key features of the quantum-

corrected metrics so obtained and make suggestions for future research in this area.
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Notation

In this thesis the following notation is adopted

• The metric signature used in this thesis is (−,+,+,+).

• We set the constants ℏ = c = 1. Newton’s constant G is given explicitly in Ein-

stein’s field equations but in all the numerical computations in this thesis we have

set G = 1.

• The set of natural numbers N and strictly negative integers Z− are

N = {0, 1, 2, . . . },

Z− = {0,−1,−2, . . . }.

• The Einstein summation convention is used when the same index appears in a

superscript and subscript in a product. For example

aµb
µ =

n∑
µ=0

aµb
µ = a0b

0 + a1b
1 + · · · + anb

n. (1)

• The partial derivative is denoted by

F,µ = ∂µF =
∂F

∂xµ
. (2)

• The covariant derivative is denoted by

Gρ;µ = ∇µG
ρ = Gρ,µ + ΓρµνG

ν ,

Gρ ;µ = ∇µGρ = Gρ ,µ − Γνρ µGν ,

where Γλµν is the Christoffel symbol defined as

Γλµν =
1

2
gλσ
{
∂µgσν + ∂νgµσ − ∂σgµν

}
. (3)
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Chapter 1

Introduction

The two greatest physical theories of the twentieth century are general relativity (GR) and quantum

mechanics (QM). Einstein’s theory of general relativity [41] is a theory of gravity. This superseded

the previous Newtonian version which had held sway for almost three hundred years. GR is encap-

sulated in Einstein’s field equations

Rµν −
1

2
Rgµν + gµνΛ = 8πGTµν , (1.1)

where Rµν is the Ricci tensor, R is the Ricci scalar, gµν is the metric tensor, Λ is the cosmological

constant, G is Newton’s constant and Tµν is the stress energy tensor (SET). The metric tensor

gµν encodes the geometry of the underlying space-time whilst the SET contains the information

about the matter/energy content. GR can be usefully encapsulated by Wheeler’s famous saying

that ‘..matter tells space how to curve, and space tells matter how to move..’ [68].

GR is a highly successful theory of gravity which has been successfully tested by observations and

experiments. For instance, GR has successfully predicted the perihelion of Mercury [41], which was

not fully accounted for using Newtonian physics. GR has also predicted the bending of light rays by

the Sun, which was first confirmed by Eddington during the 1919 solar eclipse [40]. Furthermore, in

the first terrestrial test of its kind, Pound and Rebka were able to measure the gravitational redshift

of photons in a tower at Harvard University [85].

Quantum mechanics and its relativistic counterpart, quantum field theory (QFT), describe the

Universe at the scale of fundamental particles. QFT proposes that particles are excitations of quan-

tum fields that pervade throughout space and time. It is a probabilistic theory where observables

are Hermitian operators acting on the Fock space of states. QFT is integral to the Standard Model

(SM) of particle physics which describes the electromagnetic, strong and weak nuclear forces.

Whilst both QFT and GR are extremely successful in describing the Universe in their own scales,

they are fundamentally incompatible with each other. GR is a classical theory of gravity formulated

before the emergence of QM, where the motion of massive bodies is a result of the curvature of the

underlying space-time rather that the exchange of virtual particles as in the SM. In everyday life it

is hard to see how two theories describing the Universe at such different scales would ever need to be

compatible, apart form an aesthetic desire to have all the fundamental laws of physics unified into a

single theory of everything. However, there are two areas of physics where GR and QFT meet face

to face, namely in the early Universe and in the study of black holes. Stephen Hawking’s seminal

work in the mid 1970s [53] demonstrated the interface between QFT and GR and and played an

1
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Figure 1.1: Heuristic picture of Hawking radiation. Vacuum fluctuations outside an event horizon
(H) of a black hole (BH) create particle/anti-particle pairs (e−/e+) which usually annihilate each
other. Occasionally an anti-particle will fall into the BH whilst its positive energy partner will
escape to infinity as Hawking radiation (adapted from [23]).

important role in the evolution of quantum field theory in curved space-time (QFTCS). Hawking

showed that near the event horizon of a collapsing black hole , virtual particle/ anti-particle pairs

can form out of the vacuum of space, see Figure 1.1. Usually such particle/anti-particle pairs reunite

and annihilate each other but occasionally an anti-particle falls into the black hole, reducing its mass

and entropy. Meanwhile the positive energy partner is emitted with a thermal spectrum as Hawking

radiation.

Over the last few decades, there have been many attempts to unify GR and QM. String theory

postulates that the fundamental building blocks of matter are tiny vibrating strings (open or closed)

and that different particles are represented by different excitations of these fundamental strings

(see [103] for an introductory account). The massless, spin-2 graviton naturally comes out of all

consistent versions of string theory. The graviton is a hypothetical particle that mediates the

gravitational interaction in much the same way as the photon mediates the electromagnetic force.

Another candidate for a unified theory is loop quantum gravity (see [7] for a short review). This aims

to quantise the geometry of space-time into discrete elements rather than the smooth continuous

manifold of GR.

In this thesis we use QFTCS as an approximation to quantum gravity (see [17, 48, 78, 102] for

reviews). In QFTCS we study quantum fields propagating on a background classical curved space-

time which is described by a smooth manifold M possessing a classical metric gµν . We promote the

SET Tµν to an operator valued distribution such that (1.1) becomes

Rµν −
1

2
Rgµν + gµνΛ = 8πG ⟨T̂µν⟩, (1.2)
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where ⟨T̂µν⟩ is the expectation value of the stress energy tensor. We take a metric which is a

solution to the vacuum Einstein’s equation (where the right hand side of (1.2) is zero) and use

this to compute the expectation values of operators involving a quantum field Φ. Such expectation

values include the vacuum polarisation ⟨Φ̂2⟩ and, importantly, the expectation value of the stress

energy tensor ⟨T̂µν⟩. Once determined, we can then use ⟨T̂µν⟩ as the source term in (1.2) to compute

the quantum corrections (backreaction) to the original metric, directly interfacing GR with QFT.

However, it is likely that QFTCS has a limited range of validity and will break down if the curvature

of the space-time approaches the Planck scale [102].

This chapter contains some of the key principles and concepts used later in this thesis and is

laid out as follows. In Section 1.1, we set out some of the basic principles of QFT in flat space-time,

including the derivation of the Klein-Gordon equation and the establishment of canonical commuta-

tion relations. Much of this will be found in standard textbooks of QFT (see for example [64, 82]).

In Section 1.2 we progress to an arbitrary curved space-time background and highlight the key dif-

ferences between QFT in flat and curved space-time. In Section 1.3 we give an overview of Green’s

functions, in particular the Feynman propagator, which is fundamental in determining expectation

values of operators such as the stress energy tensor. In Section 1.4 we give a brief outline of the

advantages of QFT in Euclidean space. As the Feynman propagator is divergent in the coincidence

limit we need to employ a renormalisation procedure to extract physically meaningful expectation

values. This is the subject of Section 1.5 in which we refer extensively to [35, 61] and focus specif-

ically on the results in three and four dimensions. In Section 1.6 we discuss the SET, including

its classical derivation from the action and the construction of a renormalised SET (RSET). This

is followed in Section 1.7 by a description of Wald’s axioms and uniqueness theorem which gives

validity to the RSETs obtained from our renormalisation procedure. In Section 1.8 we describe the

classical and quantum energy conditions which seek to place bounds on the energy densities of the

RSET to avoid exotic (possibly unrealistic) space-times such as wormholes. Finally in Section 1.9

we set this thesis in context with current work in the literature and provide motivation for the

research contained within.

§ 1.1 Quantum field theory in flat space-time

In order to formulate a QFT on a curved background we first consider a QFT in flat space-time. The

following applies to a real scalar field. We start with a classical field, Φ(x, t), in an n−dimensional

space-time with Lagrangian density L(Φ, ∂µΦ) given by

L(Φ, ∂µΦ) = −1

2
∂µΦ∂µΦ − 1

2
m2Φ2, (1.3)

where m is the mass of the field, x refers to the spatial coordinates, t the time coordinate and we

have used the Minkowski metric to raise and lower indices. The corresponding action S is

S[Φ, gµν ] =

∫
L(Φ, ∂µΦ) dnx. (1.4)

3



We can obtain the equation of motion for the scalar field by equating to zero the variation in the

action S corresponding to variations in Φ, giving

δS =

∫ {
∂L
∂Φ

δΦ +
∂L

∂(∂µΦ)
δ(∂µΦ)

}
dnx

=

∫
δΦ

{
∂L
∂Φ

− ∂µ
[

∂L
∂(∂µΦ)

]}
dnx, (1.5)

where we have assumed that the boundary terms vanish. As we require δS = 0 we must have

∂µ
[

∂L
∂(∂µΦ)

]
− ∂L
∂Φ

= 0. (1.6)

This is the Euler-Lagrange equation for the scalar field. Computing the terms in (1.6) and using

(1.3) gives the Klein-Gordon equation

∂µ∂
µΦ −m2Φ = 0. (1.7)

A basic set of solutions to (1.7) is formed by the plane waves

Φp(x, t) = A e−iωt+ip.x, (1.8)

where ω is the frequency, p the momentum which satisfies the relation m2 = ω2 − |p|2 and A is

a normalisation constant. We only consider ω > 0 when Φp represents positive frequency modes.

The complex conjugate Φ∗
p gives the negative frequency modes. We can calculate the constant A

in (1.8) by defining an inner product for two solutions Φ1, Φ2 of (1.7) as

⟨Φ1,Φ2⟩ = −i
∫
Σ

(Φ1∂tΦ
∗
2 − Φ∗

2∂tΦ1)d
n−1x, (1.9)

where Σ is an equal time hypersurface. Defining our two solutions as

Φ1(x, t) = A1e
−iω1teip1.x, Φ2(x, t) = A2e

−iω2teip2.x (1.10)

we have

⟨Φ1,Φ2⟩ =

∫
Σ
A1A∗

2(ω1 + ω2)e
i(ω2−ω1)tei(p1−p2).x dn−1x. (1.11)

Using the Fourier transform of the n-dimensional Dirac delta function

(2π)n−1δn−1(p1 − p2) =

∫
ei(p1−p2).x dn−1x, (1.12)

we have

⟨Φ1,Φ2⟩ = A1A∗
2(ω1 + ω2)e

i(ω2−ω1)t(2π)n−1δn−1(p1 − p2). (1.13)

We require that the modes are orthonormal, so ⟨Φ1,Φ2⟩ = δn−1(p1−p2), and therefore the constant

A is given by

A =
1√

2ω(2π)n−1
. (1.14)
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To quantise the classical field we promote the field to an operator-valued distribution, i.e.

Φ(t,x) → Φ̂(t,x) and establish equal time commutation relations

[Φ̂(t,x), Φ̂(t,x′)] = Φ̂(t,x)Φ̂(t,x′) − Φ̂(t,x′)Φ̂(t,x) = 0,

[π̂(t,x), π̂(t,x′)] = 0,

[Φ̂(t,x), π̂(t,x′)] = iδ(n−1)(x− x′), (1.15)

where π̂(t,x) is the conjugate momentum given by

π̂(t,x) = ∂tΦ̂(t,x) = ˆ̇Φ(t,x). (1.16)

We can expand the quantised field in terms of the orthonormal modes (1.8) as

Φ̂(t,x) =

∫ (
âpΦ̂p(t,x) + â†pΦ̂∗

p(t,x)
)
dn−1p, (1.17)

where âp and â†p are annihilation and creation operators respectively and obey the canonical com-

mutation relations (CCR)

[âp, âp′ ] = 0,

[â†p, â
†
p′ ] = 0,

[âp, â
†
p′ ] = δ(n−1)(p− p′). (1.18)

In global Minkowski space-time there is a preferred vacuum state |0⟩ on which all inertial observers

agree, and which we define as

âp|0⟩ = 0. (1.19)

This is the state with the lowest possible energy, relative to an inertial observer, with no particles

present and which is invariant under the Poincaré group of transformations. The Minkowski vacuum

respects the symmetries of the underlying space-time. In curved space-times, however, there is no

unique definition of a vacuum state as discussed in the next section.

§ 1.2 Quantum field theory in curved space-time

To generalise the flat space-time action S (1.4) to the case of a curved space-time, we introduce

the metric gµν , change the ordinary partial derivatives to covariant ones (∂µ → ∇µ) and use the

covariant volume element, i.e. dnx →
√
−g dnx, where g is the determinant of the metric. The

action in curved space-time now becomes

S[Φ, gµν ] =

∫
−1

2

{
gµν∇µΦ∇νΦ + (m2 + ξR)Φ2

}√
−g dnx, (1.20)

where we introduce a new term ξ, the coupling constant which couples the field to the background

curvature. For minimal coupling we have ξ = 0 and for conformal coupling we have

ξc =
(n− 2)

4(n− 1)
. (1.21)
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The Klein-Gordon equation (1.7) in curved space-time now becomes[
2− (m2 + ξR)

]
Φ = 0, (1.22)

where 2 is the D’Alembertian operator in curved space-time given by

2Φ = gµν∇µ∇ν Φ

= gµν
(
∂µ∂ν − Γλµν∂λ

)
Φ. (1.23)

The Christoffel symbol, or connection coefficient Γλµν , is formed from the derivatives of the metric

tensor gµν and is given by

Γλµν =
1

2
gλσ
{
∂µgσν + ∂νgµσ − ∂σgµν

}
. (1.24)

In a curved space-time, the scalar product (1.9) generalises to [17]

⟨Φ1,Φ2⟩ = −i
∫
Σ

(Φ1∂µΦ∗
2 − Φ∗

2∂µΦ1)
√
−g nµdΣ, (1.25)

where, assuming global hyperbolicity, Σ is a non-compact, space-like hypersurface with unit normal

nµ, dΣ is the volume element in Σ and g is the determinant of gµν . It can be shown that ⟨Φ1,Φ2⟩ is

independent of the chosen hypersurface Σ [55]. As in the flat space-time case, we perform a mode

expansion of the scalar field in terms of an orthonormal basis of modes as

Φ̂(t,x) =
∑
i

[
âifi(t,x) + â†if

∗
i (t,x)

]
, (1.26)

where we have used the index i to label the modes and the annihilation and creation operators âi, â
†
i

obey the CCR

[âi, âi′ ] = 0,

[â†i , â
†
i′ ] = 0,

[âi, â
†
i′ ] = δ(n−1)(i− i′). (1.27)

In (1.26) i is a continuum index in n − 1 spatial dimensions but we adapt the schema in [17] and

represent the mode expansion as a sum over i rather than an integral. As in the flat space case we

can define a vacuum state |0f ⟩ that is annihilated by all the annihilation operators

âi|0f ⟩ = 0. (1.28)

However, suppose we have a different set of orthonormal basis modes gj with expansion

Φ̂(t,x) =
∑
j

[
b̂jgj(t,x) + b̂†jg

∗
j (t,x)

]
, (1.29)
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where b̂j , b̂
†
j are a new set of annihilation and creation operators that also obey the CCR (1.27). We

can, therefore, also define another vacuum state |0g⟩

b̂j |0g⟩ = 0. (1.30)

As the fi modes form an orthonormal basis, we can expand the gj modes terms of the fi modes as

gj =
∑
i

[
αjifi + βjif

∗
i

]
,

fi =
∑
j

[
α∗
jigj − βjig

∗
j

]
. (1.31)

The relations in (1.31) are known as Bogoliubov transformations and the matrices αij , βij are known

as Bogoliubov coefficients, which can be expressed as [17]

αij = ⟨gi, fj⟩, βij = −⟨gi, f∗j ⟩. (1.32)

Using the orthonormality of the modes we can relate the operators as

âi =
∑
j

(αjib̂j + β∗jib̂
†
j),

b̂j =
∑
i

(α∗
jiâi − β∗jiâ

†
i ). (1.33)

The Bogoliubov coefficients also satisfy the normalisation conditions∑
k

(αikα
∗
jk − βikβ

∗
jk) = δij ,

∑
k

(αikβjk − βikαjk) = 0. (1.34)

Now consider a system in the f−vacuum state |0f ⟩ where no particles are found by an observer

using the fi basis modes. Then the number of particles seen by an observer using the gj basis of

modes is determined by the expectation value of its number operator N̂j = b̂†j b̂j given by [17]

⟨0f |Nj |0f ⟩ =
∑
i

|βij |2. (1.35)

If any of βij ̸= 0 then an observer using one set of modes will see particles in a vacuum defined by

another set of basis modes. This may be appreciated by observing in (1.33) that the βij coefficient

mixes creation operators from one basis into the annihilation operators of another.

Thus, the notion of particles in curved space-time is observer dependent. Whilst there is no

unique definition of a vacuum state on a general curved background, in this thesis we choose the

global adS vacuum state as our preferred vacuum state. This is defined using global coordinates

on the whole of the adS space-time and retains all the symmetries of adS. However, unlike the

Minkowski vacuum, the global adS vacuum is not unique but depends on the boundary conditions.
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As we shall see in later chapters, observables calculated using either Dirichlet or Neumann bound-

ary conditions respect the underlying adS symmetry but, in the case of the vacuum polarisation,

application of Dirichlet or Neumann boundary conditions produce different vacuum expectation

values.
Having formulated a QFT in a curved space-time and developed mode-sum expressions for the

quantum scalar field Φ̂ we now turn our attention to computing expectation values. Two expectation

values calculated in this thesis are the vacuum polarisation ⟨Φ̂2⟩ and the stress energy tensor ⟨T̂µν⟩.
These expectation values are derived using Green’s functions [17] and this is the subject of the next

Section.

§ 1.3 Green’s functions

In this section we make the assumption that we are in a space-time where the there exists a vacuum

state |0⟩, which may or may not be unique and that we have a choice of time coordinate t where

time-ordering is possible. By this we mean that we have a space-time with a global time coordinate

which we can use to unambiguously define the order of events in time. These assumptions are valid

in the covering space of anti de-Sitter space-time where there are no closed time-like curves. In a

general curved space-time, the Green’s functions satisfy the inhomogeneous equation[
2− (m2 + ξR)

]
G(x, x′) = − 1√

−g
δn(x− x′), (1.36)

where δn is the n−dimensional Dirac delta function, G refers to any one of a number of Green’s

functions and x, x′ represents two space-time points. We start with the formulation of Green’s

functions for a vacuum state |0⟩ and then use these zero temperature or vacuum Green’s functions

to derive nonzero temperature or thermal Green’s functions. Of particular importance amongst the

family of Green’s functions are the Pauli-Jordan or Schwinger Green’s function G, the anticom-

mutator (Hadamard’s elementary) function G(1) and the Feynman propagator GF . The vacuum

Pauli-Jordan and anticommutator Green’s functions are given by [17]

iG(x, x′) = ⟨0|[Φ̂(x), Φ̂(x′)]|0⟩,

G(1)(x, x′) = ⟨0|{Φ̂(x), Φ̂(x′)}|0⟩. (1.37)

They can be split into their respective positive and negative frequency parts as

iG(x, x′) = G+(x, x′) −G−(x, x′),

G(1)(x, x′) = G+(x, x′) +G−(x, x′), (1.38)

where G±(x, x′) are called Wightman functions given by

G+(x, x′) = ⟨0|Φ̂(x)Φ̂(x′)|0⟩,

G−(x, x′) = ⟨0|Φ̂(x′)Φ̂(x)|0⟩. (1.39)

The Wightman functions are not Green’s functions and satisfy the homogeneous version of (1.36).

Also it should be noted that although we refer to G and G(1) as Green’s functions (adopting the

terminology in [17]), they also satisfy the homogeneous version of (1.36).
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Of the Green’s functions mentioned above only the Feynman propagator GF (x, x′) satisfies (1.36)

and is defined as

iGF (x, x′) = ⟨0|T (Φ̂(x)Φ̂(x′))|0⟩, (1.40)

where T denotes that the fields are time-ordered. For two space-time points with time coordinates

t, t′, time-ordering requires that

T (Φ(x)Φ(x′)) =

{
Φ̂(x)Φ̂(x′) if t > t′

Φ̂(x′)Φ̂(x) if t′ > t.
(1.41)

The Feynman propagator can also be expressed as

iGF (x, x′) = Θ(t− t′)G+(x, x′) + Θ(t′ − t)G−(x, x′), (1.42)

where Θ is the Heaviside function given by

Θ(t− t′) =

{
1 if t > t′

0 if t < t′.
(1.43)

If t = t′ then time ordering is not applicable and we have iGF (x, x′)|t=t′ = ⟨0|Φ̂(x)Φ̂(x′)|0⟩.
Two other Green’s functions of note are the retarded GR and advanced GA Green’s functions

defined as [17]

GR(x, x′) = −Θ(t− t′)G(x, x′),

GA(x, x′) = Θ(t′ − t)G(x, x′). (1.44)

We can also define the Feynman propagator in terms of GR and GA by

GF (x, x′) = −G̃(x, x′) − 1

2
iG(1)(x, x′), (1.45)

where G̃ is the average of GR and GA

G̃(x, x′) =
1

2

[
GR(x, x′) +GA(x, x′)

]
. (1.46)

Having derived expressions for the Green’s functions for a vacuum state |0⟩, we now consider

Green’s functions in a nonzero temperature or thermal state with inverse temperature β = 1/T ,

where T is the temperature of the thermal state. Unlike the vacuum Green’s functions which

have been calculated in a pure (vacuum) state, an equilibrium system at an inverse temperature

β is described by a grand canonical ensemble of states [17]. Thus we can define thermal Green’s

functions by replacing the vacuum expectation values by the ensemble average ⟨ ⟩β of mixed

thermal states. For the Wightman functions for example we have

G+
β (x, x′) = ⟨Φ̂(x)Φ̂(x′)⟩β,

G−
β (x, x′) = ⟨Φ̂(x′)Φ̂(x)⟩β, (1.47)
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which satisfy the periodicity property [17]

G±
β (t,x; t′,x′) = G∓

β (t+ iβ,x; t′,x′). (1.48)

Thermal Green’s functions can be expressed as an infinite sum of the corresponding vacuum Green’s

functions. For instance, for the anticommutator, we have

G
(1)
β (t,x; t′,x′) =

∞∑
j=−∞

G(1)(t+ ijβ,x; t′,x′), (1.49)

where the vacuum Green’s function is recovered for j = 0.

As we will see later in this thesis, Green’s functions are used in the determination of expectation

values such as ⟨Φ̂2⟩ and ⟨T̂µν⟩. However, as we will discuss in the next Section, formulating Green’s

functions in Euclidean space has proven to be a powerful technique for the calculation of expectation

values and their subsequent numerical computations.

§ 1.4 Quantum field theory in Euclidean space

The Green’s functions discussed in the previous section have integral representations. For example,

in flat space-time the Feynman propagator can be expressed as [17]

iGF (x, x′) =
1

(2π)n

∫
eik.(x−x′)e−ik

0(t−t′)

(k0)2 − |k|2 −m2
dnk, (1.50)

where |k|2 = (k1)2 + · · · + (kn−1)2. The integral (1.50) can be evaluated as a contour with the

k0 integral having poles at (k0)2 = |k|2 + m2. The integral is therefore performed by deforming

the contour integral around the poles, with the different Green’s functions having different contour

deformations. Figure 1.2 shows examples of integration contours for the Feynman propagator, the

advanced and retarded Green’s functions.
Alternatively, we can use an iϵ-prescription [17] and write the Feynman propagator in flat

space-time as

iGF = lim
ϵ→0

1

(2π)n

∫
eik.(x−x′)e−ik

0(t−t′)

(k0)2 − |k|2 −m2 + iϵ
dnk, (1.51)

where the iϵ term shifts the poles of the integration away from the real line (Figure 1.2).

However, it can be seen that the relationship between the poles and the integration contour for

the Feynman propagator is unchanged if the contour of integration is rotated in the complex plane

by π/2, to lie on the imaginary k0 axis (Figure 1.2). This is achieved by making the transformation

t = −iτ, (1.52)

and is called a Wick rotation, giving the Wick rotated metric a Euclidean signature (+,+,+,+). The

k0 exponential term in (1.50) can now be expressed as e−iκ(τ−τ
′), where κ = −ik0. The integration

variable is now κ and the integration (1.51) can now be performed without going through the

poles, allowing the Feynman propagator to be determined without the need for an iϵ prescription.
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Figure 1.2: Example of contour integrals in the complex k0 plane for the advanced GA and retarded
GR Green’s functions (top) and the Feynman propagator GF (middle). The poles on the real axis,
represented by ×, are at k0 = ±

√
|k|2 +m2. Using the iϵ prescription we can shift the poles away

from the real axis (adapted from [17]).
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Note that Wick rotation is not possible for the other Green’s functions mentioned in Section 1.3 as

rotation of the contour integrals will cross one of the poles (see Figure 1.2 (top) for the advanced

and retarded Green’s functions).

For the scalar field, the Feynman propagator with Lorentzian signature is related to the Eu-

clidean Green’s function GE by [17]

iGF (t,x; t′x′) = GE(iτ,x; iτ ′,x′). (1.53)

In a curved space-time, the Euclidean Green’s function satisfies[
2E − (m2 + ξR)

]
GE(x, x′) = − 1

√
gE
δn(x− x′), (1.54)

where gE is the determinant of the Euclidean metric and the D’Alembertian in Euclidean space

2E is an elliptical operator. The Euclidean Green’s function obtained from (1.54), if one exists, is

unique for a given state [17, 100] and thus it is often easier to work in Euclidean space (see Chapters

3, 5, 6) and then transform back to Lorentzian space afterwards. Indeed, it has been shown that in

static space-times, the Euclidean Green’s function obtained on a Riemannian manifold, by a Wick

rotation, agrees with the Feynman propagator on Lorentzian space-time [100]. Also it has been

shown that the thermal Euclidean Green’s function for a massless, conformally coupled scalar field

on adS4 with Dirichlet and Neumann boundary conditions, is equivalent to the Green’s function on

a Lorentzian background [71].

Of the many Green’s functions discussed in Section 1.3, the Feynman propagator is of particular

significance as we will use this to derive expectation values of the quantum scalar field. However,

in the coincidence limit where x→ x′, the Feynman Green’s function is divergent and we therefore

need to find a way of extracting a meaningful quantity from it in order to compute expectation

values. To this end we employ a renormalisation procedure and this is the subject of the next

section.

§ 1.5 Hadamard renormalisation

In Minkowski space-time, the global vacuum state |0⟩ achieves special significance. It is the state

with lowest energy and the absence of particles (for an inertial observer). In classical field theory the

vacuum state corresponds to the absence of the field i.e. Φ(t,x) = 0, which solves the classical Klein-

Gordon equation (1.7). However for the quantum vacuum state, in order to satisfy the commutation

relations (1.15), the field maintains a nonzero value even in a state with the lowest possible energy.

Heuristically, this can be considered as the field fluctuating [72].

Considering the quantum field as a set of harmonic oscillators, a simple calculation of the vacuum

energy for a non-interacting quantum scalar field, E0 gives [17]

E0 = ⟨0|H|0⟩ =
∑
p

1

2
ω, (1.55)

where p refers to the momenta, ω the frequency of the modes (1.8) and H is the Hamiltonian given

by

H =
1

2

∑
p

(â†pâp + âpâ
†
p)ω. (1.56)
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It can be seen from (1.55) that the vacuum energy is not only nonzero, it is also divergent for large

p. The problem of an infinite vacuum energy density in QFT is circumvented in flat space-time by

a process called normal ordering, denoted by ::. This entails that whenever we have a product of

creation and annihilation operators, the annihilation operator is situated to the right of the creation

operator giving : âpâ
†
p :→ â†pâp. Thus the Hamiltonian (1.56) becomes : H :=

∑
p â

†
pâp ω and the

problematic 1
2 ω term in (1.55) vanishes.

The process of renormalisation in curved space-time is more complex. Energy in the form of

the stress energy tensor ⟨T̂µν⟩ is a source of gravity and influences the space-time curvature that

we are studying. Therefore, we cannot simply discard it by re-scaling the zero point energy, and

consider energy differences, as in flat space-time. Instead, a different approach is required for curved

space-times. A number of renormalisation schemes are described in the literature. These include the

adiabatic approach [77], the deWitt-Schwinger method [37, 38, 86], zeta-function regularisation [42,

54], dimensional renormalisation [18, 92] and the Pauli-Villars approach [79]. In this thesis we

use a technique called Hadamard renormalisation [35], named after Jacques Hadamard [51] who

worked on the singularity structure of second order elliptic and hyperbolic equations. Hadamard

renormalisation depends on the representation of the Feynman propagator in Hadamard form as a

Hadamard parametrix GS(x, x′) for points x, x′ that are in a normal neighbourhood. This means

that the points x and x′ are connected by a unique geodesic. It has been shown [49] that if the

Feynman propagator has a Hadamard structure in an open neighbourhood of a Cauchy surface on

a C∞ globally hyperbolic manifold, then it has this form everywhere.

Before giving formal expressions for the Hadamard parametrix, we introduce two important

quantities, Synge’s world function σ(x, x′) and the van Vleck-Morette determinant ∆(x, x′) [96].

Synge’s world function σ(x, x′) is defined as [91]

σ(x, x′) =
1

2
[s(x, x′)]2, (1.57)

where s(x, x′) is the geodesic interval separating two space-time points x and x′.

Assuming x and x′ are in a normal neighbourhood, we can also write the world function as [84]

σ(x, x′) =
1

2
(λ1 − λ0)

∫
z
gµνt

µtνdλ, (1.58)

where tµ = dz
dλ is the tangent vector to the unique geodesic z(λ) connecting x and x′ and λ is an

affine parameter. In (1.58), we suppose x = z(λ0) and x′ = z(λ1). The world function satisfies [35]

2σ = σ;µσ;µ, (1.59)

and in addition we note that

σ(x, x′) < 0 (x, x′) time-like separated,

σ(x, x′) = 0 (x, x′) null separated,

σ(x, x′) > 0 (x, x′) space-like separated. (1.60)

It can be seen from (1.57) and (1.60) that the geodesic interval s is imaginary for time-like separated

points.
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The van Vleck-Morette determinant ∆(x, x′) [96] provides information as to how geodesics that

start at the point x converge or spread out at the point x′. It is defined as [35, 97]

∆(x, x′) = [−g(x)]−
1
2 det

{
σ;µν′(x, x

′)
} [

−g(x′)
]− 1

2 , (1.61)

where g(x), g(x′) is the determinant of the metric at the space-time points x and x′ respectively.

In n−dimensions, ∆(x, x′) satisfies the differential equation

2σ = n− 2∆− 1
2 ∆

1
2
;µσ

;µ, (1.62)

as well as the boundary condition

lim
x→x′

∆(x, x′) = 1. (1.63)

The exact form of the Hadamard parametrix depends on the number of space-time dimensions.

Décanini and Folacci [35] developed the Hadamard renormalisation of the stress energy tensor for a

general space-time in D ≥ 2 dimensions. In this thesis we are concerned with space-times in three

and four dimensions. In four dimensions the Hadamard form of the Feynman propagator is given

by

G
(4)
F (x, x′) =

i

8π2

 U (4)(x, x′)[
σ(x, x′) + iϵ

] + V (x, x′) ln{σ(x, x′) + iϵ} +W (4)(x, x′)

 , (1.64)

where the superscript (4) denotes we are in four dimensions (three-dimensional versions are given

below) and U (4)(x, x′), V (x, x′) and W (4)(x, x′) are biscalars regular in the coincidence limit (x →
x′). For time-like and space-like separated points, these are given by

U (4)(x, x′) = ∆
1
2 (x, x′),

V (x, x′) =
∞∑
n=0

Vn(x, x′)σn(x, x′),

W (4)(x, x′) =
∞∑
n=0

Wn(x, x′)σn(x, x′), (1.65)

where n ∈ N. The iϵ term in (1.64) is introduced to give impart a singularity structure to G
(4)
F (x, x′)

consistent with the notion of it being a time-ordered product (Section 1.4). The coefficients Vn(x, x′)

satisfy the recursion relations [35]

2(n+ 1)(n+ 2)V(n+1) + 2(n+ 1)V(n+1);µ σ
;µ

− 2(n+ 1)V(n+1)∆
−1/2∆1/2

;µ σ
;µ +

[
2− (m2 + ξR)

]
Vn = 0, for n ∈ N, (1.66)

with V0 given by

2V0 + 2V0;µσ
;µ − 2V0∆

−1/2∆1/2
;µ σ

;µ +
[
2− (m2 + ξR)

]
∆1/2 = 0. (1.67)
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The coefficients W
(4)
n (x, x′) have the recursion relations [35]

2(n+ 1)(n+ 2)W
(4)
(n+1) + 2(n+ 1)W

(4)
(n+1);µ σ

;µ

− 2(n+ 1)W
(4)
(n+1)∆

−1/2∆1/2
;µ σ

;µ + 2(2n+ 3)V(n+1) + 2V(n+1) ;µσ
;µ

− 2V(n+1)∆
−1/2∆1/2

;µ σ
;µ +

[
2− (m2 + ξR)

]
W (4)
n = 0 for n ∈ N, (1.68)

with W
(4)
0 unconstrained.

In three space-time dimensions the Hadamard parametrix has a simpler form as there is no

coefficient Vn(x, x′) and no logarithmic term. The Hadamard expansion of the Feynman propagator,

in three dimensions, thus becomes

G
(3)
F (x, x′) =

i

4
√

2π

 U (3)(x, x′)[
σ(x, x′) + iϵ

] +W (3)(x, x′)

 , (1.69)

where the superscript (3) signifies that we are in three dimensions. The coefficient W (3)(x, x′) has

an expansion analogous to (1.65) with recursion relations

(n+ 1)(2n+ 3)W
(3)
(n+1) + 2(n+ 1)W

(3)
(n+1) ;µσ

;µ

− 2(n+ 1)W
(3)
(n+1)∆

−1/2∆1/2
;µ σ

;µ +
[
2− (m2 + ξR)

]
W (3)
n = 0 for n ∈ N, (1.70)

where again the W
(3)
0 term is unconstrained (see below). The coefficient U (3)(x, x′) has an expansion

of the form

U (3)(x, x′) =
∞∑
n=0

U (3)
n (x, x′)σn(x, x′), (1.71)

with U
(3)
n (x, x′) satisfying the recursion relations

(n+ 1)(2n+ 1)U
(3)
(n+1) + (2n+ 1)U

(3)
(n+1) ;µσ

;µ

− (2n+ 1)U
(3)
(n+1)∆

−1/2∆1/2
;µ σ

;µ +
[
2− (m2 + ξR)

]
U (3)
n = 0 for n ∈ N, (1.72)

with U
(3)
0 given by

U
(3)
0 (x, x′) = ∆

1
2 . (1.73)

The Hadamard coefficients Un(x, x′) and Vn(x, x′) can be determined by integrating the recursion

relations (1.66, 1.72) along the unique geodesic connecting the two space-time points x and x′ and,

from [35], are unique, purely geometric objects. In contrast, the coefficients Wn(x, x′) in both

three and four dimensions are unconstrained by the recursion relations (1.68, 1.70) and are not

purely geometric objects as we have freedom to choose the W0 term. Once chosen, however, the

subsequent terms in the recurrence relations (1.68, 1.70) with n ≥ 1, are uniquely determined.

We thus decompose the Hadamard parametrix into a purely geometric, state-independent part that

15



diverges in the coincidence limit and a regular state-dependent part. In four dimensions the singular

part of the Hadamard parametrix is given by

G
(4)
F, sing(x, x

′) =
i

8π2

 U (4)(x, x′)[
σ(x, x′) + iϵ

] + V (x, x′) ln{σ(x, x′) + iϵ}

 , (1.74)

whilst in three dimensions it is

G
(3)
F, sing(x, x

′) =
i

4
√

2π

 U (3)(x, x′)[
σ(x, x′) + iϵ

]
 . (1.75)

The divergent part of the Hadamard parametrix contains all the singularities of the Green’s function

in the coincidence limit. Likewise the regular state-dependent part of the Hadamard function is

given by

G
(4)
F, reg(x, x

′) =
i

8π2
W (4)(x, x′), (1.76)

in four dimensions and

G
(3)
F, reg(x, x

′) =
i

4
√

2π
W (3)(x, x′), (1.77)

in three dimensions.

Renormalised expectation values of the product of field operators such as ⟨Φ̂2⟩ and ⟨T̂µν⟩ are ob-

tained by subtracting the singular part of the Hadamard parametrix (1.74, 1.75) from the Feynman

Green’s function before taking the coincidence limit [17]. For example the vacuum polarisation is

derived from

⟨Φ̂2⟩ren = lim
x′→x

[−iGF (x, x′) − (−iGF, sing(x, x′))]. (1.78)

Determination of the renormalised expectation value of the stress energy tensor is more elaborate

and this is the subject of the next Section.

§ 1.6 Stress-energy tensor

Determination of the expectation value of the renormalised stress energy tensor ⟨T̂µν⟩ is a funda-

mental aspect of QFTCS as it acts as the source term in Einstein’s field equations (1.2). We can

obtain an expression for the classical stress energy tensor by varying the action S (1.20) with respect

to the metric tensor gµν to give

Tµν =
2√
−g

δS[Φ, gµν ]

δgµν
. (1.79)

It can be shown that in the classical case [35], Tµν is given by

Tµν = (1 − 2ξ)∇µΦ∇νΦ +

(
2ξ − 1

2

)
gµνg

ρσ∇ρΦ∇σΦ − 1

2
gµνm

2Φ2

− 2ξΦ∇µ∇νΦ + 2ξgµνΦ2Φ + ξ

(
Rµν −

1

2
gµνR

)
Φ2, (1.80)
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and satisfies the conservation equation

∇νT
µν = 0. (1.81)

For the massless, conformally coupled scalar field, with m = 0 and ξ = ξc (1.21), the stress energy

tensor is traceless in the classical scenerio

Tµµ = 0. (1.82)

If we were to model the classical scalar field as a perfect fluid, that is a fluid consisting of non-

interacting particles distributed isotropically, we can write the stress energy tensor Tµν in tensorial

form as
Tµν = (ρ+ P )UµUν + Pgµν , (1.83)

where ρ is the energy density of the fluid, P is its pressure and Uσ is the four-velocity of the fluid.

We now consider the case of a quantum scalar field and the discussion in the remainder of this

section is based largely on [35] except where otherwise referenced. The expectation value of the

stress energy tensor in a quantum state |ψ⟩ given by

⟨ψ|Tµν(x)|ψ⟩ = lim
x′→x

{
Tµν(x, x′)[−iGF (x, x′)]

}
. (1.84)

The second order differential operator, Tµν(x, x′) is given by

Tµν(x, x′) = (1 − 2ξ)g ν
′

ν ∇µ∇ν′ +

(
2ξ − 1

2

)
gµνg

ρσ′∇ρ∇σ′ − 2ξg µ
′

µ g ν
′

ν ∇µ′∇ν′

+ 2ξgµν∇ρ∇ρ + ξ
(
Rµν −

1

2
gµνR

)
− 1

2
gµνm

2, (1.85)

where gµν′ denotes the bivector (not a tensor) of parallel transport between the points x and x′ and

which satisfies [37]

gµν′ ;ρ σ
;ρ = 0, (1.86)

with
lim
x′→x

gµν′ = gµν . (1.87)

However, as the Feynman propagator is divergent in the coincidence limit, the term in the right

hand side of (1.84) is essentially meaningless. This problem can be fixed [98] by removing from the

right hand side of (1.84) the purely geometric, state-independent part of the Hadamard form of the

Feynman propagator given in (1.74, 1.75), whilst keeping the regular state dependent part W (x, x′).

Putting this together, the renormalised expectation value of the stress energy tensor (RSET) can

be expressed as

⟨ψ|T̂µν(x)|ψ⟩ =
1

8π2

[
− wµν +

1

2
(1 − 2ξ)w;µν −

1

2

(
2ξ − 1

2

)
gµν2w

+ ξRµν w − gµνv1

]
+ Θµν , (1.88)

where
w(x) = lim

x′→x
W (x, x′), wµν(x) = lim

x′→x
W;µν(x, x′), (1.89)
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and Θµν is a state-independent geometric tensor depending on the mass and coupling constant of

the field and satisfies

Θµν
;ν = 0. (1.90)

The gµνv1 term in (1.88) is a biscalar which is state-independent and regular in the coincidence

limit and ensures that the RSET is conserved, with v1 given by

v1 = lim
x→x′

V1(x, x
′). (1.91)

V1(x, x
′) is determined by using the recurrence relations (1.66, 1.67). In three dimensions v1 = 0,

whereas in four dimensions v1 is explicitly given by

v1 =
1

8
m4 +

1

4

(
ξ − 1

6

)
m2R− 1

24

(
ξ − 1

5

)
2R+

1

8

(
ξ − 1

6

)2

R2

− 1

720
RµνR

µν +
1

720
RµνρσR

µνρσ. (1.92)

There are two sources of ambiguity in the geometric tensor Θµν . The first ΘM2

µν is related to the

renormalised mass scale M introduced into (1.64) to make the argument of the logarithmic term

dimensionless. The second comes from the ability to add any conserved geometric tensor Θ̃µν to

the RSET. Thus we can write

Θµν = ΘM2

µν + Θ̃µν . (1.93)

The ambiguity in ΘM2

µν only exists in even space-time dimensions and is therefore not present

when we consider the RSET in adS3 in Chapter 6. We can express ΘM2

µν in terms of the mass scale

M in four dimensions as

ΘM2

µν = − 1

8π2
lim
x→x′

T (x, x′)V (x, x′) lnM2. (1.94)

Explicitly the conserved geometric tensor in three dimensions Θ̃
(3)
µν is given by

Θ̃(3)
µν = Am3 gµν +Bm2

[
Rµν −

1

2
Rgµν

]
, (1.95)

where A and B are dimensionless constants. It can be seen that Θ̃
(3)
µν = 0 in the massless case. The

conserved geometric tensor in four dimensions Θ̃
(4)
µν is given by

Θ̃(4)
µν = Am4 gµν +Bm2

[
Rµν −

1

2
Rgµν

]
+ C1H(1)

µν + C2H(2)
µν + C3H(3)

µν , (1.96)

where C1, C2 and C3 are dimensionless constants and the conserved, rank two tensors H(i)
µν are given
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by

H(1)
µν = 2R;µν − 2RRµν + gµν

[
−22R+

1

2
R2

]
,

H(2)
µν = R;µν −2Rµν − 2RpqRpµqν + gµν

[
−1

2
2R+

1

2
RpqR

pq

]
,

H(3)
µν = 2R;µν − 42Rµν + 4RpµRpν − 4RpqRpµqν − 2RpqrµRpqrν

+ gµν

[
1

2
RpqrsR

pqrs

]
. (1.97)

The tensors H(i)
µν are related to each other by

H(1)
µν − 4H(2)

µν + H(3)
µν = 0. (1.98)

Thus, we can eliminate one of the three conserved rank two tensors in (1.96) by setting, without

loss of generality, C1 = 0 or C2 = 0 or C3 = 0.

The geometric tensor ΘM2

µν is related to the trace of the RSET which, for the massless, confor-

mally coupled scalar field on adS4, can be expressed as

⟨ψ|T̂µµ |ψ⟩ =
v1

4π2
+ gµνΘM2

µν . (1.99)

However, for the massless, conformally coupled field gµνΘM2

µν = 0 and hence the trace of the

RSET in four dimensions reduces to

⟨ψ|T̂µµ |ψ⟩ =
v1

4π2
. (1.100)

Thus, after renormalisation the RSET has a nonzero trace, unlike its classical counterpart (1.82).

This nonzero trace is often referred to as the ‘trace anomaly’ [17, 48, 102]. As ΘM2

µν and the term

v1 in (1.99) are zero in odd dimensions, the trace anomaly does not exist in adS3 in the massless,

conformally coupled case (see Chapter 6).

§ 1.7 Wald’s axioms for the stress energy tensor

In order to achieve a degree of consistency and validity for the many renormalisation schemes used

to find a finite, physically reasonable RSET, Wald [98, 99] set out a number of axioms which any

RSET should satisfy. These are summarised as follows

(i) Conservation: The expectation values of the RSET are conserved, i.e. ∇ν⟨T̂µν⟩ren = 0

(ii) Causality: For a state in the asymptotic past at a point q (“in” state), we must have that

⟨T̂µν⟩ren depends only on events in the causal past of q and that for states in the asymptotic future

of q (“out” states), ⟨T̂µν⟩ren depends only on the causal future of q.

(iii) Consistency: For a pair of orthogonal states such that ⟨Φ|Ψ⟩ = 0, the matrix element of

⟨Φ|T̂µν |Ψ⟩ should agree with the formal expression which produces finite results.
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(iv) Normal ordering: This requires that the RSET reduces to the normal ordered expectation

value in Minkowski space-time, i.e. that ⟨T̂µν⟩ren = ⟨: T̂µν :⟩.

As a consequence of the above axioms, Wald proved a uniqueness theorem [98] which states that

any RSET that satisfies the above axioms will be unique up to the addition of a locally conserved

purely geometric tensor Θµν (see Section 1.6). Thus if we have two RSETs, ⟨T̂µν⟩A and ⟨T̂µν⟩B that

satisfy Wald’s axioms we have

⟨T̂µν⟩A − ⟨T̂µν⟩B = Θµν . (1.101)

Wald also showed that Θµν is a multiple of the identity operator and depends only of the space-time

geometry. The uniqueness theorem acts as a criterion to establish the validity of a RSET obtained

from a renormalisation method. Indeed, it was shown in [98, 99] that Hadamard renormalisation

does satisfy Wald’s axioms.

§ 1.8 Classical energy conditions

Einstein’s field equations of GR (1.1) formulate a relationship between the metric tensor and the

stress energy tensor without stipulating what physical form either should take. Thus it is possible

to use an arbitrary metric in (1.1) and obtain a stress energy tensor that is conserved. However,

it has long been known that this can lead to unphysical phenomena such as closed time-like loops,

superluminal travel and wormholes [55, 62]. One strategy to overcome this problem is to require

that physically reasonable matter fields obey certain energy conditions which limit the arbitrariness

of the stress energy tensor. There are four commonly used energy conditions. Using the stress

energy tensor of a perfect fluid (1.83) as an example, these are [28, 62]

(i) Weak Energy Condition (WEC): this stipulates that for any future-directed time-like

vector V µ, we have TµνV
µV ν ≥ 0, or equivalently that ρ ≥ 0 and ρ + P ≥ 0. Put simply this

requires that for all observers, the energy density component of Tµν is never negative.

(ii) Null Energy Condition (NEC): this stipulates that for a null vector Kµ, we have

TµνK
µKν ≥ 0, or that ρ+P ≥ 0. This allows for negative energy density so long as it is compensated

for by a positive pressure.

(iii) Dominant Energy Condition (DEC): This incorporates the WEC for time-like vectors

(TµνV
µV ν ≥ 0), as well as requiring that −Tµν V ν is a future-directed causal vector field (nonspace-

like). This requires that ρ ≥ |P | and is often interpreted as the requirement that the flux of energy

is not superluminal.

(iv) Strong Energy Condition (SEC): This requires that(
Tµν −

1

(n− 2)
T λλ gµν

)
V µV ν ≥ 0, (1.102)

where n is the number of space-time dimensions. In other words we have ρ+P ≥ 0 and ρ+3P ≥ 0.

The SEC was used in the singularity theorems of Hawking [52] and Penrose [80] and implies the

NEC rather than the WEC. Simply put, the SEC implies that gravity is attractive. The individual

energy conditions imply the existence of another as shown in Figure 1.3.
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NEC ⇐==⇒ SEC=⇒ WECDEC

Figure 1.3: Interrelationships between the different energy conditions.

Whilst most classical forms of matter such as nonrelativistic ideal gases or pressureless dust obey

the DEC, it was realised in the 1960s that quantum field theory implies that the energy density of

quantum fields can be negative at least for a short time period [43]. It was shown in [47] that the

existence of negative energy and, in particular, negative energy fluxes could lead to the violation of

the second law of thermodynamics. This violation could be overcome if the magnitude and duration

of the energy flux satisfied

|F | ≲ τ−2, (1.103)

where F is the flux and τ the duration that it lasts. This suggested that whilst it is possible for

quantum fields to break the pointwise classical energy conditions, they could only do this for a short

time. Indeed, (1.103) is the first example of what has become to be known as a quantum energy

inequality (QEI). QEIs consider the average of the stress energy tensor over causal curves and place

lower (nonzero) bounds on local averages of energy densities of quantum fields. QEIs can limit the

ability of quantum fields to support exotic space-times such as wormholes [44, 45].

Whilst most classical, minimally coupled fields obey the classical energy conditions, this is not

the case for nonminimally coupled (ξ ̸= 0) scalar fields which can violate all the energy conditions [11,

62]. However, no complete formulation of a QEI for a non-minimally coupled scalar field has been

provided to date [62] and in Minkowski space-time, non-minimally coupled fields can enjoy large

negative energy densities for prolonged periods of time [44]. We will also see in Chapter 6 that

non-minimally coupled fields in adS3 can have negative energy densities for most or all of the

space-time.

§ 1.9 Overview of the thesis and motivation

In this thesis we study a real, free quantum scalar field propagating on a background anti-de Sitter

space-time (adS). We numerically determine the vacuum (v.e.v.) and thermal (t.e.v.) expectation

values of the square of the field ⟨Φ̂2⟩ (vacuum polarisation) and the RSET ⟨T̂µν⟩. AdS is a maximally

symmetric solution to Einstein’s field equations (1.1), with a constant negative curvature. However,

the possession of a time-like boundary at spatial infinity means that adS is not a globally hyperbolic

space-time. This necessitates the use of boundary conditions at spatial infinity in order to have a

well-posed quantum field theory [8, 58, 59]. In this thesis we apply Dirichlet, Neumann and Robin

boundary boundary conditions to the scalar field at the space-time boundary. Robin boundary

conditions may be considered as as a linear combination of Dirichlet and Neumann. The study of

different boundary conditions is expected to result in a rich variety of expectation values.

The vacuum polarisation (VP) of a massless, conformally coupled scalar field on four-dimensional

anti de-Sitter space-time (adS4) has previously been determined [71], subject to Dirichlet, Neumann

and Robin boundary conditions. In [71], it was found that at the space-time boundary, both

the v.e.v.s and t.e.v.s of the VP converged towards the Neumann result for all Robin boundary
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conditions except Dirichlet, which had its own limit. In this thesis we study the VP for a scalar

field with general mass and coupling on a three dimensional adS background (adS3). Our motivation

is to determine whether the results in [71] are reproduced when we allow the mass and coupling

constant of the field to vary.

In the computation of ⟨T̂µν⟩, we start with a massless, conformally coupled scalar field on adS4.

We seek to determine whether the finding in [71] for the VP also applies to the v.e.v.s and t.e.v.s

of the RSET. We analyse the behaviour of the RSET as it approaches the space-time boundary and

thus provide some analytical evidence to support our numerical results. We then compute ⟨T̂µν⟩
for a scalar field with general mass and coupling on an adS3 background. Allowing the mass and

coupling constant to vary results in a wide variety of ⟨T̂µν⟩, some of which have negative energy

densities for a majority (or all) of space-time, thus violating the classical energy conditions (see

Section 1.8).

Finally we use a selection of ⟨T̂µν⟩ as the source term in (1.2) to determine the backreaction or

quantum corrections to the underlying adS3 metric. This is a fundamental aspect of QFTCS as it

directly shows the interplay between quantum fields and the geometry of space-time.

This thesis is set out as follows.

• Chapter 1: Here we lay out some of the key concepts used in this thesis as well as the

motivation for and brief outline of the research that follows.

• Chapter 2: We describe the geometry and other important features of adS space-time. We

discuss the need for boundary conditions due to the non-global hyperbolicity of adS and

demonstrate a mapping of adS to the globally hyperbolic Einstein Static Universe (ESU).

• Chapter 3: The v.e.v.s and t.e.v.s of the RSET for a massless, conformally coupled scalar

field on adS4 are derived, using Dirichlet, Neumann and Robin boundary conditions. We

study the behaviour of the RSET at the space-time boundary and give analytic support to

the numerical results found. Much of the work in this chapter has appeared in a recent

publication [70].

• Chapter 4: Here we lay out some of the background mathematical results for quantum scalar

field theory on an adS3 background. We find mode solutions to the Klein-Gordon equation in

terms of hypergeometric functions. We derive an upper limit to the parameter ζ used in the

Robin boundary condition in order to obtain mode solutions that are classically stable.

• Chapter 5: We compute the renormalised VP for a scalar field with general mass and coupling

on adS3. We determine the Green’s function on an adS3 background and use Hadamard

renormalisation to obtain the v.e.v.s and t.e.v.s of the VP subject to Dirichlet, Neumann

and Robin boundary conditions. We also examine the behaviour of the VP at the space-time

boundary. Much of the work in this chapter has also appeared in a recent publication [73].

• Chapter 6: We determine the v.e.v.s and t.e.v.s of the RSET for a quantum scalar field

with general mass and coupling on adS3, subject to Dirichlet, Neumann and Robin boundary

conditions. Varying the mass and coupling constant has resulted in a rich spectrum of RSETs,

some with negative energy densities. It is anticipated that this will form the subject of a future

publication [75].
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• Chapter 7: We conclude our research by using a selection of the RSETs obtained in Chapter 6

as the source term in the semi-classical Einstein’s equations (1.2) and compute the corrections

to the underlying space-time metric. It is anticipated that this will also form the subject of a

future publication [74].

• Chapter 8: We provide a summary of the research covered in this thesis as well as plans for

future research.
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Chapter 2

Anti-de Sitter space-time

Anti-de Sitter space-time (adS) is a maximally symmetric solution to Einstein’s field equations (1.1)

with a constant negative cosmological constant (Λ < 0). A negative cosmological constant implies

that the expansion of the Universe should be decelerating, contrary to recent observations [81].

Nonetheless, adS has many rich properties, making it a very interesting space-time to explore.

Undoubtedly one of the reasons why adS has been studied so extensively in recent years is its

role in the adS/CFT (conformal field theory) correspondence first postulated by Maldecena in 1997

(see [1] for a review). In the adS/CFT correspondence it is proposed that a type IIB supersymmetric

string theory in an n−dimensional adS bulk is dual to a QFT on its (n−1)−dimensional Minkowski

boundary (Figure 2.1). The adS/CFT correspondence means we can formulate QFTs on a boundary

that are dual to a higher dimensional, more complicated, theory of quantum gravity in the bulk.

adS bulk
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Figure 2.1: Schematic of the adS/CFT correspondence. Theories of quantum gravity in the ‘bulk’
are postulated to be dual to QFTs on a lower dimensional Minkowski boundary.

In this chapter we describe aspects of adS space-time. In Section 2.1 we discuss the key geometric

features of adS and how it is conformal to the Einstein Static Universe (ESU). In Section 2.2 we

describe the Poincaré patch which plays a key role in the ads/CFT correspondence. In Section 2.3,

we discuss some of the properties associated with a maximally symmetric space-time. As adS is not
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a globally hyperbolic space-time, we need to apply boundary conditions at the time-like boundary

in order to have a meaningful QFT. This is discussed further in Section 2.4. Finally, in Section 2.5,

we conclude this chapter with a summary of the key features of adS space-time.

§ 2.1 Geometry of anti de-Sitter space-time

We can consider n−dimensional anti-de Sitter space-time (adSn) as an n−dimensional single-sheeted

hyperboloid embedded in an (n + 1)− dimensional flat space, R(n−1,2) [14, 55, 88], with metric

ηαβ = diag(−1, 1, 1, . . . , 1,−1). Using the coordinates, χα (α = 0, 1, 2, ...n), the equation for the

hyperboloid in the embedding space is,

− (χ0)2 + (χ1)2 + (χ2)2 + ...+ (χn−1)2 − (χn)2 = −L2, (2.1)

where L > 0 is the radius of the waist of the hyperboloid, Figure 2.2 and is related to the cosmological

constant by

Λ = −(n− 2)(n− 1)

2L2
. (2.2)

For all the numerical calculations in the later chapters in this thesis, we set L = 1. This is a

common technique used in this field of study and simply means that we rescale the units so that

the curvature radius of adS is dimensionless and other quantities (such as the cosmological constant

and Ricci scalar) are expressed in terms of units of L.

In (2.1), there are two time-like coordinates, χ0, χn, whilst χi, i = 1, ..., (n − 1) are space-like.

The metric on the embedding space is given by

ds2 = −(dχ0)2 + (dχ1)2 + (dχ2)2 + ...+ (dχn−1)2 − (dχn)2. (2.3)

We now choose a suitable set of dimensionless coordinates for adS space-time [60]

t, −π ≤ t ≤ π,

ρ, 0 ≤ ρ <
π

2
,

θj , 0 ≤ θj ≤ π, j = 1, 2, ..., n− 3,

ϕ, 0 ≤ ϕ < 2π, (2.4)

where ρ is the radial coordinate, θj are polar coordinates and ϕ is the azimuthal coordinate. The

time coordinate t is periodic with period 2π, meaning we have somewhat unphysical, closed time-

like curves, see Figure 2.2. We can circumvent this by considering the covering space, CadS,

where the time coordinate is ‘unwrapped’ to give t ∈ (−∞,∞). We use the following coordinate
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t

ρ

Figure 2.2: Schematic of adS space-time, with the (n − 2) angular coordinates omitted. Pure adS
admits closed time-like curves (adapted from [4]).

transformations for the embedding space [4, 69]

χ0 = L cos t sec ρ,

χ1 = L tan ρ cos θ1,

χ2 = L tan ρ sin θ1 cos θ2,

...

χn−2 = L tan ρ sin θ1 sin θ2 . . . sin θn−3 cosϕ,

χn−1 = L tan ρ sin θ1 sin θ2 . . . sin θn−3 sinϕ,

χn = L sin t sec ρ. (2.5)

Taking the derivatives in (2.5) we have

dχ0 = L(− sin t sec ρ dt+ cos t sec ρ tan ρ dρ),

dχ1 = L(sec2 ρ cos θ1 dρ− tan ρ sin θ1 dθ1),

...

dχn = L(cos t sec ρ dt+ sin t sec ρ tan ρ dρ). (2.6)

Substituting the derivatives in (2.6) into the metric (2.3) gives the adSn metric

ds2 = L2 sec2 ρ

−dt2 + dρ2 + sin2 ρ

dθ21 +
n−3∑
i=2

dθ2i

i−1∏
j=1

sin2 θj + dϕ2
n−3∏
j=1

sin2 θj

 . (2.7)
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I I

ρ = −π
2 ρ = π

2ρ = 0

t = −π

t = 0

t = π

I I

ρ = −π
2 ρ = π

2ρ = 0

t = −π

t = 0

t = π

Figure 2.3: Penrose diagram of pure adS space-time (left) in two dimensions. The horizontal lines
with arrows are identified, showing that in adS the time coordinate is periodic with period 2π. In
the covering space CadS (right) t ∈ (−∞,∞). The red curves show a possible time-like worldlines
and the blue lines represent null rays (adapted from [8]).

In four dimensions, (2.7) becomes

ds2 = L2 sec2 ρ
(
−dt2 + dρ2 + sin2 ρ

[
dθ2 + sin2 θ dϕ2

])
, (2.8)

whilst the adS3 metric is

ds2 = L2 sec2 ρ
(
−dt2 + dρ2 + sin2 ρ dϕ2

)
. (2.9)

The Carter-Penrose diagrams for adS and CadS are shown in Figure 2.3 in two dimensions for

clarity. The presence of a time-like boundary in both adS and CadS means that null rays can reach

the space-time boundary in finite coordinate time. Therefore, neither adS nor CadS is a globally

hyperbolic space-time, as a result of which we need to impose boundary conditions at the space-time

boundary I in order to have a meaningful QFT [8, 12, 15, 29, 31, 32, 34, 50, 58, 59, 101]. More

will be said about this later, in Section 2.4.

The boundary of adS (at ρ = π/2) is not part of the adS space-time which can hinder the

imposition of boundary conditions at the space-time boundary [58, 59]. We can bypass this issue
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Figure 2.4: ESU cylinder in two dimensions (left). AdS space-time (right) is conformal to half of
the ESU. Pure adS is shown in blue whilst the covering space is in red (adapted from [4]).

by mapping the adS space-time to the Einstein Static Universe (ESU) [8] (see Figure 2.4). In four

dimensions, the ESU can be considered as a four-dimensional cylinder, with no boundary, embedded

in a five-dimensional Minkowski space, giving the ESU metric as [55]

ds2 = L2
(
−dt2 + dρ2 + sin2 ρ [dθ2 + sin2 θ dϕ2]

)
. (2.10)

ESU is globally hyperbolic and its metric is conformal to that of the adS metric (2.8). We can make

a conformal transformation of the adS metric to that of the ESU

gadSµλ = Ω2 gESUµλ , Ω = sec ρ. (2.11)

The resultant mapping of the adS space-time onto the ESU is shown in Figure 2.4. As we shall see

in Chapters 3, 4 and 5 this facilitates the imposition of boundary conditions at the adS boundary

which is now part of the space-time.

§ 2.2 The Poincaré patch

The Poincaré fundamental domain or Poincaré patch (PadS) represents half of the adS space-

time and plays a fundamental role in the adS/CFT correspondence [1, 13]. Transformation to the
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z < 0

z = 0

z < 0

z > 0

t < 0

t = 0

z > 0

t > 0

Figure 2.5: Penrose diagram for the Poincaré patch shown in blue.

Poincaré patch requires a change of the embedding space coordinates (2.5) to give [13]

χ0 =
1

2z
(z2 + L2 + x̄2 − t2),

χi =
Lxi

z
, i = 1, 2 . . . (n− 2),

χn−1 =
1

2z
(z2 − L2 + x̄2 − t2),

χn =
Lt

z
, (2.12)

where

x̄2 =
n−2∑
i=1

(xi)2, (2.13)

and z acts as the radial coordinate, given by

1

z
=
χ0 − χn−1

L2
. (2.14)

The Poincaré patch metric now takes the form

ds2 =
L2

z2
(
−dt2 + dx̄2 + dz2

)
. (2.15)

The radial coordinate z effectively splits the adS space-time into two regions corresponding to

z > 0 and z < 0 (Figure 2.5). Each of these regions represents half of the adS space-time, with the
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Poincaré patch usually given by z > 0. The plane z = 0 is a time-like boundary which is not part

of the PadS space-time as can be seen from (2.14).

Formulating a quantum field theory on PadS has some advantages. PadS is conformal to

Minkowski space-time (see (2.15)) and its boundary is asymptotically flat. QFTs formulated on

PadS [30, 83], still require that boundary conditions are stipulated at the time-like boundary z = 0.

However, one disadvantage of working on PadS is the possible existence of bound states particularly

for Robin boundary conditions [30]. In this thesis we work exclusively in global adS coordinates

where we have the global adS vacuum state, which respects the underlying symmetries of the space-

time, and apply boundary conditions at the time-like boundary at ρ = π/2.

§ 2.3 Properties of maximally symmetric space-times

If the metric of a space-time is unchanged in the direction of a given coordinate xµ then the metric is

said to possess a symmetry in the direction of xµ. Consider for example four-dimensional Minkowski

space-time with metric

ds2 = ηµνdx
µdxν = −dt2 + dx2 + dy2 + dz2. (2.16)

This space-time has a total of ten isometries; these are the four translations, xµ → xµ + αµ, three

boosts and three rotational isometries, xµ → Λµνxν , where Λµν is the rotation matrix. For a general

metric gµν which is independent of the coordinate xσ, the vector K = ∂σ is known as a Killing

vector and is a generator of an isometry. This means that a test particle moving in the direction of

Kµ experiences an invariant geometry. Killing vectors obey Killing’s equation

∇µKν + ∇νKµ = 0, (2.17)

where ∇λ are covariant derivatives. It can be shown [90] that the maximum number of Killing vectors

on an n−dimensional manifold is 1
2 n(n+ 1) and a space-time possessing the maximum number of

Killing vectors is said to be maximally symmetric. AdS4 has a total of ten isometries. These are

four translations, in three spatial and one time direction, three rotations and three boosts. Ads3

has a total of six isometries. The isometries of adS can be understood as residing in the underlying

embedding space (see Section 2.1).

An interesting property of the Riemann tensor, Rλσµν , is that in any maximally space-time it

can be expressed as

Rλσµν =
R

n(n− 1)
(gλµgσν − gλνgσµ) , (2.18)

where R the Ricci scalar. The Ricci tensor Rµν can be expressed in terms of the metric tensor as

Rµν =
2Λ

n− 2
gµν , (2.19)

where Λ is the cosmological constant related to the Ricci scalar by

R =
nΛ
n
2 − 1

. (2.20)
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The cosmological constant Λ may be negative, positive or zero, corresponding respectively to n-

dimensional anti-de Sitter, de Sitter or Minkowski space-times.

There is another useful benefit of a space-time possessing maximum symmetry when it comes

to the geodesic interval (Section 1.5). Consider a biscalar quantity a(x, x′) dependent on two space-

time points (x, x′) connected by a unique geodesic. If a(x, x′) respects the underlying maximal

space-time symmetry, we can express this as

a(x, x′) → a(s), (2.21)

where s(x, x′) is the geodesic interval separating the two space-time points (x, x′). In adS, the

geodesic interval, for space-like separated points, is given by

s(x, x′) = L cos−1

(
cos ∆t− sin ρ sin ρ′ cos γ

cos ρ cos ρ′

)
, (2.22)

where ∆t = t′ − t and γ represents the angular separation of the space-time points given by

cos γadS4 = cos θ cos θ′ + sin θ sin θ′ cos(ϕ− ϕ′), (2.23)

in adS4 and

cos γadS3 = cos(ϕ− ϕ′), (2.24)

in adS3. For time-like separated points, where s(x, x′) is purely imaginary (see Section 1.5), we

change the cos term in (2.22) to cosh.

We can also give explicit expressions for Synge’s world function. In adS4 it is given by [2]

σ(x, x′) =
L2

2

[
cos−1

(
cos ∆t− sin ρ sin ρ′ cos γ

cos ρ cos ρ′

)]2
, (2.25)

whilst in adS3, the world function becomes

σ(x, x′) =
L2

2

[
cos−1

(
cos ∆t− sin ρ sin ρ′ cos γ

cos ρ cos ρ′

)]2
. (2.26)

In adSn the van Vleck-Morette determinant is given by [60]

∆(x, x′) =

[√
2σ

L
csc

(√
2σ

L

)]n−1

, (2.27)

which corresponds to the result in [2] for n = 4.

As we will see in Chapter 5, the expression (2.21) will prove useful when calculating expectation

values such as the vacuum polarisation in states which respect the underlying symmetry of adS

space-time. This includes the vacuum state when Dirichlet or Neumann boundary conditions are

applied.
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§ 2.4 Boundary conditions

The lack of global hyperbolicity of adS space-time necessitates the imposition of boundary condi-

tions at the space-time boundary in order to have a well-posed quantum field theory [8, 58, 59].

Quantisation on adS space-times was first initiated in [8], where the authors discussed transparent

and reflective boundary conditions applied to a massless scalar field conformally coupled to the

ESU (see Figure 2.6). Boundary conditions are applied to the conformal field at the adS space-time

boundary which is now part of the ESU (see Section 2.1). Following this, the conformal field is

mapped back onto adS.

Figure 2.6: Transparent (left) and reflective (right) boundary conditions for adS mapped onto the
ESU. Vertical lines with arrows are identified. See text for further details (adapted from [4]).

With transparent boundary conditions, the scalar field modes are free to pass beyond the adS

boundary at ρ = π/2 and continue around the ESU cylinder to reappear at the other side. In

reflective boundary conditions, the modes are ‘reflected’ back at the adS boundary (ρ = π/2). In

this thesis we will focus on reflective boundary conditions of which there are two simple types;

Dirichlet and Neumann. For the Dirichlet boundary condition we require that the field modes are

zero at the space-time boundary, whilst for the Neumann boundary condition we require that the

normal derivative of the field is zero at the space-time boundary on ESU.

Boundary conditions on adS for a massive scalar field were analysed further by Ishibashi and

Wald [58, 59, 101], who showed that the possible choices of dynamics of the scalar field correspond

to the choices of self-adjoint extensions of the spatial component of the wave operator. They showed

that any dynamical evolution for a scalar field in a static space-time must respect causality, time

translation and reflection invariance, as well as having a conserved energy functional and be in

agreement with the globally hyperbolic case. They also showed that the freedom to choose the self-

adjoint extensions corresponds to all the possible boundary conditions that can be applied at the

space-time boundary and the choice of boundary conditions is dependent on the mass and coupling

constant of the field. More will be said about this in Chapter 4.
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Dirichlet and Neumann are the simplest boundary conditions and the most commonly studied

in the literature. However we can also consider (reflective) Robin boundary conditions which, in the

case of a massless, conformally coupled field, can be considered as a linear combination of Dirichlet

and Neumann boundary conditions [59] parameterised by a Robin parameter, ζ

Φ cos ζ +
∂Φ

∂ρ
sin ζ = 0 as ρ→ π

2
, ζ ∈ [0, π]. (2.28)

It can be seen from (2.28) that for ζ = 0, we recover the Dirichlet boundary condition and for

ζ = π/2 we recover the Neumann boundary condition. It will be shown in Chapter 4 that there is

an upper bound for the Robin parameter, ζcrit, beyond which our scalar field is classically unstable.

We will also see that the value of ζcrit depends on the mass and coupling constant of the field.

Therefore, when applying Robin boundary conditions we will restrict ourselves to 0 ≤ ζ < ζcrit.

Applying different valid boundary conditions gives rise to an extensive set of possible quantum

states that can be studied on an adS background. In the context of the adS/CFT correspondence

this will amount to new theories in the ‘bulk’. However, the boundary conditions mentioned above

are not the only ones that can be applied at the space-time boundary (see [22, 31, 32, 33, 34, 50] for

more general boundary conditions that can be applied). For example in [32, 33], the authors discuss

the use of generalised boundary conditions of Wentzell type in the Poincaré patch of a n-dimensional

adS space-time. This involved the use of the second time derivative of the field at the asymptotic

boundary.

§ 2.5 Conclusions

In this chapter we have highlighted some of the key features of anti-de Sitter space-time. It is

a maximally symmetric solution to Einstein’s field equations of general relativity with a constant

negative curvature and plays a key role in the adS/CFT correspondence. We have shown how

the space-time can be pictured geometrically and how the metric is formulated in n−dimensions.

Being a non-globally hyperbolic space-time means we need to impose boundary conditions at the

space-time boundary in order to have a well-posed quantum field theory. We have discussed some

of the main boundary conditions used in the literature and made reference to studies where other

boundary conditions are applied. Our focus in this thesis is in the reflective boundary conditions

of Dirichlet, Neumann and in particular Robin type.

33



Chapter 3

Renormalised stress energy tensor in
adS4

A fundamental aspect of QFTCS is the determination of the expectation values of the RSET.

This acts as the source term in Einstein’s field equations (1.2) when we adopt the semi-classical

approach to quantum gravity. In this chapter we determine the v.e.v.s and t.e.v.s of the RSET of a

massless, conformally coupled quantum scalar field on the covering space of global adS4. We apply

Dirichlet, Neumann and Robin boundary conditions to the scalar field at the space-time boundary

and compute the expectation values numerically using MATHEMATICA. Much of the contents of

this chapter has appeared in a recent publication [70].

In [71], the renormalised VP was computed for a massless, conformally coupled scalar field on

adS4 with Robin boundary conditions applied to all field modes at the space-time boundary. The

VP is the expectation value of the square of the field, ⟨Φ̂2⟩, and is the simplest nonzero expectation

value we can calculate. For both v.e.v.s and t.e.v.s it was found that, on the space-time boundary,

the VP converged to the Neumann value for all Robin boundary conditions except for Dirichlet,

which had a different value (see Figure 3.1). As we will see later in Chapter 5, the same conclusion

Figure 3.1: V.e.v.s (left) and t.e.v.s (right) of the VP for a massless, conformally coupled scalar
field, Φ, in adS4, from [71]. The Robin parameter is represented by α. For the t.e.v.s (right), κ
is related to the temperature, T , by κ = 2πT . The magenta line on both plots represents the VP
with Neumann boundary conditions, α = π/2, whilst the red line represents the Dirichlet boundary
condition, α = 0. See text for further details.
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is reached for the VP 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. It

would therefore seem that the Neumann boundary condition reflects the generic behaviour of the

VP, as we approach the space-time boundary, rather than the Dirichlet boundary conditions, even

though it is the latter that is most widely studied in the literature. However, in [12], when Robin

boundary conditions were applied to only to a subset of the scalar field modes corresponding to

s-wave perturbations, it was found that the VP for a massless, conformally coupled scalar field on

adS4 converged to the Dirichlet value on the space-time boundary [12].

It is natural to ask whether the result in [71] also extends to the v.e.v.s and t.e.v.s of the RSET

for a massless, conformally coupled scalar field on adS4 and this is the focus of this chapter. In [12],

the authors applied Robin boundary conditions to just a subset of modes and it was found that the

RSET again took the same value as for Dirichlet boundary conditions at the space-time boundary.

In this chapter, we follow [71] and employ Euclidean methods to determine the v.e.v.s and t.e.v.s

of the RSET, whilst applying Robin boundary conditions to all field modes. We pay particular

attention to how the expectation values depend on the Robin parameter and temperature in the

case of the t.e.v.s.

This chapter is structured as follows. In Section 3.1, we describe the construction of the v.e.v.s

and t.e.v.s of a massless, conformally coupled quantum scalar field with Dirichlet and Neumann

boundary conditions, as set out in [2]. In Section 3.2 we outline the construction of the vacuum

and thermal Green’s functions for a massless, conformally coupled, scalar field on four-dimensional

adS, as set out in [71], highlighting the extra contribution provided by applying Robin boundary

conditions. In Section 3.3, we calculate the expectation values of the RSET in both vacuum and

thermal states. A discussion of the numerical methods used in the computation of the expectation

values is given in Section 3.4 together with an estimate of the errors involved. The results for the

v.e.v.s of the RSET with Robin boundary conditions are given in Section 3.5, followed in Section 3.6

by a discussion of how we were able to reproduce the results in [12] using Euclidean methods. The

t.e.v.s of the RSET with Robin boundary conditions are presented in Section 3.7. The behaviour

of the nonzero components of the RSET as we approach the space-time boundary is explored in

Section 3.8 and finally we present our conclusions in Section 3.9.

§ 3.1 Vacuum and thermal expectation values of a quantum scalar field with

Dirichlet and Neumann boundary conditions

Anti-de Sitter space-time at finite temperature was discussed in [2], where the v.e.v.s and t.e.v.s of

a massless, conformally coupled scalar field were determined for Dirichlet and Neumann boundary

conditions. In global coordinates the metric of adS4 is given in (2.8). The zero temperature

anticommutator G
(1)
0 (x, x′) (1.37), for massless, conformally coupled scalar field obeying (1.36), is

given by [2]

G
(1)
0 (x, x′) = − 1

4π2L2

{
(1 − Z)−1 ± (1 + Z)−1

}
, (3.1)
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and is related to the Feynman Green’s function by (1.45). The invariant biscalar function Z(x, x′)

in (3.1) is related to the geodesic interval (2.22) and is given by

Z(x, x′) =
cos(t− t′) − sin ρ sin ρ′ cos γ

cos ρ cos ρ′
, (3.2)

where the angular separation of the space-time points γ is given by (2.23). In (3.1), the + sign

refers to Dirichlet boundary conditions whilst the − sign refers to Neumann.

If the field is held at an inverse temperature β, the finite temperature propagatorG
(1)
β becomes [2]

G
(1)
β (x, x′) = − 1

4π2L2

{
Jβ(t, ρ; t′ρ′) ± Jβ(t+ π,−ρ; t′, ρ′)

}
, (3.3)

where

Jβ(t, ρ; t′, ρ′) =
+∞∑

n=−∞

{
1 − Z(t+ inβ, ρ; t′ρ′; γ)

}−1
, (3.4)

and we have expressed Z(x, x′) as Z(t, ρ; t′, ρ′; γ) (see (1.49)). As we are in pure adS, the time

coordinate is periodic with period 2π (see Section 2.1). Furthermore, for a scalar field in equilibrium

at inverse temperature β, the two-point function (3.3) is periodic in time with period iβ [2, 17].

Thus, the function Jβ (3.4) is a doubly periodic function of imaginary time t, with periodicity

properties

Jβ(t, ρ; t′, ρ′) = Jβ(t+ 2π, ρ; t′, ρ′),

Jβ(t, ρ; t′, ρ′) = Jβ(t+ iβ, ρ; t′, ρ′). (3.5)

It was shown in [2] that the function Jβ is a meromorphic function in the complex t−plane and also

an elliptic function and thus it is possible to find the following expression for the propagator

G
(1)
β (t, ρ; t′, ρ′; γ) = − 1

4π2L2

[
(1 − Z)−1 ± (1 + Z)−1

− 4 cos ρ cos ρ′
∞∑
k=1

(
sin kη(ρ, ρ′; γ)

sin η(ρ, ρ′; γ)
± (−1)k

sin kη(−ρ, ρ′; γ)

sin η(−ρ, ρ′; γ)

)
cos k(t− t′)

ekβ − 1

]
, (3.6)

where

η(ρ, ρ′; γ) = cos−1
[

cos ρ cos ρ′ + sin ρ sin ρ′ cos γ
]
. (3.7)

It can be seen that in the zero temperature limit, β → ∞, (3.6) reduces to the zero temperature

form (3.1). Using the exact form of the symmetric function, G
(1)
β (3.6), the authors in [2] were able

calculate the expectation values of the VP and the RSET. They used the Hadamard parametrix

of G
(1)
β given in (1.64). As we are considering a massless, conformally coupled field, we have

V (x, x′) = 0 to second order [61] and the log term in (1.64) is now absent giving

G
(1)
β (x, x′) =

1

4π2

(
∆1/2(x, x′)

σ(x, x′)
+W (x, x′)

)
, (3.8)
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where ∆ is the van Vleck-Morette determinant (2.27) and σ(x, x′) is Synge’s world function (2.25).

The difference in the prefactors in (1.64) and (3.8) can be gleaned from the relationship between

the Feynman propagator and the anticommutator function (1.45).

The biscalar W (x, x′) has a short distance expansion of the form [2, 35]

W (x, x′) = w(x) − 1

2
w,µ(x)σ,µ +

1

2
wµν(x)σ,µσ,ν + . . . , (3.9)

where

w(x) = lim
x′→x

W (x, x′), wµν(x) = lim
x′→x

W;µν(x, x′). (3.10)

It was shown in [2] that for Dirichlet and Neumann boundary conditions

w(x) =
1

L2

{[
1

3
+ 4 cos2 ρ f1

(
β

L

)]
±
[
−1

2
+ 2 cot ρS0

(
β

L
, ρ

)]}
, (3.11)

where

fm(x) =
∞∑
n=1

nm(enx − 1)−1,

Sm(x, ρ) =

∞∑
n=1

nm(−1)n(enx − 1)−1 sin(2nρ). (3.12)

The expectation value of the VP in adS4 is given by [2, 16, 20]

⟨Φ̂2⟩ =
w

8π2
. (3.13)

In the zero temperature limit (β → ∞), (3.11) becomes

lim
β→∞

w =
1

L2

(
1

3
∓ 1

2

)
(3.14)

where now the − sign refers to the Dirichlet boundary condition and the + sign to the Neumann.

Putting together (3.13) and (3.14) we arrive at the expressions for the v.e.v of the VP with Dirichlet,

⟨Φ̂2⟩D0 , and Neumann, ⟨Φ̂2⟩N0 , boundary conditions in adS4 as

⟨Φ̂2⟩D0 = − 1

48π2L2
and ⟨Φ̂2⟩N0 =

5

48π2L2
. (3.15)

These results match those in [61, 71] for the Dirichlet case. The expressions for the renormalised

t.e.v.s of the SET with Dirichlet and Neumann boundary conditions are also given in [2], but

there is a typographical error with a missing cot ρ term in line 2 (personal communication from E.

Winstanley), so the equation should read:
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⟨T̂µν⟩D/Nβ =
1

8π2L4

{[
− 1

120
+

4

3
cos4 ρ f3

(
β

L

)]
gµν +

[
16

3
cos4 ρ f3

(
β

L

)]
tµtν

}
± cot ρ

8π2L4

{[
−1

6
csc2 ρ cos 2ρ S0

(
β

L
, ρ

)
+

1

3
cot ρ C1

(
β

L
, ρ

)
+

2

3
cos2 ρ S2

(
β

L
, ρ

)]
gµν

+

[
1

6
(3 − cot2 ρ)S0

(
β

L
, ρ

)
+ cot ρ

(
1 − 2

3
cos2 ρ

)
C1

(
β

L
, ρ

)
+ 2 cos2 ρ S2

(
β

L
, ρ

)]
tµtν

+

[
1

6
(3 csc2 ρ− 4)S0

(
β

L
, ρ

)
+ cot ρ

(
2

3
sin2 ρ− 1

)
C1

(
β

L
, ρ

)
− 2

3
cos2 ρ S2

(
β

L
, ρ

)]
ρµρν

}
,

(3.16)

where gµν is the space-time metric and tµ, ρµ are unit vectors in the t and ρ directions respectively

given by

tµ = L sec ρ (1, 0, 0, 0), ρµ = L sec ρ (0, 1, 0, 0), (3.17)

and obey the normalisation conditions tµt
µ = −1 and ρµρ

µ = 1. In (3.16), the Dirichlet boundary

condition is denoted by the + sign whilst the Neumann boundary condition has the − sign. The

functions fm, Sm are given in (3.12) and Cm is given by

Cm(x, ρ) =

∞∑
n=1

nm(−1)n(enx − 1)−1 cos(2nρ). (3.18)

In the zero temperature limit (i.e. when β → ∞), the v.e.v. of the RSET ⟨T̂µν⟩D/N0 derived

from (3.16), reduces to

⟨T̂µν⟩D/N0 = − 1

960π2L4
gµν . (3.19)

This is in agreement with the calculation in [61] for a scalar field with Dirichlet boundary conditions.

Notably, the v.e.v. of the RSET (3.19) is the same for both Dirichlet and Neumann boundary

conditions. This is not seen with the vacuum polarisation in adS4 [71] or adS3 (see Chapter 5).

For both Dirichlet and Neumann boundary conditions, the vacuum state respects the maximal

symmetry of the underlying adS space-time, and therefore the RSET will be a constant multiple

of the metric, ⟨T̂µν⟩D/N0 = αgµν , for some constant α. Taking the trace, α = ⟨T̂µµ ⟩D/N0 /4. For

a massless, conformally coupled scalar field, the trace ⟨T̂µµ ⟩D/N0 is fixed to be the trace anomaly,

which, on four-dimensional adS is [61]

⟨T̂µµ ⟩ = − 1

240π2L4
. (3.20)

Therefore, for a massless, conformally coupled scalar field, the v.e.v. of the RSET for a maximally

symmetric state is entirely determined by the trace anomaly and is independent of any boundary

conditions applied.
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§ 3.2 Euclidean Green’s functions

In the previous section we described the derivation of the v.e.v.s and t.e.v.s of the RSET of a

massless, conformally coupled scalar field with Dirichlet and Neumann boundary conditions in

Lorentzian adS4 space-time. In order to compute the corresponding expectation values with Robin

boundary conditions we work in Euclidean space, where the Green’s functions are unique and have

a well-defined distribution (Section 1.4).

The Euclidean metric is obtained from the adS metric (2.8) by performing a Wick rotation,

t→ −iτ , which gives

ds2 = L2 sec2 ρ [dτ2 + dρ2 + sin2 ρ (dθ2 + sin2 θ dϕ2)]. (3.21)

For a thermal state at temperature, T , the thermal Euclidean Green’s function is periodic in time,

with period 1/T and has the mode-sum form [71]

GEζ,β(x, x′) =
κ

8π2L2
cos ρ cos ρ′

∞∑
n=−∞

einκ∆τ
∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos γ)gωℓ(ρ, ρ
′) (3.22)

where ω = nκ is the quantised frequency, ∆τ = τ − τ ′ represents the temporal separation of the

space-time points, gωℓ(ρ, ρ
′) is the radial Green’s function, Pℓ(x) is a Legendre polynomial and κ is

given by

κ = 2πT. (3.23)

The angular separation of the space-time points γ is given by (2.23). For vacuum states, the

Euclidean Green’s function is no longer periodic in time and takes the form [71]

GEζ (x, x′) =
1

8π2L2
cos ρ cos ρ′

∫ ∞

ω=−∞
dω eiω∆τ

∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos γ)gωℓ(ρ, ρ
′). (3.24)

The radial Green’s function gωℓ satisfies the inhomogeneous equation{
d

dρ

(
sin2 ρ

d

dρ

)
− ω2 sin2 ρ− ℓ(ℓ+ 1)

}
gωℓ(ρ, ρ

′) = δ(ρ− ρ′). (3.25)

Consider now the solutions to the homogeneous version of (3.25). Let pωℓ be the solution regular

at the space-time origin (ρ = 0) and qωℓ the solution regular at the space-time boundary (ρ = π/2)

which satisfies the relevant boundary conditions. The general solution to the homogeneous version

of (3.25) can be given in terms of the conical (Mehler) functions as

pωℓ, qωℓ =
1√

sin ρ

[
C1P

−ℓ−1/2
iω−1/2 (cos ρ) + C2P

−ℓ−1/2
iω−1/2 (− cos ρ)

]
, (3.26)

where C1 and C2 are constants (determined below) and P νµ (z) are associated Legendre functions.

The radial Green’s function gωℓ is built from pωℓ, qωℓ as

gωℓ(ρ, ρ
′) =

pωℓ(ρ<)qωℓ(ρ>)

NE
ωℓ

, (3.27)
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where NE
ωℓ is a normalisation constant and we have used the definitions ρ< = min{ρ, ρ′} and

ρ> = max {ρ, ρ′}. The normalisation constant NE
ωℓ in (3.27) can be determined by integrating both

sides of (3.25) to give [69]

NE
ωℓ = sin2 ρW{pωℓ, qωℓ}, (3.28)

where W{pωℓ, qωℓ} is the Wronskian of the two solutions to (3.25) defined by

W{pωℓ, qωℓ} = pωℓ
dqωℓ
dρ

− qωℓ
dpωℓ
dρ

. (3.29)

Calculation of the Wronskian gives [69, 71]

NE
ωℓ =

2

|Γ(ℓ+ 1 + iω)|2
. (3.30)

Requiring regularity at the space-time origin (ρ = 0) gives

pωℓ(ρ) =
1√

sin ρ
P

−ℓ−1/2
iω−1/2 (cos ρ), (3.31)

where the constant in (3.26) has been absorbed into the normalisation constant. We now impose

Robin boundary conditions on qωℓ at the space-time boundary (ρ→ π/2), of the form [71]

qωℓ(ρ) cos ζ +
dqωℓ(ρ)

dρ
sin ζ = 0, (3.32)

where ζ ∈ [0, π) is the Robin parameter (2.28), with ζ = 0 and ζ = π/2 denoting Dirichlet and

Neumann boundary conditions respectively. This gives

qζωℓ(ρ) =
1√

sin ρ

[
CζωℓP

−ℓ−1/2
iω−1/2 (cos ρ) + P

−ℓ−1/2
iω−1/2 (− cos ρ)

]
, (3.33)

where the constant Cζωℓ is given by [71]

Cζωℓ =
2|Γ( iω+ℓ+2

2 )|2 tan ζ − |Γ( iω+ℓ+1
2 )|2

2|Γ( iω+ℓ+2
2 )|2 tan ζ + |Γ( iω+ℓ+1

2 )|2
. (3.34)

It is clear from (3.34) that Cζωℓ will diverge if there are values of the Robin parameter ζ which

satisfy

2 tan ζ = −
|Γ( iω+ℓ+1

2 )|2

|Γ( iω+ℓ+2
2 )|2

. (3.35)

We can define an upper limit for the Robin parameter ζcrit. For values of the Robin parameter, ζ,

in the interval ζcrit < ζ < π, we will obtain purely imaginary values of ω that satisfy (3.35). This

will lead to mode solutions of the scalar field equation that are exponentially growing and therefore

classically unstable [71]. We therefore restrict our consideration of Robin boundary conditions

to ζ < ζcrit (see Section 4.5 for the definition of ζcrit for the scalar field with general mass and
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coupling on adS3). We will see in Chapters 4–6 that the value of ζcrit is dependent on the mass and

coupling constant of the scalar field as well as the number of space-time dimensions. For a massless,

conformally coupled scalar field on adS4, we find that ζcrit ∼ 0.68π [71].

From (3.34) it can be seen that for the Dirichlet boundary condition (ζ = 0), C0
ωℓ = −1 and for

the Neumann boundary condition (ζ = π/2), C
π/2
ωℓ = 1. These give

qDωℓ(ρ) =
1√

sin ρ

[
P

−ℓ−1/2
iω−1/2 (− cos ρ) − P

−ℓ−1/2
iω−1/2 (cos ρ)

]
,

qNωℓ(ρ) =
1√

sin ρ

[
P

−ℓ−1/2
iω−1/2 (− cos ρ) + P

−ℓ−1/2
iω−1/2 (cos ρ)

]
. (3.36)

Following [71], we now write the vacuum and thermal Euclidean Green’s function with Robin

boundary conditions as

GEζ,0(x, x
′) = GED,0(x, x

′) cos2 ζ +GEN,0(x, x
′) sin2 ζ +GER,0(x, x

′) sin 2ζ,

GEζ,β(x, x′) = GED,β(x, x′) cos2 ζ +GEN,β(x, x′) sin2 ζ +GER,β(x, x′) sin 2ζ, (3.37)

where GED,0(x, x
′) and GED,β(x, x′) are the vacuum and thermal Euclidean Green’s functions, with

Dirichlet boundary conditions, given by

GED,0(x, x
′) =

1

16π2L2

cos ρ cos ρ′√
sin ρ sin ρ′

∫ ∞

ω=−∞
dω eiω∆τ

∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos γ)|Γ(ℓ+ 1 + iω)|2

× P
−ℓ−1/2
iω−1/2 (cos ρ<)

[
P

−ℓ−1/2
iω−1/2 (− cos ρ>) − P

−ℓ−1/2
iω−1/2 (cos ρ>)

]
,

GED,β(x, x′) =
κ

16π2L2

cos ρ cos ρ′√
sin ρ sin ρ′

∞∑
n=−∞

einκ∆τ
∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos γ)|Γ(ℓ+ 1 + inκ)|2

× P
−ℓ−1/2
inκ−1/2(cos ρ<)

[
P

−ℓ−1/2
inκ−1/2(− cos ρ>) − P

−ℓ−1/2
inκ−1/2(cos ρ>)

]
. (3.38)

GEN,0(x, x
′) and GEN,β(x, x′) are the vacuum and thermal Euclidean Green’s functions, with Neumann

boundary conditions, given by

GEN,0(x, x
′) =

1

16π2L2

cos ρ cos ρ′√
sin ρ sin ρ′

∫ ∞

ω=−∞
dω eiω∆τ

∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos γ)|Γ(ℓ+ 1 + iω)|2

× P
−ℓ−1/2
iω−1/2 (cos ρ<)

[
P

−ℓ−1/2
iω−1/2 (− cos ρ>) + P

−ℓ−1/2
iω−1/2 (cos ρ>)

]
,

GEN,β(x, x′) =
κ

16π2L2

cos ρ cos ρ′√
sin ρ sin ρ′

∞∑
n=−∞

einκ∆τ
∞∑
ℓ=0

(2ℓ+ 1)Pℓ(cos γ)|Γ(ℓ+ 1 + inκ)|2

× P
−ℓ−1/2
inκ−1/2(cos ρ<)

[
P

−ℓ−1/2
inκ−1/2(− cos ρ>) + P

−ℓ−1/2
inκ−1/2(cos ρ>)

]
. (3.39)

GER,0(x, x
′) and GER,β(x, x′) are the vacuum and thermal regular contributions, with mode sums
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given by

GER,0(x, x
′) =

1

16π2L2

cos ρ cos ρ′√
sin ρ sin ρ′

∫ ∞

ω=−∞
dω eiω∆τ

×
∞∑
ℓ=0

Dζ
ωℓPℓ(cos γ)P

−ℓ−1/2
iω−1/2 (cos ρ)P

−ℓ−1/2
iω−1/2 (cos ρ′), (3.40)

and

GER,β(x, x′) =
κ

16π2L2

cos ρ cos ρ′√
sin ρ sin ρ′

∞∑
n=−∞

einκ∆τ

×
∞∑
ℓ=0

Dζ
ωℓPℓ(cos γ)P

−ℓ−1/2
inκ−1/2(cos ρ)P

−ℓ−1/2
inκ−1/2(cos ρ′), (3.41)

where the constant Dζ
ωℓ is given by

Dζ
ωℓ = (1 + 2ℓ)|Γ(1 + ℓ+ iω)|2

[
2|Γ( iω+ℓ+2

2 )|2 cos ζ − |Γ( iω+ℓ+1
2 )|2 sin ζ

2|Γ( iω+ℓ+2
2 )|2 sin ζ + |Γ( iω+ℓ+1

2 )|2 cos ζ

]
, (3.42)

with ω = nκ in the thermal sum (3.41). The terms GER,0(x, x
′) and GER,β(x, x′) are not Green’s

functions as they do not satisfy (1.54) and are regular in the coincidence limit.

§ 3.3 Expectation values of the RSET

Having given expressions for the vacuum and thermal Green’s functions for the massless, conformally

coupled scalar field in adS4, we now determine the expectation values of the RSET. For a quantum

state |Ψ⟩, the expectation value of the RSET, in Euclidean space, can be expressed as

⟨Ψ|T̂µν(x)|Ψ⟩ = lim
x′→x

{
Tµν(x, x′)

[
GE(x, x′) −GF,sing(x, x

′)
]
− gµνv1(x, x

′)
}
, (3.43)

where GF,sing(x, x
′) is the singular part of the Hadamard parametrix (1.74), which is independent

of the quantum state. For the massless, conformally coupled field, the second order differential

operator Tµν(x, x′) (1.85) takes the form

Tµν =
2

3
g ν

′
ν ∇µ∇ν′ −

1

6
gµνg

ρσ′∇ρ∇σ′ − 1

3
g µ

′
µ g ν

′
ν ∇µ′∇ν′

+
1

3
gµν∇ρ∇ρ +

1

6

(
Rµν −

1

2
gµνR

)
, (3.44)

where gµν′ represents the bivector of parallel transport between the points x and x′ (1.86).

For the numerical calculations of the RSET in this chapter, we use the alternative expression

for the RSET given in equation (19) in [35] for a massless, conformally coupled scalar field in four

dimensions, namely

⟨Ψ|T̂µν(x)|Ψ⟩ =
1

8π2

[
− wµν +

1

3
w;µν −

1

12
gµν2w +

1

6
Rµν w

]
, (3.45)
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where w and wµν are given in (3.10).

Using (3.37, 3.43) we can write the expressions for the vacuum/thermal expectation values of

the stress energy tensor with Robin boundary conditions, ⟨T̂µν⟩ζ , as

⟨T̂µν⟩ζ = lim
x′→x

{Tµν(x, x′)
[
GED(x, x′) −GF,sing(x, x

′)
]
− gµνv1(x, x

′)} cos2 ζ

+ lim
x′→x

{
Tµν(x, x′)

[
GEN (x, x′) −GF,sing(x, x

′)
]
− gµνv1(x, x

′)
}

sin2 ζ

+ lim
x′→x

{Tµν(x, x′)GER(x, x′)} sin 2ζ. (3.46)

The final term in (3.46) is regular in the coincidence limit. As the singular terms Tµν(x, x′)GF,sing(x, x
′)

and the final subtraction term gµνv1(x, x
′) are both state-independent, we can express the expec-

tation values of the RSET when Robin boundary conditions are applied in terms of those when

Dirichlet or Neumann boundary conditions are applied:

⟨T̂µν⟩ζren = ⟨T̂µν⟩Dren cos2 ζ + ⟨T̂µν⟩Nren sin2 ζ + lim
x′→x

{Tµν(x, x′)GER(x, x′)} sin 2ζ. (3.47)

From henceforth, the ‘ren’ subscript will be omitted and it may be assumed that all ⟨T̂µν⟩ terms

are renormalised. The t.e.v.s of the RSET with Dirichlet and Neumann boundary conditions have

been given in (3.16).

The expression lim
x′→x

{Tµν(x, x′)GER,β(x, x′)} in the final term in (3.47) has been evaluated with

MATHEMATICA. Using the recurrence relations for the conical functions [39, §14.10.1], the nonzero

components of this contribution to the v.e.v.s of the RSET are given by

⟨T̂ ττ ⟩
ζ
R,0 =

cos ρ cot3 ρ

192L4π2

∞∑
ℓ=0

∫ ∞

ω=−∞
dωDζ

ωℓ

{
− 2χ2

ωℓ [P
−3/2−ℓ
iω−1/2 (cos ρ)]2 sin2 ρ

− 2ℓ χωℓ P
−3/2−ℓ
iω−1/2 (cos ρ)P

−1/2−ℓ
iω−1/2 (cos ρ) sin 2ρ

−
[
2ℓ(2ℓ+ 1) + 2(1 − ℓ2 − 5ω2) sin2 ρ

]
[P

−1/2−ℓ
iω−1/2 (cos ρ)]2

}
, (3.48)

⟨T̂ ρρ ⟩
ζ
R,0 =

cos ρ cot3 ρ

192L4π2

∞∑
ℓ=0

∫ ∞

ω=−∞
dωDζ

ωℓ

{
6χ2

ωℓ [P
−3/2−ℓ
iω−1/2 (cos ρ)]2 sin2 ρ

+ 2(3ℓ+ 2)χωℓ P
−3/2−ℓ
iω−1/2 (cos ρ)P

−1/2−ℓ
iω−1/2 (cos ρ) sin 2ρ

+
[
2ℓ− 2(1 + 4ℓ+ 3ℓ2 + 3ω2) sin2 ρ

]
[P

−1/2−ℓ
iω−1/2 (cos ρ)]2

}
, (3.49)

⟨T̂ θθ ⟩
ζ
R,0 =

cos ρ cot3 ρ

192L4π2

∞∑
ℓ=0

∫ ∞

ω=−∞
dωDζ

ωℓ

{
− 2χ2

ωℓ [P
−3/2−ℓ
iω−1/2 (cos ρ)]2 sin2 ρ

− 2(ℓ+ 1)χωℓ P
−3/2−ℓ
iω−1/2 (cos ρ)P

−1/2−ℓ
iω−1/2 (cos ρ) sin 2ρ

+ 2
[
ℓ2 + (1 + 2ℓ+ ℓ2 − ω2) sin2 ρ

]
[P

−1/2−ℓ
iω−1/2 (cos ρ)]2

}
, (3.50)
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with ⟨T̂ ϕϕ ⟩
ζ
R,0 = ⟨T̂ θθ ⟩

ζ
R,0. In (3.48–3.50) the subscripts R, 0 refer to the vacuum regular contribution

in (3.37). The constant Dζ
ωℓ is given by (3.42) and

χωℓ = 1 + 2ℓ+ ℓ2 + ω2. (3.51)

For the corresponding expressions for the thermal expectation values we replace ω with nκ and

change the integral to a sum to obtain

⟨T̂ ττ ⟩
ζ
R,β =

κ cos ρ cot3 ρ

192L4π2

∞∑
ℓ=0

∞∑
n=−∞

Dζ
nℓ

{
− 2χ2

nℓ [P
−3/2−ℓ
inκ−1/2(cos ρ)]2 sin2 ρ

− 2ℓ χnℓ P
−3/2−ℓ
inκ−1/2(cos ρ)P

−1/2−ℓ
inκ−1/2(cos ρ) sin 2ρ

−
[
2ℓ(2ℓ+ 1) + 2(1 − ℓ2 − 5n2κ2) sin2 ρ

]
[P

−1/2−ℓ
inκ−1/2(cos ρ)]2

}
, (3.52)

⟨T̂ ρρ ⟩
ζ
R,β =

κ cos ρ cot3 ρ

192L4π2

∞∑
ℓ=0

∞∑
n=−∞

Dζ
nℓ

{
6χ2

nℓ [P
−3/2−ℓ
inκ−1/2(cos ρ)]2 sin2 ρ

+ 2(3ℓ+ 2)χnℓ P
−3/2−ℓ
inκ−1/2(cos ρ)P

−1/2−ℓ
inκ−1/2(cos ρ) sin 2ρ

+
[
2ℓ− 2(1 + 4ℓ+ 3ℓ2 + 3n2κ2) sin2 ρ

]
[P

−1/2−ℓ
inκ−1/2(cos ρ)]2

}
, (3.53)

⟨T̂ θθ ⟩
ζ
R,β =

κ cos ρ cot3 ρ

192L4π2

∞∑
ℓ=0

∞∑
n=−∞

Dζ
nℓ

{
− 2χ2

nℓ [P
−3/2−ℓ
inκ−1/2(cos ρ)]2 sin2 ρ

− 2(ℓ+ 1)χnℓ P
−3/2−ℓ
inκ−1/2(cos ρ)P

−1/2−ℓ
inκ−1/2(cos ρ) sin 2ρ

+ 2
[
ℓ2 + (1 + 2ℓ+ ℓ2 − n2κ2) sin2 ρ

]
[P

−1/2−ℓ
inκ−1/2(cos ρ)]2

}
, (3.54)

and ⟨T̂ ϕϕ ⟩
ζ
R,β = ⟨T̂ θθ ⟩

ζ
R,β . In (3.52–3.54) the subscripts R, β refer to the thermal regular contribution

in (3.37). The Dζ
nℓ and χnℓ terms are obtained from the corresponding terms in (3.42, 3.51) by

replacing ω with nκ. It is straightforward to verify that the last term in (3.46) has vanishing trace

as expected since the trace anomaly (see Section 1.6) is contained in the other two terms in (3.46).

§ 3.4 Numerical computations

The v.e.v.s and t.e.v.s of the RSET have been calculated numerically using MATHEMATICA. The

sums in (3.16) converge very rapidly and were computed up to n = 100. The relative error in

curtailing the n−sum to 100 was only ∼ 10−40 compared to if the n−sum was performed to 500.

For the regular contribution to the expectation values (3.48–3.54), when Robin boundary conditions

are applied, a cutoff for the ℓ−sum and ω−integration (or sum over n) had to be chosen to make

the computations tractable. For the v.e.v.s, the integral over ω is performed first before summing

over ℓ. It is found that the ω-integral converges very quickly for fixed ℓ. This is shown in Figure 3.2
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Figure 3.2: The integrand Iω in (3.48) as a function of ω for fixed ζ = π/10 and ρ = 94π/200 with
a selection of values of ℓ.

where we plot (as an example) the integrand Iω in (3.48) for three fixed values of ℓ. The ω-integral

was performed over the interval |ω| ≤ 100 and the relative error entailed in curtailing the ω−integral

to 100 compared to 170 was ∼ 2.4 × 10−6 for ℓ = 20, ρ = 94π/200, ζ = π/10. For the t.e.v.s the

n−sum also converges rapidly and the sum over n was performed to |n| ≤ 50. The relative error in

curtailing the |n|−sum to 50 compared with 100 is ∼ 10−10 for ℓ = 20, ρ = 94π/200, ζ = π/10.

Determining the appropriate limit for the ℓ− sum was complicated by the fact that the ℓ−sum

exhibits nonuniform convergence with respect to the radial coordinate ρ as was found with the

computation of the VP in adS4 [71]. The ℓ-sum converges more quickly nearer the origin and more

slowly as the space-time boundary is approached (Figure 3.3). This nonuniform convergence of the

ℓ− sum was observed for both the vacuum and thermal regular contributions with similar plots seen

also for the different values of κ studied.

Clearly, the more modes used in the computations for the expectation values, the more accurate

the final result, but owing to the time taken in the numerical computations with MATHEMATICA

(even using the University Sharc HPC), a pragmatic approach had to be taken. For the v.e.v.s, the

ℓ-sum was performed over the interval 0 ≤ ℓ ≤ 100. This was then compared to the value obtained

if the ℓ−sum and ω−integration were each performed to 170 for particular values of ρ and ζ. For

example, the relative error in (3.48) was calculated for ζ = 3π/10 and ρ = 94π/200 and was order

10−2. This error was much smaller away from the space-time boundary, for example being of order

10−18 at ρ = 3π/10 and ρ = π/20. However, it should be remembered that the regular contributions

to the RSET in (3.48–3.54) represent only a small proportion of the overall value. For example, the

regular contribution (3.48) to the v.e.v. of the RSET at ρ = 94π/200 and ζ = 3π/10 as a fraction of

the total v.e.v. was order 10−6, meaning that the errors in the numerical calculations of the regular

contributions to the SET were much less significant in the overall results and plots.

For the t.e.v.s, attempts to perform the ℓ−sum to the same levels as in the vacuum case proved

computationally challenging. Therefore, the ℓ−sum was performed over the interval 0 ≤ ℓ ≤ 50.
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Figure 3.3: Log-log plot of the summand Sℓ in (3.52) as a function of ℓ. Plots are for three different
values of the radial coordinate ρ, demonstrating nonuniform convergence of the ℓ−sum. There is
slower convergence of the ℓ−sum nearer the space-time boundary. In each case ζ = 3π/5, κ = 1/2
and the n-sum has been performed to 50.

This was compared to performing the ℓ− and ω− sums to 170 for fixed ζ and three different values

of ρ. The relative errors in the numerical computation of (3.52) were very much dependent on the

space-time location and the value of κ and hence temperature. Away from the boundary, the relative

errors were extremely small but increased as we approached the space-time boundary. For κ = 1/2

(ζ = π/10), the relative error in the numerical computation of (3.52) at ρ = 80π/200, for example,

was ∼ 3.5 × 10−5. Indeed, as a result of increasing errors encountered close to the boundary, the

numerical calculation of (3.52), for κ = 1/2 was performed up to ρ = 85π/200 only. Despite this

we will find in Section 3.7 (Figures 3.8–3.10) that we can still draw reasonable conclusions as to

the behaviour of the RSET as the space-time boundary is approached in the thermal state with

κ = 1/2. The relative errors near the space-time boundary improved somewhat with increasing κ.

For ρ = 90π/200, ζ = π/10 for instance, the relative errors were ∼ 2 × 10−10 and ∼ 5 × 10−11 for

κ = 2 and κ = 2π respectively.

§ 3.5 Vacuum expectation values of the RSET with Robin boundary conditions

Whilst the v.e.v.s of the RSET with either Dirichlet or Neumann boundary conditions respect

the maximum symmetry of the underlying space-time, this is not the case when Robin boundary

conditions are applied, as shown in Figure 3.4. For all values of ζ ̸= 0, π/2 each component of the

RSET varies with the radial coordinate ρ. The energy density −⟨T̂ ττ ⟩
ζ
0 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 [12] where the energy density is negative on most of the space-

time and only becomes positive as the boundary is reached. This is likely due to the application of
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Figure 3.4: Renormalised v.e.v.s of the different components of the RSET with Robin boundary
conditions. The top row shows the energy density component of the RSET, −⟨T̂ ττ ⟩

ζ
0, the middle row

shows the ⟨T̂ ρρ ⟩ζ0 component and the bottom row shows the ⟨T̂ θθ ⟩
ζ
0 component (⟨T̂ ϕϕ ⟩

ζ
0 = ⟨T̂ θθ ⟩

ζ
0) . On

the left is the 3D surface plot showing the variation of the nonzero RSET components with ρ and
ζ. On the right is shown ⟨T νµ ⟩

ζ
0 as a function of ρ for a selection of values of the Robin parameter

ζ. The results for Dirichlet and Neumann boundary conditions are shown with dashed lines.
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Robin boundary conditions to only a subset of the modes in [12], see Section 3.6. The ⟨T̂ ρρ ⟩ζ0 and

⟨T̂ θθ ⟩
ζ
0 components, plotted in Figure 3.4, attain their greatest value at the space-time origin (for

ζ ̸= 0, π/2) and converge to the common Dirichlet/Neumann value as the space-time boundary is

reached (ρ → π/2). The values of all components of the RSET, at the space-time origin, increase

as ζ increases from zero, attain a maximum at some value of ζ ∈ (0, π/2) and then decrease as

ζ approaches π/2. As ζ increases above π/2, these quantities increase rapidly as ζ approaches

ζcrit ≈ 0.68π. Whilst the v.e.v.s of the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 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.

Whilst it may seem at first glance that the v.e.v.s of the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 components are the

same (see Figure 3.4), there is in fact a subtle difference. Writing the components of the SET in

the Landau decomposition, analogous to that used in the thermal state [4] gives

⟨T̂ νµ ⟩
ζ
0 = Diag

{
− Eζ0 , P

ζ
0 + Πζ

0, P
ζ
0 − 1

2
Πζ

0, P
ζ
0 − 1

2
Πζ

0

}
(3.55)

where Eζ0 is the energy density, P ζ0 the pressure and Πζ
0 the shear stress or pressure deviator [4].

The pressure deviator is a measure of the difference between the RSET of the quantum scalar field

compared with that seen if the field were modelled as a classical gas of photons (as it vanishes in

the latter case (1.83)). As the ⟨T̂ θθ ⟩
ζ
0 component of the RSET is greater than the ⟨T̂ ρρ ⟩ζ0 component,

Figure 3.5 shows −Πζ
0 as a function of the radial parameter ρ for the vacuum state. For both

Dirichlet and Neumann boundary conditions, the vacuum pressure deviator is zero (not shown in

Figure 3.5). For the other Robin boundary conditions, Πζ
0 vanishes at both the origin and boundary

of the space-time and attains its maximum absolute value between the two.
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Figure 3.5: 3D surface plot of the vacuum pressure deviator −Πζ
0 as a function of the radial coordi-

nate ρ and the Robin parameter ζ (left). The (negative) pressure deviator is shown with a selection
of Robin parameters (right) with ζ > π/2 shown dotted.

48



§ 3.6 Comparison with Barroso and Pitelli paper [12]

As mentioned in Section 3.5, we find that the energy density component of the massless, confor-

mally coupled scalar field, −⟨T̂ ττ ⟩
ζ
0, is positive throughout the space-time (see Figure 3.4). This is in

contrast to the findings in [12], where the energy density is negative on most of the space-time and

only becomes positive as the boundary is reached. In [12], the authors applied Robin boundary con-

ditions to only the ℓ = 0 modes whilst the remaining modes obeyed Dirichlet boundary conditions.

In this section, as a check of our methodology, we will reproduce the results in [12] for the VP, ⟨Φ̂2⟩,
and the RSET using Euclidean methods. As in [12] we apply Robin boundary conditions only to

the ℓ = 0 modes whilst subjecting the remaining ℓ−modes to Dirichlet boundary conditions. As the

v.e.v.s and t.e.v.s are known for Dirichlet boundary conditions we simply consider the differences

in the expectation values when we apply Robin boundary conditions to the ℓ = 0 modes.

We start with the vacuum Euclidean Green’s function (3.24), and apply boundary conditions

to qζωℓ(ρ) given in (3.33). In [71], the qζωℓ(ρ) solution with Robin boundary conditions applied is

expressed as a combination of the Dirichlet and Neumann boundary solutions as follows

qζωℓ(ρ) = qDωℓ(ρ) cos2 ζ + qNωℓ(ρ) sin2 ζ +
1√

sin ρ

(
Cζωℓ + cos 2ζ

)
P

−ℓ−1/2
iω−1/2 (cos ρ), (3.56)

where Cζωℓ is given by (3.34). The extra contribution δqζω0, obtained by applying the Robin boundary

condition to the ℓ = 0 mode only, is given by

δqζω0 = qζω0 − qDω0 = sin2 ζ (qNω0 − qDω0) +
1√

sin ρ

(
Cζω0 + cos 2ζ

)
P

−1/2
iω−1/2(cos ρ). (3.57)

From (3.36) we have

qNω0 − qDω0 =
2√

sin ρ
P

−1/2
iω−1/2(cos ρ), (3.58)

giving

δqζω0 =
2 sin2 ζ√

sin ρ
P

−1/2
iω−1/2(cos ρ) +

1√
sin ρ

[
Cζω0 + cos 2ζ

]
P

−1/2
iω−1/2(cos ρ)

=
1√

sin ρ

[
Cζω0 + 1

]
P

−1/2
iω−1/2(cos ρ). (3.59)

From (3.27) we can write

δgω0(ρ, ρ
′) =

pω0(ρ<) δqω0(ρ>)

NE
ω0

=
|Γ(1 + iω)|2pω0 δqω0

2
, (3.60)

where δgω0(ρ, ρ
′) is the extra contribution to the radial component of the Green’s function obtained

by applying Robin boundary conditions to only the ℓ = 0 modes. The normalisation constant NE
ω0

is given in (3.30) with ℓ = 0. The Robin contribution to the vacuum Green’s function, δGζ0(x, x
′),

is
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δGζ0(x, x
′) =

cos ρ cos ρ′

16π2L2

∫ ∞

−∞
dω eiω∆τP0(cos γ)|Γ(1 + iω)|2 1√

sin ρ sin ρ′

[
Cζω0 + 1

]
× P

−1/2
iω−1/2(cos ρ)P

−1/2
iω−1/2(cos ρ′). (3.61)

Taking the coincidence limit we have

δ⟨Φ̂2⟩ζ0 =
cos2 ρ

16π2L2 sin ρ

∫ ∞

−∞
dω |Γ(1 + iω)|2

[
Cζω0 + 1

] [
P

−1/2
iω−1/2(cos ρ)

]2
, (3.62)

where δ⟨Φ̂2⟩ζ0 is the extra contribution to the vacuum polarisation, ⟨Φ̂2⟩ζ0, arising from applying

Robin boundary conditions to only the ℓ = 0 modes, as in [12]. The corresponding term for the

v.e.v. of the energy density component of the RSET is

δ⟨T̂ ττ ⟩
ζ
0 =

cos ρ cot3 ρ

192L4π2

∫ ∞

ω=−∞
dωDζ

ω0

{
− 2 (1 + ω2)2 [P

−3/2
iω−1/2(cos ρ)]2 sin2 ρ

−
[
2(1 − 5ω2) sin2 ρ

]
[P

−1/2
iω−1/2(cos ρ)]2

}
, (3.63)

where Dω0 is given by (3.42) with ℓ = 0.

The quantity δ⟨Φ̂2⟩ζ0 has been computed numerically using MATHEMATICA with the integral

over ω performed in the interval |ω| ≤ 100. Figure 3.6 shows δ⟨Φ̂2⟩ζ0 plotted as a function of ρ for a

range of Robin parameters, ζ. Using only the ℓ = 0 modes means we avoid the issue of nonuniform

convergence of the ℓ−sum (Section 3.4), allowing the computations to be readily performed. It

is difficult to make direct comparisons between Figure 3.6 and the corresponding figure in [12] as

there is a different definition of the Robin parameter in [12] to that used in this thesis (3.32) with

no one-to-one correspondence between the two definitions. Qualitatively the two plots are similar.

Both profiles are positive throughout the space-time, have very similar shapes and are monotonically

decreasing as the space-time boundary is approached. In particular, the profile for the Neumann

boundary condition in Figure 3.6 is qualitatively similar to the equivalent one in [12] with the value

at the space-time origin seemingly a match in the two plots as far as can be ascertained.

Using (3.63), the extra contribution to the RSET, δ⟨T̂ ττ ⟩
ζ
0, when Robin boundary conditions

are applied to only the ℓ = 0 modes, has been computed numerically using MATHEMATICA. The

ω−integration in (3.63) was performed to |ω| ≤ 100. The results are shown in Figure 3.7 for a

range of the Robin parameters ζ. Comparing the Neumann results between Figure 3.7 and the

corresponding plot in [12] shows comparable profiles, whilst the remaining plots are qualitatively

similar, as in the case of δ⟨Φ̂2⟩ζ0. We conclude, therefore, that using Euclidean methods to compute

the VP and RSET gives the same result as remaining in Lorentzian space-time.

§ 3.7 Thermal expectation value of the SET with Robin boundary conditions

The t.e.v.s of the nonzero components of the RSET with various values of κ (3.23) are shown in

Figures 3.8–3.10 (as in the vacuum state, the ⟨T̂ ϕϕ ⟩
ζ
β component has the same values as the ⟨T̂ θθ ⟩

ζ
β
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Figure 3.6: The extra contribution to the v.e.v of the VP, δ⟨Φ̂2⟩ζ0, with a range of Robin boundary
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Figure 3.9: Renormalised t.e.v.s of the ⟨T̂ ρρ ⟩ζβ component of the RSET with Robin boundary con-
ditions and different values of κ (3.23). On the left are the 3D surface plots showing the variation
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Figure 3.10: Renormalised t.e.v.s of the ⟨T̂ θθ ⟩
ζ
β component of the RSET with Robin boundary

conditions and different values of κ (3.23). On the left are the 3D surface plots showing the variation

of ⟨T̂ θθ ⟩
ζ
β with ρ and ζ. The right column shows ⟨T̂ θθ ⟩

ζ
β as a function of ρ for a selection of values of

the Robin parameter ζ. Dirichlet and Neumann boundary conditions are shown with dotted lines.
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component and is not displayed). The nonzero components have very similar qualitative behaviour.

Unlike the vacuum case, the t.e.v.s with Dirichlet and Neumann boundary conditions break the

underlying symmetry of the adS space-time and their values depend on the space-time location.

For each nonzero component of the RSET, 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 increas-

ing ρ, converging to their common v.e.v. as the space-time boundary is approached (ρ→ π/2). At

low temperature (κ = 1/2) the t.e.v.s with Dirichlet and Neumann boundary conditions resemble

their common v.e.v.s. As the temperature increases (increasing κ), we see that the absolute differ-

ence between the nonzero RSET components for the Dirichlet and Neumann boundary conditions

increases.

The energy density component of the RSET, −⟨T̂ ττ ⟩
ζ
β, is positive throughout the space-time

for all Robin boundary conditions. It achieves its maximum value at the space-time origin and

increases with increasing temperature (increasing κ). For all Robin parameters studied, the energy

density converges to the common vacuum Dirichlet/Neumann value as the space-time boundary

is approached. The other nonzero components of the RSET have similar qualitative behaviour

(Figures 3.9 and 3.10). As with the energy density component, the ⟨T̂ ρρ ⟩ζβ and ⟨T̂ θθ ⟩
ζ
β components have

their maximum at the space-time origin and monotonically decrease as the space-time boundary

is approached. The t.e.v.s are mostly negative at low temperature and increase with increasing

temperature. For large κ, the t.e.v.s are mostly positive in a neighbourhood of the origin for all

Robin parameters studied. For κ = 2π, the t.e.v.s are positive for most of the space-time.

It can be seen that at low temperature (κ = 1/2), some of the curves for t.e.v.s with Robin bound-

ary conditions lie outside of the curves corresponding to Dirichlet/Neumann 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

κ = 2π. As the temperature increases, the variation in the nonzero components of the RSET with

varying Robin parameter ζ becomes much less apparent, as seen in Figures 3.8–3.10. It seems that

the effect of the Robin boundary conditions is ‘washed out’ with increasing temperature.

In Figure 3.11 we plot minus the thermal pressure deviator (−Πζ
β), which is the difference

between the ⟨T̂ ρρ ⟩ζβ and ⟨T̂ θθ ⟩
ζ
β components of the t.e.v. of the RSET. With Dirichlet and Neumann

boundary conditions we see that the pressure deviator is no longer zero throughout space-time as

in the vacuum case (Section 3.5). For these boundary conditions, the pressure deviator is zero at

the space-time origin and boundary but attains a maximum magnitude between these, with the

maximum magnitude increasing with increasing temperature. We also see from Figure 3.11 that

−Πζ
β is negative for Dirichlet and positive for Neumann boundary conditions respectively.

For Robin boundary conditions, we see a similar profile for the pressure deviators as with

Dirichlet and Neumann boundary conditions. The pressure deviators vanish at the origin and space-

time boundary and have a maximum magnitude at some ρ ∈ (0, π/2). At the higher temperatures,

the pressure deviator (Πζ
β) is most positive with the Dirichlet boundary condition (ζ = 0) but with

increasing Robin parameter, ζ, the pressure deviator becomes increasingly negative. We also notice

that as the temperature increases, the thermal pressure deviators, with different Robin boundary

conditions, are increasingly ‘contained’ within the Dirichlet and Neumann curves, as was seen with
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the RSET components.

§ 3.8 The RSET at the boundary

In Sections 3.5 and 3.7 we saw that the v.e.v.s and t.e.v.s of the RSET with Robin boundary

conditions converged to the Neumann/Dirichlet result at the space-time boundary. In this section

we provide an analytical argument to support this finding.

We use the corresponding analysis in [71] for the VP. As the time-like boundary in adS is not

part of the space-time and we are considering a massless, conformally coupled scalar field, we can

make a conformal transformation to the ESU (see Section 2.1). We then consider a region in ESU

for ρ ∈ [0, π/2] and apply Robin boundary conditions to the surface at ρ = π/2, which is now part

of the space-time. Consider a region V ⊂ ESU for ρ ∈ [0, π/2] which is bounded by a surface S

comprised of I0, Iπ/2, which are time-like hypersurfaces at ρ = 0, ρ = π/2 respectively as well as

Σ1, Σ2 which are space-like hypersurfaces (see Figure 3.12). We now apply Stokes’ theorem to the

vacuum Euclidean Green’s functions in ESU, GESUN,0 (x, x′), GESUζ,0 (x, x′) in the region V bounded by

S to give∫
S

[
GESUN,0 (x, y)∇̃µG

ESU
ζ,0 (y, x′) −GESUζ,0 (x, y)∇̃µG

ESU
N,0 (y, x′)

]
dSµ

=

∫
V

[
GESUN,0 (x, y)

∼
2 GESUζ,0 (y, x′) −GESUζ,0 (x, y)

∼
2 GESUN,0 (y, x′)

]
dV

(3.64)

where ∇̃ and
∼
2 are the covariant derivatives and D’Alembertian operator with respect to the

Euclidean ESU metric

ds2 = L2
(
dτ2 + dρ2 + sin2 ρ [dθ2 + sin2 θ dϕ2]

)
, (3.65)

and all integrals in (3.64) are taken with respect to y. The Euclidean Green’s functions on ESU,

GESUζ,0 (x, x′) satisfy (1.54)

(
∼
2 −1

6
R̃

)
GESUζ,0 (x, x′) =

(
∼
2 − 1

L2

)
GESUζ,0 (x, x′) = − 1√

g̃
δ4(x, x′) (3.66)

where the tilde denotes the quantities on the ESU metric and δ4(x, x′) is the four-dimensional Dirac

delta function. Using (3.66), the right hand side of (3.64) becomes∫
V

[
GESUN,0 (x, y)

∼
2 GESUζ,0 (y, x′) −GESUζ,0 (x, y)

∼
2 GESUN,0 (y, x′)

]
dV = GESUζ,0 (x, x′) −GESUN,0 (x, x′).

(3.67)

It now remains to compute the surface integrals on the boundary S = I0 ∪ Iπ/2 ∪ Σ1 ∪ Σ2 in the

left hand side of (3.64). The part of the radial component of the Green’s function on ESU (3.27),

which is regular on I0 (ρ→ 0), is given by (3.31), and can be written as [39, §14.8.1]

pωℓ(ρ) ∼ (sin ρ)−1/2

Γ(ℓ+ 3/2)

(
2

1 − cos ρ

)−1/2(ℓ+1/2)

. (3.68)
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Figure 3.11: Thermal pressure deviators −Πζ
β (3.55) with Robin boundary conditions and a selection

of values of κ (3.23). On the left are 3D surface plots showing the variation of −Πζ
β with ρ and ζ.

On the right is −Πζ
β as a function of ρ for a selection of values of the Robin parameter ζ. Dirichlet

and Neumann boundary conditions are shown with dotted lines.
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Figure 3.12: Schematic showing the application of Stokes’ theorem. The volume V is bounded by
the surface S = I0 ∪Σ1 ∪Σ2 ∪ Iπ/2. The surfaces Σ1 and Σ2 are space-like hypersurfaces with unit
future-pointing normals nµ1 and nµ2 respectively, whilst rµ is the unit normal to the surface Iπ/2
(adapted from [71]).

Using the Taylor expansion of (3.68), we have

pωℓ(ρ) ∼ ρℓ

2(ℓ/2+1/4)
+ O(ρ2ℓ+1/2), (3.69)

from which it is clear that only the ℓ = 0 mode will contribute and, as it is a constant, its derivative

vanishes at I0. Also it can be shown that the contributions to the surface integrals at Σ1 and Σ2

cancel each other out so we are left with the surface integral over Iπ/2. The vacuum Euclidean

Green’s functions at Iπ/2 satisfy the boundary conditions

GESUζ,0 (x, x′) cos ζ +
∂ GESUζ,0 (x, x′)

∂ρ
sin ζ = 0, (3.70)

whilst the normal derivative to the boundary is Iπ/2 is L−1∂/∂ρ. Using (3.70), the left hand side

of (3.64) becomes∫
S

[
GESUN,0 (x, y)∇̃µG

ESU
ζ,0 (y, x′) −GESUζ,0 (x, y)∇̃µG

ESU
N,0 (y, x′)

]
dSµ =

− 1

L
cot ζ

∫
Iπ/2

GESUN,0 (x, y)GESUζ,0 (y, x′)dS. (3.71)

Using (3.67, 3.71) we arrive at

GESUζ,0 (x, x′) −GESUN,0 (x, x′) = − 1

L
cot ζ

∫
Iπ/2

GESUN,0 (x, y)GESUζ,0 (y, x′) dS. (3.72)
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This is applicable for all Robin parameters except Dirichlet (ζ = 0). We can now use an iterative

procedure on (3.72), given in [36], whereby 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

function on ESU with Neumann boundary conditions applied. This procedure gives the following

asymptotic series for the vacuum Euclidean Green’s function on ESU, GESUζ,0 , with Robin boundary

conditions applied:

GESUζ,0 (x, x′) = GESUN,0 (x, x′) − 1

L
G

(1)
ζ,0(x, x

′) cot ζ +
1

L2
G

(2)
ζ,0(x, x

′) cot2 ζ + . . . (3.73)

where the first two terms in the series are given by

G
(1)
ζ,0(x, x

′) =

∫
Iπ/2

GESUN,0 (x, y)GESUN,0 (y, x′) dS, (3.74)

G
(2)
ζ,0(x, x

′) =

∫
Iπ/2

GESUN,0 (x, y)

[∫
Iπ/2

GESUN,0 (y, z)GESUN,0 (z, x′) dS

]
dS. (3.75)

Here the integrals are performed over the space-times points y, z on the surface Iπ/2 in ESU.

Higher-order terms in the series can be found iteratively [36].

The Green’s function on ESU with Neumann boundary conditions applied has a compact closed-

form expression [71]

GESUN,0 (x, x′) =
1

8π2L2

{
1

cosh ∆τ + cos Ψ
+

1

cosh ∆τ + cos Ψ∗ ,

}
(3.76)

where ∆τ = τ − τ ′ is the separation of the points in the τ -direction,

Ψ = arccos
[
− cos ρ cos ρ′ − cos γ sin ρ sin ρ′

]
,

Ψ∗ = π + arccos
[
− cos ρ cos ρ′ + cos γ sin ρ sin ρ′

]
(3.77)

and γ is the angular separation of the points (2.23). Applying the differential operator Tµν(x, x′)

(3.44) to the Green’s function (3.73) and bringing the space-time points together gives

⟨T̂µν⟩ESUζ,0 = ⟨T̂µν⟩ESUN,0 − cot ζ

L
lim
x′→x

{
Tµν(x, x′)

[
G

(1)
ζ,0(x, x

′)
]}

+
cot2 ζ

L2
lim
x′→x

{
Tµν(x, x′)

[
G

(2)
ζ,0(x, x

′)
]}

+ . . . (3.78)

As we are considering a conformally invariant scalar field in four dimensions, we can relate the

RSET on ESU to that on adS using [17]

⟨T̂ νµ ⟩adSζ,0 = ⟨T̂ νµ ⟩ESUζ,0

√
g̃

√
g
− 1

2880π2

[
1

6
(1)Hν

µ − (3)Hν
µ

]
, (3.79)

where g̃ and g are the determinants of the metrics on ESU and adS respectively. The tensors (1)Hµν

and (3)Hµν are given by

(1)Hµν = 2R;µν − 2gµν2R− 1

2
gµνR

2 + 2RRµν , (3.80)
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(3)Hµν = R ρ
µRρν −

2

3
RRµν −

1

2
RρσR

ρσgµν +
1

4
R2gµν . (3.81)

Using (2.19, 2.20), it can be seen that on adS space-time (1)Hµν vanishes identically because R is a

constant. We also note that (3)Hµν = 3gµν/L
2. Using (3.78, 3.79) and noting that

√
g̃ /

√
g = cos4 ρ,

we can write

⟨T̂ νµ ⟩adSζ,0 = ⟨T̂ νµ ⟩adSN,0 − cot ζ

L
lim
x′→x

{
Tµν(x, x′)

[
G

(1)
ζ,0(x, x

′)
]}

cos4 ρ

+
cot2 ζ

L2
lim
x′→x

{
Tµν(x, x′)

[
G

(2)
ζ,0(x, x

′)
]}

cos4 ρ+ . . . (3.82)

Using the analysis in [36], the RSET on ESU (3.78) can be expressed as an asymptotic series at

an arbitrarily small distance, ϵ, from the boundary at ρ = π/2. In flat space-time the asymptotic

series is

⟨T̂µν⟩ESUζ,0 ∼ ϵ−4 T (4)
µν + ϵ−3 T (3)

µν + ϵ−2 T (2)
µν +O(ϵ−1). (3.83)

In a curved space-time, the T
(i)
µν components also depend on the curvature of the space-time but we

can still express ⟨T̂µν⟩ESUζ,0 as an asymptotic expansion at an arbitrarily small distance, ϵ, from the

boundary as [36]

⟨T̂µν⟩ESUζ,0 ∼ gα
′
µ g

β′
ν

(
ϵ−4 T

(4)
α′β′ + ϵ−3 T

(3)
α′β′ + ϵ−2 T

(2)
α′β′

)
+O(ϵ−1). (3.84)

The leading order term in (3.84) is ϵ−4gα
′
µ g

β′
ν T

(4)
α′β′ and when this is substituted into (3.79), together

with the contribution from (3)Hµν , we obtain ⟨T̂µν⟩adSN,0 in (3.82). The next-to-leading order quantity

in (3.84), ϵ−3gα
′
µ g

β′
ν T

(3)
α′β′ , corresponds to the second term in the expansion (3.82), and the quantity

ϵ−2gα
′
µ g

β′
ν T

(2)
α′β′ to the third term in (3.82). The term T

(3)
µν is given by [36]

T (3)
µν = A (3Υµν − Υhµν) , (3.85)

where A is a constant, hµν is the boundary metric on ESU, which is given by

hµν =


−L2 0 0 0

0 0 0 0
0 0 L2 sin2 ρ 0
0 0 0 L2 sin2 ρ sin2 θ

 , (3.86)

and Υµν = nµ;α h
α
ν , with nµ a unit vector normal to the boundary which is normalised to have unit

length nµn
µ = 1.

Using (3.86) it can be shown that the only nonzero Christoffel components of the boundary

metric (3.86) are

Γρθθ = − sin ρ cos ρ and Γρϕϕ = − sin2 θ sin ρ cos ρ, (3.87)

giving the non-zero components of Υµν as

Υθθ = L cos ρ sin ρ and Υϕϕ = L cos ρ sin ρ sin2 θ (3.88)
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and Υ = 2 cot ρ/L. Therefore, as we approach the boundary (ρ → π/2), Υµν = 0 = Υ, giving

T
(3)
µν = 0. Therefore the second term in (3.84) is zero and subsequent terms in the expansion are of

lower order in ϵ, showing that as we approach the boundary, ⟨T̂ νµ ⟩adSζ,0 = ⟨T̂ νµ ⟩adSN,0 as seen numerically

in Section 3.5. This analysis can be extended trivially to the t.e.v.s.

§ 3.9 Conclusions

In this chapter we have determined the renormalised v.e.v.s and t.e.v.s of the nonzero components of

the stress energy tensor for a massless, conformally coupled scalar field propagating on a background

global adS4 space-time. We have used Euclidean methods (Section 1.4), which give a unique Green’s

function and we find that the numerical calculations are tractable. As a result, we were able to

apply Robin boundary conditions to all the field modes. As a check of our methods, we were able

to reproduce the results in [12] where the authors remained in Lorentzian space-time and applied

Robin boundary conditions to only the ℓ = 0 modes.

When Dirichlet and Neumann boundary conditions are applied, we find that the v.e.v.s of the

RSET, with mixed indices, respect the underlying maximal symmetry of the adS space-time and

are constant. As we are considering a massless, conformally coupled field, this constant is fixed by

the trace anomaly (3.20) and as a result it is the same for both Dirichlet and Neumann boundary

conditions. This finding of a common value for the v.e.v. of the RSET with both Dirichlet and

Neumann boundary conditions differs from that seen with the vacuum polarisation, where we find

different results of the v.e.v.s for Dirichlet and Neumann boundary conditions in adS4 [71] and also

in adS3 (see chapter 5). The maximal symmetry seen with either Dirichlet or Neumann boundary

conditions is broken when Robin boundary conditions are applied, with the v.e.v.s depending on

the space-time location. However, for all Robin boundary conditions, the v.e.v.s of the nonzero

components of the RSET converge to the common v.e.v. for Dirichlet and Neumann boundary

conditions as the space-time boundary is approached.

This symmetry breaking is also seen with the t.e.v.s, even for Dirichlet and Neumann bound-

ary conditions. For the thermal states, the boundary conditions have a significant effect on the

expectation values of all components of the RSET, most apparent near the origin, but this effect

is diluted with increasing temperature (Figures 3.8–3.10). When computing the t.e.v.s, we used

values of κ (3.23) between 1/2 and 2π. These values are based on setting the radius of curvature of

adS, L, to unity and are thus in units of L.

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. With increasing temperature we find that the t.e.v.s with different Robin boundary

conditions are increasingly ‘contained’ within the Dirichlet and Neumann curves, with the difference

between all boundary conditions decreasing with increasing temperature. However, for all temper-

atures and Robin parameters, the t.e.v.s of the nonzero components of the RSET converge to the

common v.e.v. found, with Dirichlet and Neumann boundary conditions, as we approach the space-

time boundary. This is consistent with the results for the vacuum polarisation (VP) [71] where the

vacuum and thermal expectation values for all Robin parameters (except Dirichlet) converged to

the Neumann result. In the case of the RSET, both Dirichlet and Neumann boundary conditions

have the same v.e.v.s and so in this case, all boundary conditions, including Dirichlet, converge to
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the same result. This supports the conclusion in [71] that Neumann boundary conditions reflect

the generic behaviour of the field at the boundary.

In Chapter 6 we move away from the massless, conformally coupled case and examine the effects

on the RSET when we change the mass and coupling constant of the field. First, however, we

discuss aspects of quantum scalar field theory on adS3 which is the subject of the next chapter.
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Chapter 4

Quantum scalar field theory on adS3

In Chapter 3 we determined the RSET for a massless, conformally coupled, quantum scalar field

on adS4. We now consider what happens when we consider a scalar field with general mass and

coupling to the background curvature and this is the focus of Chapters 4, 5 and 6. Allowing the field

mass and coupling constant to vary presents additional complexities to the underlying mathematics

and therefore we work in three-dimensional anti-de Sitter space-time (adS3). The reduced number of

space-time dimensions simplifies the angular component of the scalar field Green’s function, thereby

avoiding the use of conical (Mehler) functions which were required in [71] and Chapter 3.

This chapter is laid out as follows. In Section 4.1 we determine the mode solutions to the Klein-

Gordon equation for a scalar field with general mass and coupling on adS3. These are formulated

in terms of hypergeometric functions. In Section 4.2 we examine the regularity of the solutions

found in Section 4.1 at the space-time origin and boundary. In Section 4.3 we apply boundary

conditions of Robin type to the scalar field modes, parameterised by the Robin parameter ζ. In

Section 4.4 we establish quantisation conditions on the frequency ω and in Section 4.5 we derive

an upper bound on ζ to obtain stable mode solutions for the scalar field. Finally we conclude our

findings in Section 4.6

§ 4.1 Mode solutions to the Klein-Gordon equation

In this thesis we consider a real, free quantum scalar field, Φ satisfying the Klein-Gordon equa-

tion (1.22). As the coupling constant and the Ricci scalar terms in (1.22) are constants we can

write

m2 + ξR = µ2 = constant, (4.1)

where R = −6/L2 in adS3 and L > 0 is the radius of curvature of adS (Section 2.1). The µ term in

(4.1) contains the information about the mass and coupling constant of the scalar field. Using the

adS3 metric (2.9) the curved space D’Alembertian operator becomes

2 =
1

L2sec2ρ

(
− ∂2

∂t2
+

∂2

∂ρ2
+

1

sinρ cosρ

∂

∂ρ
+

1

sin2ρ

∂2

∂θ2

)
. (4.2)

Solutions to the Klein-Gordon equation (1.22) take the form

Φ = e−iωteikθf(ρ), (4.3)
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where ω is the frequency, k ∈ Z and f(ρ) is the radial function. Using (4.1, 4.3), the Klein-Gordon

equation (1.22) becomes

cos2 ρ
∂2f(ρ)

∂2ρ
+ cot ρ

∂f(ρ)

∂ρ
+ (ω2 cos2 ρ− k2 cot2 ρ− µ2L2)f(ρ) = 0. (4.4)

This is the radial equation for the scalar field with general mass and coupling.

To solve the radial equation (4.4) we use a substitution of the form

f(ρ) = [cos ρ]A[sin ρ]BF (z), (4.5)

where

z = cos2 ρ (4.6)

and A,B are parameters to be determined later. Substituting (4.5) into (4.4) gives, after much

algebra,

0 = z(1 − z)
d2F

dz2
+ {A− (A+B + 1)z}dF

dz

+
1

4

{
B(B − 1)z

1 − z
−B(A+ 1) +

A(A− 1)(1 − z)

z

−A(B + 1) +
B

1 − z
− A

z
+ ω2 − k2

1 − z
− µ2L2

z

}
F (z). (4.7)

By appropriate choices of A and B, (4.7) can be transformed into a hypergeometric differential

equation [39, §15.10]

z(1 − z)
d2F (z)

dz2
+ [γ − (α+ β + 1)z]

dF (z)

dz
− αβF (z) = 0 (4.8)

the solutions of which are the hypergeometric functions 2F1(α, β, γ; z) given by [39, §15.2.1]

2F1(α, β, γ; z) =
∞∑
s=0

(α)s (β)s
(γ)s

zs

s!
= 1 +

αβ

γ
z +

α(α+ 1)β(β + 1)

γ(γ + 1)2!
z2 + . . . (4.9)

for parameters α, β, γ to be determined. The 2,1 subscripts in the hypergeometric functions will be

omitted in the future for clarity. Comparing (4.7) to (4.8) gives

− 4αβ =

{
B2 − k2

1 − z
+
A2 − 2A− µ2L2

z
+ ω2 − (B +A)2

}
. (4.10)

As α, β are constants we have

B2 − k2 = 0,

A2 − 2A− µ2L2 = 0 (4.11)

the solutions of which give

B = ±k and A = 1 ±
√

1 + µ2L2. (4.12)
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row A,B α β γ

1 A = 1 − ν; B = +|k| 1
2 (1 + |k| − ν − ω) 1

2 (1 + |k| − ν + ω) 1 − ν

2 A = 1 − ν; B = −|k| 1
2 (1 − |k| − ν − ω) 1

2 (1 − |k| − ν + ω) 1 − ν

3 A = 1 + ν; B = +|k| 1
2 (1 + |k| + ν − ω) 1

2 (1 + |k| + ν + ω) 1 + ν

4 A = 1 + ν; B = −|k| 1
2 (1 − |k| + ν − ω) 1

2 (1 − |k| + ν + ω) 1 + ν

Table 4.1: Possible coefficients of the hypergeometric functions representing the solutions to the
radial equation of the scalar field (4.7).

Equation (4.7) can now be written as

z(1 − z)
d2F

dz2
+ {A− (A+B + 1)z}dF

dz
+

1

4
[ω2 − (B +A)2]F (z) = 0. (4.13)

Comparing (4.8) and (4.13) we have

ω2 − (B +A)2 = −4αβ,

α+ β = A+B,

γ = A. (4.14)

From (4.14) we find the following expressions for α, β and γ

α =
1

2
(A+B) ± 1

2
ω,

β =
1

2
(A+B) ∓ 1

2
ω,

γ = 1 ±
√

1 + µ2L2. (4.15)

From now on it will be more convenient to define the quantity

ν =
√

1 + µ2L2, (4.16)

where the ν parameter contains the information about the mass and coupling of the field. For the

time being we consider 0 < ν < 1 (see Section 4.3 for more detailed discussion on this).

As the α and β terms in the hypergeometric function (4.9) are interchangeable, we can arbitrarily

choose β to have the +1/2ω term and α to have the −1/2ω term in (4.15). Table 4.1 shows

the possible values of A and B from (4.14) and the corresponding values of the hypergeometric

parameters α, β, γ.

Regular singularities of the hypergeometric differential equation (4.8) occur at z = 0, z = 1 and

z = ∞ [39, §15.10] . However as 0 ≤ ρ ≤ π/2 the singularity at z = ∞ is not relevant. Consider

now the solutions to (4.13) in the neighbourhood of the following singular points:
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Neighbourhood of z = 0, ρ = π/2 : For 0 < ν < 1, we have γ /∈ Z and hence the solutions of

(4.13) are given by [39, §15.10]

F1(z) = F (α, β, γ; z),

F2(z) = z1−γF (α− γ + 1, β − γ + 1, 2 − γ; z). (4.17)

If γ ∈ Z, then we use [39, §15.2.5] for the second solution. The solutions F1(z) and F2(z) are two

linearly independent solutions of (4.13) in the neighbourhood of z = 0, ρ = π/2. The parameters in

the hypergeometric functions in (4.17) are related pairs from Table 4.1. For instance they can be

from the first and third rows of coefficients in Table 4.1 or indeed the second and fourth rows. For
example, if we take the parameters from row three in Table 4.1 for the hypergeometric parameters

in F1(z), then the parameters for the hypergeometric function in F2(z) will be from row one and

vice versa. We can now write the general solution to the radial equation (4.4), in the neighbourhood

of z = 0, ρ = π/2, as

f(ρ) = [cos ρ]A[sin ρ]B
{
C1F (α, β, γ; z) + C2 z1−γF (α− γ + 1, β − γ + 1, 2 − γ; z)

}
(4.18)

where C1 and C2 are arbitrary constants.

Neighbourhood of z = 1, ρ = 0: To examine the form of the solutions to the hypergeometric

differential equation (4.13) in the neighbourhood of z = 1, ρ = 0, we employ a substitution of the

form u = 1 − z into (4.8) to obtain

u(1 − u)
d2F

du2
+
[
(α+ β − γ + 1) − (α+ β + 1)u

]dF
du

− αβF = 0. (4.19)

Equation (4.19) is now in the form of (4.8) but with the γ term replaced by α + β − γ + 1. Using

(4.17) we can write the solution of (4.13) in the neighbourhood of z = 1 as

F3(u) = F (α, β, α+ β − γ + 1;u) (4.20)

But as u = 1 − z we can express this solution in terms of z as

F3(z) = F (α, β, α+ β − γ + 1; 1 − z) (4.21)

The second linearly independent solution to (4.13) has a logarithmic singularity at z = 1, ρ = 0

and hence we ignore this solution [39, §15.2.5]. Therefore, we can write the solution to the radial

equation (4.4) regular near z = 1, ρ = 0 as

f(ρ) = C3 [cos ρ]A[sin ρ]BF (α, β, α+ β − γ + 1; 1 − z), (4.22)

where C3 is a constant. Equations (4.18) and (4.22) give two possible forms of the solution to the

radial equation (4.9) for z ∈ (0, 1).

§ 4.2 Regularity of the solutions

It is worthwhile at this point considering the regularity of the solutions (4.18) and (4.22) at

z = 0, ρ = π/2 and z = 1, ρ = 0 respectively. Consider first equation (4.18) reproduced here
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for convenience with z replaced by cos2 ρ in the hypergeometric functions and z1−γ replaced by

[cos ρ]2(1−A)

f(ρ) = [cos ρ]A[sin ρ]B
{
C1F (α, β, γ; cos2 ρ)

+ C2 [cos ρ]2(1−A)F (α− γ + 1, β − γ + 1, 2 − γ; cos2 ρ)
}
. (4.23)

To establish a possible range for the parameter A, we note that if A < 0 we must have C1 = 0 and

for A > 2 we must have C2 = 0. We will see in Section 4.3 that the constants C1, C2 are used in the

definitions of the boundary conditions applied at the space-time boundary (ρ = π/2). Hence we

must have C1 ̸= 0, C2 ̸= 0 in order to have a choice of boundary conditions. Therefore, for (4.23) to

be regular at z = 0, ρ = π/2 and to have a choice of boundary conditions we require that 0 ≤ A ≤ 2.

For (4.22) to be regular at z = 1, ρ = 0 we require that B > 0 i.e. that B = |k|. Therefore we

must choose the coefficients of the hypergeometric functions from rows one or three in Table 4.1.

In summary for regular solutions of (4.18) and (4.22) and for a choice of boundary conditions at

ρ = π/2 we require

B = |k| and 0 ≤ A ≤ 2. (4.24)

Without loss of generality, we can choose the coefficients from row 3. Equations (4.24) and (4.16)

together with (4.16) imply we consider 0 ≤ ν ≤ 1. Also, in order to satisfy the Breitenlohner-

Freedman bound [19], we require ν ≥ 0 for the field to be classically stable. Thus our range of ν

is
0 ≤ ν ≤ 1, (4.25)

and this applies to the scalar field with general mass and coupling. In the particular case of the

massless, conformally coupled scalar field where m = 0, ξ = 1/8 and R = −6/L2 we have ν = 1/2

and the inequality (4.25) is satisfied.

Using (4.1, 4.16, 4.25) we can establish a relationship between the mass m of our quantum scalar

field and the coupling constant ξ as

1

L2
(6ξ − 1) ≤ m2 ≤ 6ξ

L2
. (4.26)

The lower bound of (4.26) corresponds to the Breitenlohner-Freedman bound [19] and also the

mass constraints in [29]. Using (4.1, 4.16) we can plot m2 as a function of the coupling constant

ξ for various values of the parameter ν as shown in Figure 4.1. Each fixed value of ν represents

a range of possible values of m2 and ξ. All values on m2 in the blue shaded region (ν ∈ [0, 1]),

including m2 < 0, satisfy the Breitenlohner-Freedman bound [19], although the physical significance

of m2 < 0 on a background adS is unclear.

We now determine the constants C1, C2, C3 in (4.18, 4.22). The three hypergeometric functions

in (4.18, 4.22) are related by Kummer’s connection formulae [39, §15.10(ii)]. Letting

w1 = F1(α, β, γ; z),

w2 = z1−γ F3(α− γ + 1, β − γ + 1, 2 − γ; z),

w3 = F2(α, β, α+ β − γ + 1; 1 − z),

(4.27)
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Figure 4.1: Plot of m2 against ξ for different values of fixed ν (4.16). For clarity, only a limited
range of ξ is shown. The dotted lines represent three values of ν studied in Chapters 5–7. The adS
length scale L has been set to one.

we have [39, §15.10.17]

w3(z) =
Γ(1 − γ)Γ(α+ β − γ + 1)

Γ(α− γ + 1)Γ(β − γ + 1)
w1(z) +

Γ(γ − 1)Γ(α+ β − γ + 1)

Γ(α)Γ(β)
w2(z). (4.28)

Comparing (4.27) and (4.28) the constants C1 and C2 in (4.18) can be written in terms of the

constant C3 in (4.22) as

C1 = C3
Γ(1 − γ)Γ(α+ β − γ + 1)

Γ(α− γ + 1)Γ(β − γ + 1)
= C3 P (4.29)

and

C2 = C3
Γ(γ − 1)Γ(α+ β − γ + 1)

Γ(α)Γ(β)
= C3Q, (4.30)

where

P =
Γ(1 − γ)Γ(α+ β − γ + 1)

Γ(α− γ + 1)Γ(β − γ + 1)
and Q =

Γ(γ − 1)Γ(α+ β − γ + 1)

Γ(α)Γ(β)
. (4.31)

Using (4.28, 4.29, 4.30), we can express the solution to the radial equation at z = 1, ρ = 0 (4.22) in

the alternative form

f(ρ) = Cωk [cos ρ]A[sin ρ]B{PF (α, β, γ; z) + Q z1−γF (α− γ + 1, β − γ + 1, 2 − γ; z)}, (4.32)

where the constant C3 has been absorbed into an overall normalisation constant Cωk.

§ 4.3 Boundary conditions on adS

Formulating a QFT on adS space-time has some advantages and disadvantages. Having maximum

symmetry is certainly beneficial, as outlined in Section 2.3, but the possession of a time-like bound-

ary at spatial infinity presents a problem. Information is able to enter and leave at the boundary [8],
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meaning we have to impose boundary conditions on the field in order to have a well-posed QFT.

Whilst many boundary conditions have been studied on an adS background (see Section 2.4), our

focus in this thesis are the three boundary conditions of Dirichlet, Neumann and Robin.

For Dirichlet boundary conditions we require that the value of the field falls to zero as rapidly

as possible at the boundary. Imposing Neumann boundary conditions, however, presents more of a

challenge for the scalar field with general mass and curvature coupling. In the case of the massless,

conformally coupled field (ν = 1/2), the Neumann boundary condition can be defined naturally [8],

as we can map the field onto the globally hyperbolic Einstein static universe (ESU) (see Sections 2.1

and 2.4). As the boundary of adS is not part of the space-time we establish boundary conditions

on the conformally invariant field on ESU instead.

If the scalar field is not conformally invariant, the above method of mapping to ESU no longer

applies, and we have a choice as to how ‘Neumann’ boundary conditions are defined [29]. In [59],

the authors studied the possible boundary conditions that can be imposed at spatial infinity for

different values of ν. For ν < 0, no boundary conditions are possible, whilst for ν = 0 both

Dirichlet and Neumann are simultaneously imposed and characterised by a one-parameter family

of boundary conditions. For ν ≥ 1, we only have Dirichlet boundary conditions. For 0 < ν < 1,

‘generalised’ Neumann boundary conditions were defined [59], which corresponded to the vanishing

of the derivative of the products of the field with trigonometric functions of the radial coordinate.

We can define the Robin boundary condition for a massless, conformally coupled field (2.28)

as a linear combination of Dirichlet and Neumann boundary conditions [59, 71]. To apply Robin

boundary conditions we need to first map the conformal scalar field to the ESU (Section 2.1).

Using (4.32), the radial function on ESU f̃(ρ) becomes

f̃(ρ) = [cos ρ](A−
1
2
)[sin ρ]B

{
PF (α, β, γ; cos2 ρ)

+ Q [cos ρ]2(1−A)F (α− γ + 1, β − γ + 1, 2 − γ; cos2 ρ)
}
, (4.33)

where the Cωk constant has been set to one and the tilde notation on f̃(ρ) denotes that we are on

ESU. In the case of the massless conformally coupled scalar field in adS3 we have ν = 1/2. Using

the values of A = 3/2 and B = |k| from row three in Table 4.1 we have

f̃(ρ) = [sin ρ]|k|
{
P cos ρF (α, β, γ; cos2 ρ) + QF (α − γ + 1, β − γ + 1, 2 − γ; cos2 ρ)

}
, (4.34)

and

df̃

dρ
= −[sin ρ]|k|+1PF (α, β, γ; cos2 ρ) + |k|[cos ρ][sin ρ]|k|−1

{
P[cos ρ]F (α, β, γ; cos2 ρ)

+ QF (α− γ + 1, β − γ + 1, 2 − γ; cos2 ρ)
}

− 2 cos ρ[sin ρ]|k|+1

{
P cos ρ

d

dz
F (α, β, γ; cos2 ρ) + Q d

dz
F (α− γ + 1, β − γ + 1, 2 − γ; cos2 ρ)

}
.

(4.35)
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It is clear that at ρ = π/2 both (4.34) and (4.35) are regular and their hypergeometric functions

tend to unity at z = 0, ρ = π/2 (and hence their derivatives vanish). Therefore applying Robin

boundary conditions to the scalar field on the ESU for the massless conformally coupled field gives

P sin ζ −Q cos ζ = 0. (4.36)

When the scalar field is not massless and conformally coupled, i.e. when ν ̸= 1/2 the above

approach is no longer applicable. In [29], trigonometric functions of the Robin parameter were

equated with the constants of the solutions of the Klein-Gordon equation. In keeping with [29] we

can define the Robin parameter ζ ∈ [0, π] for the scalar field with general mass and coupling as

cos ζ = P and sin ζ = Q, (4.37)

which is consistent with (4.36) obtained for the massless, conformally coupled field. The Dirichlet

boundary condition is given by ζ = 0, whilst for Neumann ζ = π/2.

Using (4.37) and inserting the values of α, β, γ from row three Table 4.1 gives

tan ζ =
Γ(ν) Γ(12(|k| + 1 − ν − ω)) Γ(12(|k| + 1 − ν + ω))

Γ(−ν) Γ(12(|k| + 1 + ν − ω)) Γ(12(|k| + 1 + ν + ω))
. (4.38)

This equation provides us with a useful relationship between the frequency ω and the Robin param-

eter ζ. We will use this to establish an upper bound for the Robin parameter ζ in Section 4.5 and

also in the establishment of quantisation conditions for the mode frequency ω which is the subject

of the next section.

§ 4.4 Quantisation condition on ω

Let J represent the right hand side of (4.38), namely

J =
Γ(ν) Γ(12(|k| + 1 − ν − ω)) Γ(12(|k| + 1 − ν + ω))

Γ(−ν) Γ(12(|k| + 1 + ν − ω)) Γ(12(|k| + 1 + ν + ω))
. (4.39)

We can plot J as a function of ω for fixed ν and a selection of values of |k| as shown in Figure 4.2.

Each value of the Robin parameter ζ corresponds to a discrete set of quantised frequencies. For

example for the Dirichlet boundary condition with ζ = 0 we have J = 0 corresponding to the

ω−axis in Figure 4.2. Considering the form of the gamma function, Γ(x) (Figure 4.3), we note that

the argument of one of the Gamma functions in the denominator of the right hand side of (4.38)

must be 0 or a negative integer. Therefore, we can write

± ωnk = 2n+ 1 + ν + |k| for n ∈ Z−, (4.40)

where we have used ωnk to represent the set of quantised frequencies. Similarly for the Neumann

boundary condition we have ζ = π/2 and so require that the argument of one of the Gamma

functions in the numerator of (4.38) is a negative integer or zero which gives the quantisation

condition on ω for the Neumann boundary condition as

± ωnk = 2n+ 1 − ν + |k| for n ∈ Z−. (4.41)
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Figure 4.2: Right hand side of (4.38), J against ω for a selection of values of |k| and an example
value of ν = 1/4. Noninteger values of ω are shown for Dirichlet (ζ = 0) and Neumann (ζ = π/2)
given by the vertical asymptotes. Qualitatively similar plots are seen for ν = 1/2 and ν = 3/4 with
noninteger values of ω for Dirichlet and Neumann boundary conditions.

Figure 4.3: The Gamma function, Γ(x), showing singularities at negative integer values of its
argument.
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For 0 < ν < 1 we will not obtain integer values for the ωnk for Dirichlet, Neumann or general ζ but

from (4.40, 4.41) we see that the quantised frequencies ωnk are evenly spaced. This is in contrast to

the case for the massless, conformally coupled scalar field in adS4 [12] where integer quantisation of

the mode frequency was found in Lorentzian space-time. The quantisation condition for ω in (4.38)

matches that in [29] for the scalar field in adS3.

§ 4.5 Stability analysis

In this section we show that there is a critical value of the Robin parameter, ζcrit, beyond which we

obtain unstable mode solutions. This corresponds to the presence of solutions of (4.38) with purely

imaginary frequency. To examine this we consider ω → iΩ for Ω ∈ R in which case (4.38) becomes

tan ζ =
Γ(ν)|Γ( |k|2 + 1

2 − ν
2 − iΩ

2 )|2

Γ(−ν)|Γ( |k|2 + 1
2 + ν

2 − iΩ
2 )|2

. (4.42)

We consider only purely imaginary values of ω rather than complex following on from the work

of Ishibashi and Wald [58, 59]. As discussed in Section 2.4, the possible choices of dynamics of

the scalar field correspond to having self-adjoint extensions of the spatial component of the wave

operator. For this to happen we require that ω2 ∈ R. We look for values of the Robin parameter

ζ which result in values of Ω which satisfy (4.42) and such values of Ω will produce unstable,

exponentially growing modes of the scalar field. Let F represent the right hand side of (4.42)

2 4 6 8 10 12 14
Ω

-2.0

-1.5

-1.0

-0.5

F

|k|=0

|k|=1

|k|=2

Figure 4.4: Plot of F(|k|,Ω) (4.43), as a function of Ω for three different values of |k| and fixed
ν = 1/4.

F(|k|,Ω) =
Γ(ν)|Γ( |k|2 + 1

2 − ν
2 − iΩ

2 )|2

Γ(−ν)|Γ( |k|2 + 1
2 + ν

2 − iΩ
2 )|2

. (4.43)

72



Figure 4.4 shows F plotted as a function of Ω for three values of |k| and fixed ν = 1/4. As F is an

even function of Ω we only show Ω > 0.

As we have Γ(ν)/Γ(−ν) < 0 for 0 < ν < 1, we can see that for 0 ≤ ζ ≤ π/2 (tan ζ > 0) there

are no values of Ω that are solutions to (4.42) and hence no unstable modes. However, there are

values of tan ζ < 0 which result in unstable modes. We now investigate the possible values of ζ for

which this occurs. Firstly it appears from Figure 4.4 that tan ζ attains a minimum at k = 0, Ω = 0

and increases monotonically for increasing Ω. We show this analytically as follows: differentiating

the right hand side of (4.42) with respect to Ω gives

∂F
∂Ω

=
iΓ(ν)

∣∣∣Γ( |k|2 + 1
2 − ν

2 + iΩ
2 )
∣∣∣2

2Γ(−ν)
∣∣∣Γ( |k|2 + 1

2 + ν
2 + iΩ

2 )
∣∣∣2
{

Ψ

(
|k|
2

+
1

2
+
ν

2
− iΩ

2

)
− Ψ

(
|k|
2

+
1

2
+
ν

2
+
iΩ

2

)

+ Ψ

(
|k|
2

+
1

2
− ν

2
+
iΩ

2

)
− Ψ

(
|k|
2

+
1

2
− ν

2
− iΩ

2

)}
, (4.44)

where Ψ is the digamma function defined as [76]

Ψ(w) =
d

dw
ln [Γ(w)] , (4.45)

for complex argument w = x + iy. It can be seen from (4.44) that a stationary point exists at

Ω = 0 ∀ |k|. The digamma function with complex argument can be split into its real and imaginary

parts using [76]

Ψ(x+ iy) = −ς − x

x2 + y2
+

∞∑
j=1

jx+ x2 + y2

j[(j + x)2 + y2]
+ i

∞∑
j=0

y

(j + x)2 + y2
(4.46)

where ς is used to represent the Euler constant. Using (4.46) we can write the difference between

two digamma functions with complex conjugate arguments as

Ψ(x+ iy) − Ψ(x− iy) = 2i

∞∑
j=0

y

(j + x)2 + y2
. (4.47)

We can now write (4.44) as

∂F
∂Ω

=
Γ(ν) Ω

∣∣∣Γ( |k|2 + 1
2 − ν

2 + iΩ
2 )
∣∣∣2

2Γ(−v)
∣∣∣Γ( |k|2 + 1

2 + ν
2 + iΩ

2 )
∣∣∣2

∞∑
j=0

{
1

(j + k1)2 + Ω2

4

− 1

(j + k2)2 + Ω2

4

}
, (4.48)

where we have defined

k1 =
1

2
(1 + |k| + ν),

k2 =
1

2
(1 + |k| − ν). (4.49)
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Figure 4.5: Plot of F(|k|, 0) (4.50), as a function of |k| ∈ Z with Ω = 0 for the massless, conformally
coupled scalar field (ν = 1/2). The discrete plot, shown in dots, is superimposed by a line plot to
more clearly demonstrate the asymptotic behaviour of F(|k|, 0) for large |k|.

Although k1 > k2, we have Γ(ν)/Γ(−ν) < 0 for 0 < ν < 1 and thus it can be seen that (4.48) is

positive for all Ω > 0 and F increases monotonically as Ω increases.

As the minimum of F for fixed |k| occurs for Ω = 0, we now study the behaviour of F for general

values of |k| at Ω = 0. From (4.42), we have

F(|k|, 0) =
Γ(ν)Γ

(
|k|
2 + 1

2 − ν
2

)2
Γ(−ν)Γ

(
|k|
2 + 1

2 + ν
2

)2 . (4.50)

For 0 < ν < 1, we have F < 0 ∀ |k|. For large |k| we have [39, §5.11.12]

Γ(ν)Γ
(
|k|
2 + 1

2 − ν
2

)2
Γ(−ν)Γ

(
|k|
2 + 1

2 + ν
2

)2 ∼ − 1

|k|
. (4.51)

Therefore as |k| → ∞ we have F → 0− as demonstrated in figure 4.5 which shows F (4.50) plotted

as a function of |k| for Ω = 0. This is essentially the plot of the F-axis intercept of the profiles in

Figure 4.4 with increasing values of |k|.
Consider now the derivative of F with respect to |k| (for Ω = 0) given by

∂F
∂k

∣∣∣∣
Ω=0

=
Γ(ν)Γ

(
|k|
2 + 1

2 − ν
2

)2
Γ(−ν)Γ

(
|k|
2 + 1

2 + ν
2

)2
{

Ψ

(
|k|
2

+
1

2
− ν

2

)
− Ψ

(
|k|
2

+
1

2
+
ν

2

)}
, (4.52)
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where Ψ is the digamma function (4.45). The difference between two digamma functions with real

arguments x1, x2 is given by [76]

Ψ(x1) − Ψ(x2) = (x1 − x2)

∞∑
j=0

1

(j + x1)(j + x2)
. (4.53)

Therefore, (4.52) becomes

∂F
∂k

∣∣∣∣
Ω=0

= −ν
Γ(ν)Γ

(
|k|
2 + 1

2 − ν
2

)2
Γ(−ν)Γ

(
|k|
2 + 1

2 + ν
2

)2
{ ∞∑

j=0

1(
j + |k|

2 + 1
2 − ν

2

)(
j + |k|

2 + 1
2 + ν

2

)}. (4.54)

For 0 < ν < 1, the right hand side of (4.54) is positive for all |k|.
We can now conclude that the right hand side of (4.38), F , has its minimum value at Ω = 0 = |k|

for fixed ν ∈ (0, 1) (Figure 4.4). Therefore, from (4.42) we will have unstable mode solutions for

Γ(ν)Γ
(
1
2 − ν

2

)2
Γ(−ν)Γ

(
1
2 + ν

2

)2 < tan ζ < 0. (4.55)

Thus for ζ ∈ [0, π) we have

ζcrit = π + tan−1

[
Γ(ν)Γ

(
1
2 − ν

2

)2
Γ(−ν)Γ

(
1
2 + ν

2

)2
]
. (4.56)

In the case of the massless, conformally coupled field ν = 1/2, we have ζcrit ∼ 0.57π. This differs from

the corresponding value in four dimensions [71] which is ζcrit ∼ 0.68π. For values of ζcrit < ζ < π we

will have mode solutions that are classically unstable and the semi-classical approximation breaks

down. Therefore, we must consider the Robin parameter within the range ζ ∈ [0, ζcrit). From (4.55)

it can be seen that the values of ζcrit is dependent on the parameter ν. Figure 4.6 shows a plot of ζcrit

against ν, showing that as ν → 1 we have ζcrit → π/2. This shows that at ν = 1 the mode solutions

with the Neumann boundary condition are unstable (see Chapter 5). For ν → 0, from (4.55), we

have ζcrit = 0.75π (Figure 4.6).

§ 4.6 Conclusions

In this chapter we have highlighted some of the keys aspects of a quantum field theory on adS3

for a massive, real scalar field Φ. We have found mode solutions to the Klein-Gordon equation in

terms of hypergeometric functions (Section 4.1) and have examined the regularity of the solutions

near the space-time origin and boundary (Section 4.2).

As adS is not a globally hyperbolic space-time, we need to impose boundary conditions on the

scalar field at the space-time boundary in order to have a well-posed quantum field theory. We

have discussed how boundary conditions of Dirichlet, Neumann and Robin type can be applied.

For the massless, conformally coupled field (ν = 1/2), Robin boundary conditions can be defined

as (2.28). For the scalar field with general mass and coupling (ν ̸= 1/2), we adopt the approach
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Figure 4.6: Variation of ζcrit with ν for the scalar field with general mass and coupling.

of [29] and define the parameter ζ governing the Robin boundary condition in terms of constants of

the mode solutions (4.37). This definition provides a useful relationship (4.38) between the Robin

parameter ζ and the mode frequency ω, which is used to establish quantisation conditions on ω.

Examples of the quantisation condition for ω with Dirichlet and Neumann boundary conditions are

given in (4.40, 4.41).

Perhaps the key result in this chapter is in Section 4.5, where we show analytically that there is

an upper limit for the Robin parameter ζcrit (4.55), beyond which we obtain unstable mode solutions

of the scalar field equation. The value of ζcrit depends on ν (4.16) and for the massless conformally

coupled field (ν = 1/2) on adS3, we have ζcrit ∼ 0.57π. This differs from the corresponding value

on adS4 (Section 3.2), which is ζcrit ∼ 0.68π. Thus, when applying Robin boundary conditions in

Chapters 5 and 6 we use 0 ≤ ζ < ζcrit.
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Chapter 5

Vacuum polarisation on adS3

In this chapter we determine the v.e.v.s and t.e.v.s of the vacuum polarisation (VP) of a quantum

scalar field on adS3. We study a scalar field with general mass and coupling to the background

curvature subject to Dirichlet, Neumann and Robin boundary conditions applied to the scalar field

at the space-time boundary. In [12], the v.e.v.s of the VP for a massless, conformally coupled scalar

field was studied in adS4. When Robin boundary conditions were applied to just the s−wave modes,

it was found that the v.e.v. of the VP approached that of the Dirichlet value at the space-time

boundary. In contrast, if Robin boundary conditions are applied to all field modes, the v.e.v.s and

t.e.v.s approach the Neumann value for all Robin boundary conditions (except Dirichlet) [71].

The work of [12, 71] considers the case of a massless, conformally coupled scalar field in adS4.

In this chapter we examine what happens when we have a scalar field with general mass and

coupling constant and examine whether the results in [71] hold in this case. Allowing the field

mass and coupling constant to vary presents additional complexities to the underlying mathematics

and therefore we work in three-dimensional adS. The reduced number of space-time dimensions

simplifies the angular component of the scalar field Green’s function, thereby avoiding the use of

conical (Mehler) functions which were required in [71]. In [29], the ground state Green’s function for

a quantum scalar field with arbitrary mass and coupling has been constructed on n-dimensional anti-

de Sitter space-time (adSn) using Robin boundary conditions. However, the resulting renormalised

expectation values have yet to be computed.

This chapter is laid out as follows. In Section 5.1 we describe the construction of the vacuum and

thermal Feynman Green’s functions and use Hadamard renormalisation to compute the v.e.v.s and

t.e.v.s of the VP with Dirichlet and Neumann boundary conditions. In Section 5.2 we transform

to Euclidean space to construct the vacuum and thermal Green’s functions, which we then use

to compute the renormalised v.e.v.s and t.e.v.s of the VP with Robin boundary conditions. In

Section 5.3 we explore the VP at the space-time boundary and provide an analytical argument for

some of the conclusions made in this chapter. Finally, in Section 5.4 we summarise our key results.

§ 5.1 Vacuum polarisation with Dirichlet and Neumann boundary conditions

5.1.1 Vacuum expectation values

Expectation values of the product of field operators can be determined using Green’s functions [17].

We consider the Feynman Green’s function, GF (x, x′) (Section 1.3) which satisfies the inhomoge-
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neous scalar field equation (1.36)

[
gαβ∇α∇β − µ2

]
GF (x, x′) = − 1√

|g|
δ3(x− x′) (5.1)

in three dimensions, where g is the determinant of the metric (2.9), δ3(x−x′) is the three-dimensional

Dirac delta function and µ is given by (4.1). Allen and Jacobson [3] have studied vector and scalar

two-point functions in maximally symmetric spaces, including anti-de Sitter space-time. They

showed that for states respecting this maximum symmetry, Green’s functions can be expressed as

functions of the unique geodesic distance s(x, x′) between the points x and x′. In this case they

showed that gαβ∇α∇β can be given as a second order differential operator in s(x, x′).

As the vacuum state with Dirichlet or Neumann boundary conditions respects the underlying

adS symmetry [8, 61], for space-like separated points where s ∈ R, equation (5.1) can be expressed

as [3] [
d2

ds2
+

2

L
coth

( s
L

) d

ds
− µ2

]
GF = 0. (5.2)

Using the change of variable [61]

z1 = − sinh2
( s

2L

)
, (5.3)

we find that (5.2) can be expressed as

z1(1 − z1)
d2GF
dz21

+

{
3

2
− 3z1

}
dGF
dz1

+ µ2 L2GF = 0. (5.4)

This is now in the form of a hypergeometric differential equation

z1(1 − z1)
d2GF (z1)

dz21
+ [c− (a+ b+ 1)z1]

dGF (z1)

dz1
− abGF (z1) = 0 (5.5)

whose solutions are hypergeometric functions 2F1(a, b, c; z1) for parameters a, b, c to be determined.

The 2,1 subscripts in the hypergeometric functions will be omitted from henceforth for brevity.

Comparing (5.4) with (5.5) gives the parameters to be

a = 1 + ν, b = 1 − ν and c =
3

2
(5.6)

where ν is given by (4.16). From [39, §15.10.2] we can write the solution to (5.5) in a neighbourhood

of z1 = 0, s = 0 as

GF (x, x′) = CF

(
1 + ν, 1 − ν,

3

2
; z1

)
+Dz

− 1
2

1 F

(
1

2
+ ν,

1

2
− ν,

1

2
; z1

)
(5.7)

where C and D are arbitrary constants. This solution is valid for ν ∈ [0, 1] but for now we focus

on ν ∈ (0, 1) and return to the special cases of ν = 0, 1 later. In the coincidence limit where
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s→ 0, z1 → 0 both hypergeometric functions tend to unity so, using (5.3), we can write the leading

order behaviour of GF (s) as

GF (s) ∼ C − iD

sinh
(
s
2L

) as s→ 0 (5.8)

from whence it can be seen that the D− term on the right hand side is clearly divergent in the

coincidence limit.

As the Feynman Green’s function, and hence ⟨Φ̂2⟩, is formally divergent when the spacetime

points x, x′ are brought together, we use Hadamard renormalisation (Section 1.5) to extract a

physically meaningful result. We match the divergent term in (5.8) to the divergent term in the

corresponding Hadamard parametrix, GH , which in three dimensions is given by (1.75) and repro-

duced here for convenience

GH(x, x′) =
i

4
√

2π

[
U(x, x′)

σ1/2
+W (x, x′)

]
. (5.9)

Here U(x, x′) and W (x, x′) are biscalars, regular in the coincidence limit (Section 1.5) and σ is

Synge’s world function (1.57). As we are dealing with a maximally symmetric state with Dirichlet

or Neumann boundary conditions, we can write U(x, x′) = U(s), which has an expansion of the

form [35]

U(s) =
∞∑
n=0

Un(s)σn(s)

= U0 + U1σ
1 + U2σ

2 + . . . . (5.10)

with U0 = ∆1/2 and ∆ is the van Vleck Morette determinant (1.61) which satisfies the boundary

condition [35]

lim
s→0

∆(s) = 1. (5.11)

Therefore as we approach the coincidence limit, the divergent part of the Hadamard parametrix,

G̃H (5.9) is given by

G̃H =
i

4πs
, (5.12)

which is in agreement with the findings in [61]. It now remains to fix the constants C and D in (5.7).

For the latter, we match the divergent term in (5.8) with (5.12). Using the Maclaurin expansion of

sinh(s/2L) to first order gives

D = − 1

8πL
. (5.13)

The other constant C is determined by considering the form of the Green’s function (5.7) at the

boundary as s→ ∞ and applying the appropriate boundary condition. This is achieved by applying

Kummer’s connection formulae [39, §15.10 (ii)] to the hypergeometric functions in (5.7) to give
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GF (s) =

{
C
√
π

2Γ(1 − ν)
+

i
√
π

8πLΓ(−ν)

}
Γ(−2ν)

Γ(12 − ν)

[
cosh

( s

2L

)]−2(1+ν)
F

(
1 + ν,

1

2
+ ν, 1 + 2ν;

1

1 − z1

)

+

{
C
√
π

2Γ(1 + ν)
+

i
√
π

8πLΓ(ν)

}
Γ(2ν)

Γ(12 + ν)

[
cosh

( s

2L

)]−2(1−ν)
F

(
1 − ν,

1

2
− ν, 1 − 2ν;

1

1 − z1

)
.

(5.14)

For Dirichlet boundary conditions, we require that GF (s) → 0 as s → ∞. It is evident from

(5.14) that both the hypergeometric functions converge to unity as s → ∞, z1 → −∞. Also, as

we consider 0 < ν < 1, it is clear that both terms in (5.14) converge to zero but the second term

converges more slowly. Using the analysis in [29] we can define our Dirichlet boundary condition

by requiring that GF (s) → 0 as rapidly as possible. Therefore, for rapid convergence to zero, we

require

C
√
π

2Γ(1 + ν)
+

i
√
π

8πLΓ(ν)
= 0, (5.15)

giving

C = − iΓ(1 + ν)

4πLΓ(ν)
. (5.16)

Using the relation Γ(1 + ν) = νΓ(ν) [39, §5.1.1], we have for the Dirichlet boundary condition

C = − iν

4πL
. (5.17)

Using the values of the constants C and D, we can now write the vacuum Feynman Green’s

function with Dirichlet boundary conditions as

GD0 (s) = − iν

4πL
F

(
1 + ν, 1 − ν,

3

2
;− sinh2

( s

2L

))
+

i

8πL sinh
(
s
2L

)F (1

2
+ ν,

1

2
− ν,

1

2
;− sinh2

( s

2L

))
. (5.18)

Calculation of the vacuum Green’s functions with Neumann boundary conditions presents a

greater challenge. In the case of the massless, conformally coupled field (ν = 1/2), the Neumann

boundary condition can be defined naturally [8], as we can map the field onto the globally hyperbolic

ESU, whose line element is given by [55]

ds2 = L2[−dt2 + dρ2 + sin2 ρ dθ2]. (5.19)

The metric in adS is conformally related to that in ESU by

g̃µν = Ω2gµν , (5.20)

where g̃µν is the metric in ESU, gµν is the metric in adS and

Ω2 = cos2 ρ (5.21)
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is the conformal factor. As the boundary of adS is not part of the space-time we establish boundary

conditions on the conformally invariant field on ESU instead. For the massless, conformally coupled

field we can write (5.7) as

GF = C(1 − z1)
−1/2 +Dz

−1/2
1 =

C

cosh
(
s
2L

) − iD

sinh
(
s
2L

) , (5.22)

which is valid for all s ∈ [0,∞). Transforming to the ESU, the Feynman Green’s function of the

massless, conformally coupled field takes the form

GESUF (t, θ, ρ ; t′, ρ′, θ′) =

√
2√

cos ρ cos ρ′

{
C

[
cos ∆t

cos ρ cos ρ′
− tan ρ tan ρ′ cos ∆θ + 1

]−1/2

−iD
[

cos ∆t

cos ρ cos ρ′
− tan ρ tan ρ′ cos ∆θ − 1

]−1/2
}
, (5.23)

where we have used

cosh
( s
L

)
=

cos ∆τ

cos ρ cos ρ′
− tan ρ tan ρ′ cos ∆θ, (5.24)

with ∆τ = τ − τ ′ and ∆θ = θ − θ′. For the Neumann boundary condition we require that

∂GESUF

∂ρ′
(ρ, ρ′) → 0 as ρ′ → π/2. (5.25)

The derivative in (5.25) can be calculated using MATHEMATICA and then expanded to first order

in (ρ′ − π/2) to give

∂GESUF

∂ρ′
=

(C + iD) cos ρ√
2(cos ∆τ − cos ∆θ sin ρ)3/2

+
(C − iD)(3 cos2 ρ− 2 cos ∆τ cos ∆θ sin ρ+ 2 cos2 ∆θ sin2 ρ)(ρ′ − π/2)

2
√

2(cos ∆τ − cos ∆θ sin ρ)5/2

+ O(ρ′ − π/2)9/2,

(5.26)

from whence it can be readily seen that in order to satisfy the Neumann boundary condition as

ρ′ → π/2, we require that C = −iD.
For the scalar field with general mass and coupling, the above method of mapping to ESU is

no longer applicable, and we can choose how ‘Neumann’ boundary conditions are defined [29] (see

Section 4.3). In keeping with [29, 59], we now choose the relationship C = −iD between C and D

for the Neumann boundary condition for general ν, yielding

C =
iν

4πL
. (5.27)

With this value of the constant C, together with (5.13), we can write the Feynman’s Green’s function

for the scalar field with general mass and coupling, subject to Neumann boundary conditions, as
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GN0 (s) = +
iν

4πL
F

(
1 + ν, 1 − ν,

3

2
;− sinh2

( s

2L

))
+

i

8πL sinh
(
s
2L

)F (1

2
+ ν,

1

2
− ν,

1

2
;− sinh2

( s

2L

))
, (5.28)

which differs from the Dirichlet form (5.18) only in the sign of the first term.

Having constructed the vacuum Feynman Green’s functions for Dirichlet and Neumann bound-

ary conditions (5.18, 5.28), we are now in a position to determine the renormalised v.e.v. of the VP,

denoted by ⟨Φ̂2⟩0,ren, which is given by

⟨Φ̂2⟩0,ren = lim
s→0

[−iGD/N0 − (−iG̃H)], (5.29)

where G̃H is the divergent part of the Hadamard parametrix given by (5.12). The expansions of

(5.18, 5.28) for small s are

G
N/D
0 (s) ∼ ± ν

4πL

(
1 −O(s2)

)
+

1

8πL

(
2L

s
− s

12L
+ O(s3)

)(
1 −O(s2)

)
, (5.30)

where the +/- refers to Neumann and Dirichlet respectively. Thus in the limit as s → 0 we have,

for the Dirichlet boundary condition,

⟨Φ̂2⟩D0,ren = − ν

4πL
. (5.31)

This matches the result found in [61] in three dimensions. From now on the ‘ren’ subscript will

be omitted and it will be assumed that all expectation values are renormalised. Likewise, the

renormalised vacuum expectation value of the VP with Neumann boundary conditions is

⟨Φ̂2⟩N0 =
ν

4πL
. (5.32)

This has the same magnitude as the Dirichlet case but opposite sign. It can be seen that in the

case ν = 0 both boundary conditions give the same result (see Section 5.1.3 where we consider this

case in more detail). With both Dirichlet and Neumann boundary conditions, we note that the

v.e.v.s depend only on ν and are independent of the radial coordinate. Therefore they respect the

maximal symmetry of the background space-time.

5.1.2 Thermal expectation values

We now determine the thermal Green’s function, Gβ(t,x; t′,x′), for inverse temperature β, where

x = (ρ, θ). The thermal Green’s functions are periodic in imaginary time and can be expressed as

an infinite sum involving the vacuum Green’s function G0(x, x
′) [17] (see Section 1.3). The thermal

Green’s function appearing in the sum in (1.49) depends on the proper distance between the space-

time points (t+ ijβ,x) and (t′,x′), which can be found using (5.24). However, as the divergent part

of the Hadamard parametrix is independent of the state (see Section 1.5), we consider the difference
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between the thermal and vacuum Green’s functions. Bringing the space-time points together, that

is, in the limit t′ → t, x′ → x, we have for the Dirichlet boundary condition

GDβ (ρ) −GD0 (ρ) =
1

4πL

j=∞∑
j=−∞,j ̸=0

{
− iνF

(
1 + ν, 1 − ν,

3

2
;

1 − cosh(jβ)

2 cos2 ρ

)

+
i
√

2 cos ρ

2
√

cosh(jβ) − 1
F

(
1

2
+ ν,

1

2
− ν,

1

2
;

1 − cosh(jβ)

2 cos2 ρ

)}
. (5.33)

Likewise for the Neumann boundary condition we use (5.24, 5.28) to give

GNβ (ρ) −GN0 (ρ) =
1

4πL

j=∞∑
j=−∞,j ̸=0

{
iνF

(
1 + ν, 1 − ν,

3

2
;

1 − cosh(jβ)

2 cos2 ρ

)

+
i
√

2 cos ρ

2
√

cosh(jβ) − 1
F

(
1

2
+ ν,

1

2
− ν,

1

2
;

1 − cosh(jβ)

2 cos2 ρ

)}
. (5.34)

Both (5.33, 5.34) are finite and we observe that the thermal Green’s functions depend on ρ and

so break the maximum symmetry of the background adS, in contrast to the maximally symmetric

vacuum Green’s functions [3, 4].

We are now in a position to calculate the t.e.v.s of the VP. As the renormalised v.e.v. has already

been calculated, we do not need to repeat the renormalisation process for the t.e.v. Instead we can

look at the difference between the t.e.v. and the v.e.v. using the result

⟨Φ̂2⟩β − ⟨Φ̂2⟩0 = −i
∞∑

j=−∞,j ̸=0

Gβ(t+ ijβ,x, t,x). (5.35)

We then simply add the already determined renormalised v.e.v. to the result to give the final t.e.v.

Noting that (5.33, 5.34) are even functions of j gives, for the Dirichlet boundary condition,

⟨Φ̂2⟩Dβ − ⟨Φ̂2⟩D0 =
1

2πL

∞∑
j=1

{
−νF

(
1 + ν, 1 − ν,

3

2
;

1 − cosh(jβ)

2 cos2 ρ

)

+

√
2 cos ρ

2
√

cosh(jβ) − 1
F

(
1

2
+ ν,

1

2
− ν,

1

2
;

1 − cosh(jβ)

2 cos2 ρ

)}
, (5.36)

and for the Neumann boundary condition we have

⟨Φ̂2⟩Nβ − ⟨Φ̂2⟩N0 =
1

2πL

∞∑
j=1

{
νF

(
1 + ν, 1 − ν,

3

2
;

1 − cosh(jβ)

2 cos2 ρ

)

+

√
2 cos ρ

2
√

cosh(jβ) − 1
F

(
1

2
+ ν,

1

2
− ν,

1

2
;

1 − cosh(jβ)

2 cos2 ρ

)}
. (5.37)

The t.e.v.s of the VP, ⟨Φ̂2⟩β, with both Dirichlet and Neumann boundary conditions (5.36,

5.37) are calculated numerically using MATHEMATICA. We were able to consider values of the radial
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coordinate, ρ in the interval ρ ∈ [0, 99π/200] and found that the j−sums in (5.36, 5.37) converge

exponentially, so the j−sum was performed in the interval |j| ≤ 20. The relative error in truncating

the j−sum to 20 was very low. For instance, away from the space-time boundary at ρ = 30π/200

(with ν = 1/2, β = 1), the relative error of truncating the j−sum to 20 compared to 100 was

∼ 7.3 × 10−14. This did not change appreciably when we move closer to the space-time boundary

with the relative error at ρ = 99π/200 being ∼ 2.7 × 10−14.
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Figure 5.1: Renormalised t.e.v.s of the VP ⟨Φ̂2⟩β as a function of ρ, with Dirichlet (left) and
Neumann (right) boundary conditions, for a range of values of the inverse temperature, β. Top row
shows ν = 1/4, middle row shows ν = 1/2 and bottom row shows ν = 3/4.

The results for the t.e.v.s are shown in Figures 5.1–5.3 for different values of the inverse temper-

ature β. Figure 5.1 shows ⟨Φ̂2⟩β for Dirichlet (left) and Neumann (right) boundary conditions, for

four different values of the inverse temperature β and for three values of ν (ν = 1/4, 1/2, and 3/4).
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Figure 5.2: Renormalised t.e.v.s of the VP ⟨Φ̂2⟩β, as a function of ρ and ν, with Dirichlet (left) and
Neumann (right) boundary conditions. In both cases β = 1.

Figure 5.3: Close up view of Figure 5.2 showing ⟨Φ̂2⟩β, for Dirichlet (left) and Neumann (right)
boundary conditions, for ν ∈ (0, 0.3) and β = 1.
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Figure 5.2 shows the three-dimensional surface plots of ⟨Φ̂2⟩β as a function of ρ and ν, for Dirichlet

(left) and Neumann (right) boundary conditions. The plots in Figure 5.1 are qualitatively similar to

those in [4], showing that the thermal energy of the field concentrates in a region close to the origin,

thereby breaking the translational symmetry of the background adS space-time. For all values of the

inverse temperature and ν ∈ (0, 1), the t.e.v.s of the VP attain their maximum value at the origin,

and are monotonically decreasing towards the boundary. We also see that for increasing β (de-

creasing temperature), the t.e.v.s approach the v.e.v.s, as observed in [71] for the four-dimensional,

massless, conformally coupled scalar field. Approaching the space-time boundary as ρ → π/2, we

recover the zero temperature v.e.v. for all β and ν. For the Neumann boundary condition, the

convergence to the vacuum result, as ρ→ π/2, occurs less rapidly than in the Dirichlet case.

Although the t.e.v.s for the cases of ν = 0, 1 have not specifically been determined in the above

analysis (see Section 5.1.3 for analysis of these values of ν), Figure 5.3, which shows an expanded

view of Figure 5.2 for ν ∈ (0, 0.3), suggests that ⟨Φ̂2⟩β reaches the same value for both Dirichlet

and Neumann boundary conditions as ν → 0 for all ρ. For the Dirichlet boundary condition, at

fixed ρ the t.e.v. ⟨Φ̂2⟩β has its maximum value at ν = 0 and decreases for increasing ν. For the

Neumann boundary condition, however, at fixed ρ the t.e.v. ⟨Φ̂2⟩β has its minimum value at ν = 0,

and increases steadily for increasing ν. As ν → 1, it appears to be the case that ⟨Φ̂2⟩β diverges,

in accordance with the result in [59] that there is no generalized Neumann boundary condition for

ν = 1 (see discussion at the end of Section 4.5).

5.1.3 Vacuum and thermal expectation values for ν = 0, 1

The analysis in the previous subsections was valid for ν ∈ (0, 1). We now consider the particular

cases ν = 0, 1. First, for ν = 0, the vacuum Green’s function (5.7) simplifies to

GF (z1) =
C sin−1√z1√
z1

√
1 − z1

+
D

√
z1
√

1 − z1
. (5.38)

Using the Taylor expansion of sin−1√z1, as z1 → 0 we have

GF (z1) ∼ C +
D
√
z1
, (5.39)

the second term of which is clearly divergent. Matching the D−term to the divergent part of the

Hadamard parametrix (5.12) gives the same value of D as in (5.13). To obtain the value of the

constant C, we adopt the same procedure used earlier, namely we consider the form of the Green’s

function (5.38) at the space-time boundary. Using (5.3) and the series expansion for sin−1√z1 as

z1 → −∞ (s→ ∞), we obtain

GF (s) ∼ −Cs
2L sinh2( s

2L)
+

iD

sinh2( s
2L)

as s→ ∞. (5.40)

Equation (5.40) shows that GF (s) → 0 as s → ∞ for all values of C. However, applying Dirichlet

boundary conditions and demanding rapid convergence to zero requires C = 0, as in Section 5.1.1.
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Applying the results of Section 5.1.1 for ν = 0, we find from (5.17) that C = 0 for Neumann

boundary conditions also. Therefore, for ν = 0, the Neumann boundary condition corresponds to

the Dirichlet boundary condition, and so we cannot consider Robin (mixed) boundary conditions.

However, in this case there still remains a one-parameter family of boundary conditions leading to

consistent classical dynamics [59]. We can construct a one-parameter family of maximally symmetric

vacuum Green’s functions by choosing a nonzero value of the constant C. In order to obtain a real

expectation value for the v.e.v., we define C = iC̃ for C̃ ∈ R. Thus (5.39) becomes

GF (z1) ∼ iC̃ +
D
√
z1
,

∼ iC̃ +
i

8πL

(
2L

s
+ O(s)

)
, (5.41)

where in the second line we have used the Maclaurin series expansion of
√
z1 and the value of the

D constant in (5.13). Using (5.29) and (5.12), the renormalised v.e.v. of the VP is then

⟨Φ̂2⟩0 = C̃. (5.42)

Varying the constant C̃ therefore results simply in a constant shift of the v.e.v. of the VP.

For ν = 1, the vacuum Green’s function (5.7) simplifies to

GF (z1) = C +
D(1 − 2z1)√
z1

√
1 − z1

. (5.43)

Matching the divergent term in (5.43) with the corresponding term in the Hadamard parametrix (5.12),

as z1 → 0, reveals the same value of the constant D in (5.13). To find the constant C, we use the

same analysis as previously and consider the form of (5.43) at the space-time boundary as z1 → −∞,

giving

GF ∼ C − 2iD. (5.44)

Thus, for the Dirichlet boundary condition with ν = 1, the constant C is

C = − i

4πL
, (5.45)

giving the same result as in (5.17). We can therefore write the vacuum Feynman Green’s function

(5.43), with Dirichlet boundary condition, for ν = 1, as

GF (s) = − i

4πL
+

i cosh( sL)

8πL sinh2( s
2L) cosh2( s

2L)
. (5.46)

Using (5.29, 5.46) gives the v.e.v. of the VP for ν = 1, with Dirichlet boundary conditions, to be

⟨Φ̂2⟩0 = −1/4πL, (5.47)

consistent with the value found for ν ∈ (0, 1) in (5.31). As discussed in Section 4.5 we do not have

Neumann boundary conditions for ν = 1.
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Figure 5.4: Renormalised t.e.v.s of the VP, ⟨Φ̂2⟩β, as functions of the radial coordinate ρ, for ν = 0
and different values of C̃ with β = 1.

We can calculate the t.e.v. for the VP, for ν = 0, 1, along the same lines as we did for ν ∈ (0, 1)

previously. For ν = 0, we express the difference between the t.e.v. and the v.e.v. of the VP as

⟨Φ̂2⟩β − ⟨Φ̂2⟩0 =

j=∞∑
j=1

{
2
√

2 C̃ cos ρ√
cosh jβ + cos 2ρ

+
cos2 ρ

2πL
√

(cosh jβ − 1)(cosh jβ + cos 2ρ)

}
, (5.48)

where ⟨Φ̂2⟩0 is given in (5.42). Figure 5.4 shows the t.e.v.s for various different values of C̃ and

inverse temperature β = 1. As we approach the space-time boundary (ρ→ π/2), the t.e.v.s converge

to the v.e.v.s (which depend on C̃ (5.42)). For C̃ = 0, the t.e.v.s match those seen in Figure 5.3 for

ν → 0. A feature of the t.e.v.s in Figure 5.4 is that the profiles of the t.e.v.s depend on the value

of the constant C̃. For C̃ > 0, the t.e.v. profiles are similar to those in Figure 5.1, in that they

have their maximum at the space-time origin and then monotonically decrease as the space-time

boundary is approached. However, for C̃ < 0, the t.e.v.s are monotonically increasing close to the

boundary. For small and negative C̃, there is still a maximum at the origin, but for sufficiently

negative C̃ the t.e.v.s have a minimum at the origin and monotonically increase with increasing ρ.

Using the same method for ν = 1, the t.e.v. of the VP, with Dirichlet boundary conditions

applied, is found to be

⟨Φ̂2⟩Dβ − ⟨Φ̂2⟩D0 =
1

2πL

j=∞∑
j=1

{
(cosh jβ − sin2 ρ)√

cosh jβ − 1
√

cosh jβ + cos 2ρ
− 1

}
, (5.49)

from which it can be readily seen that at ρ = π/2, we obtain ⟨Φ̂2⟩Dβ = −1/4πL consistent with

Figure 5.2. If we try to find the t.e.v. of the VP with Neumann boundary conditions (by using the
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value (5.27) for C), we obtain

⟨Φ̂2⟩Nβ − ⟨Φ̂2⟩N0 =
1

2πL

j=∞∑
j=1

{
(cosh jβ − sin2 ρ)√

cosh jβ − 1
√

cosh jβ + cos 2ρ
+ 1

}
. (5.50)

For large j, it can be seen that the summand in (5.49) tends to zero, whereas the sum in (5.50) is

divergent. This shows that for ν = 1, we only have Dirichlet boundary conditions (Section 4.5).

§ 5.2 Vacuum polarisation with Robin boundary conditions

Having computed the renormalised t.e.v.s and v.e.v.s of the VP for a scalar field with general mass

and coupling, when either Dirichlet or Neumann boundary conditions are applied, we now turn our

attention to more general mixed (Robin) boundary conditions. As in the case for the RSET on

adS4, Section 3.2, we employ Euclidean methods, so that the Green’s function is unique and to

circumvent the requirement to use an iϵ-prescription.

5.2.1 Euclidean Green’s functions

The Euclidean Green’s function, GE(x, x′), for the scalar field on adS3 satisfies the inhomogeneous

PDE (
2E − µ2

)︸ ︷︷ ︸
Lx

GE(x, x′) = − 1
√
gE
δ3(x, x′)

= − 1

L3 sec3 ρ sin ρ
δ(τ − τ ′)δ(ρ− ρ′)δ(θ − θ′),

(5.51)

where µ is given in (4.1), gE is the determinant of the Euclidean adS3 metric

ds2 = L2 sec2 ρ [dτ2 + dρ2 + sin2 ρ dθ2], (5.52)

and Lx is a differential operator given by

Lx =
1

L2 sec2 ρ

(
∂2

∂τ2
+

∂2

∂ρ2
+

1

sin2 ρ

∂2

∂θ2
+

1

sin ρ cos ρ

∂

∂ρ
− µ2L2 sec2 ρ

)
. (5.53)

For vacuum and thermal states we use the Fourier representation of δ(θ − θ′) as

δ(θ − θ′) =
1

2π

∞∑
ℓ=−∞

eiℓ∆θ, (5.54)

where ∆θ represents the separation of the angular coordinate. For the vacuum Green’s function we
use

δ(τ − τ ′) =
1

2π

∫ ∞

−∞
eiω∆τdω, (5.55)
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where ∆τ represents the separation of the time coordinate. Using (5.54, 5.55), we can write an

ansatz for the vacuum Euclidean Green’s function, G0
E(x, x′), as

G0
E(x, x′) =

1

4π2

∫ ∞

−∞
eiω∆τdω

∞∑
ℓ=−∞

eiℓ∆θgωℓ(ρ, ρ
′), (5.56)

where gωℓ(ρ, ρ
′) is the vacuum radial Green’s function. Applying the differential operator (5.53) to

(5.56), we find that gωℓ(ρ, ρ
′) satisfies

cos2 ρ
∂2gωℓ
∂ρ2

(ρ, ρ′) + cot ρ
∂gωℓ
∂ρ

(ρ, ρ′)

+ (−ω2 cos2 ρ− ℓ2 cot2 ρ− µ2L2)gωℓ(ρ, ρ
′) = −cot ρ cos2 ρ

L
δ(ρ− ρ′). (5.57)

For the thermal Green’s functions, with inverse temperature β, we use the mode sum representation

of δ(τ − τ ′)

δ(τ − τ ′) =
κ

2π

∞∑
n=−∞

einκ∆τ , (5.58)

where

κ =
2π

β
, (5.59)

and ω is replaced by nκ (where n ∈ Z). A suitable ansatz for the thermal Green’s function is then

GβE(x, x′) =
κ

4π2

∞∑
n=−∞

∞∑
ℓ=−∞

einκ∆τeiℓ∆θgnℓ(ρ, ρ
′), (5.60)

where gnℓ(ρ, ρ
′) is the thermal radial Green’s function which also satisfies (5.57) with ω2 replaced

by n2κ2.

We now consider the solution of the homogeneous version of (5.57). Using the substitution

z = cos2 ρ, (5.61)

our analysis mirrors that for the mode solutions of the Klein-Gordon equation (4.4) in Lorentzian

space-time, Section 4.1. We find that the general solution qωℓ of the homogeneous version of (5.57)

is

qωℓ(ρ) = [cos ρ]A[sin ρ]B {C1F (a, b, c; z) +C2 z
1−cF (a− c+ 1, b− c+ 1, 2 − c; z)

}
, (5.62)

where C1 and C2 are arbitrary constants. The list of the possible parameters for the hypergeometric

functions in (5.62) are given in Table 5.1. As in Section 4.1 we are free to choose the parameters

from rows one or three in Table 5.1. Choosing row three gives

a =
1

2
(A+B) − 1

2
iω, b =

1

2
(A+B) +

1

2
iω, c = 1 + ν, (5.63)
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row A,B a b c

1 A = 1 − ν; B = +|ℓ| 1
2 (1 + |ℓ| − ν − iω) 1

2 (1 + |ℓ| − ν + iω) 1 − ν

2 A = 1 − ν; B = −|ℓ| 1
2 (1 − |ℓ| − ν − iω) 1

2 (1 − |ℓ| − ν + iω) 1 − ν

3 A = 1 + ν; B = +|ℓ| 1
2 (1 + |ℓ| + ν − iω) 1

2 (1 + |ℓ| + ν + iω) 1 + ν

4 A = 1 + ν; B = −|ℓ| 1
2 (1 − |ℓ| + ν − iω) 1

2 (1 − |ℓ| + ν + iω) 1 + ν

Table 5.1: Possible parameters for the hypergeometric solutions to (5.57). For thermal states, ω is
replaced by nκ.

and
A = 1 + ν, B = |ℓ| for ℓ ∈ Z. (5.64)

The a and b coefficients are complex conjugates. For the thermal Green’s function we substitute

nκ for ω in (5.63).

Since we are considering ν ∈ (0, 1), the solution (5.62) is regular at z = 0 (which corresponds to

the space-time boundary ρ = π/2) for all values of C1, C2. This is a manifestation of the requirement

to impose boundary conditions on the scalar field at z = 0. In general, qωℓ(ρ) is divergent at the

origin ρ = 0 (z = 1). The solution pωℓ of the homogeneous version of (5.57) which is regular at the

origin is

pωℓ(ρ) = C3[cos ρ]A[sin ρ]B F (a, b, a+ b− c+ 1; 1 − z), (5.65)

where C3 is another arbitrary constant. The second, linearly independent, solution of the radial

equation has a logarithmic singularity at z = 1, ρ = 0 [39, §15.10(i)] and hence we eliminate this

solution [29]. The hypergeometric functions in (5.62, 5.65) are related by Kummer’s connection

formulae [39, §15.10(ii)]. This enables us to write pωℓ(ρ) (5.65) in the alternative form

pωℓ(ρ) = [cos ρ]A[sin ρ]B{PF (a, b, c; z) + Q z1−cF (a− c+ 1, b− c+ 1, 2 − c; z)}, (5.66)

where P and Q are given by (4.31) (by replacing α, β, γ by a, b, c respectively) and we have set

C3 = 1.

The vacuum radial Green’s function, gωℓ(ρ, ρ
′), can be constructed from qωℓ(ρ) and pωℓ(ρ) by

gωℓ(ρ, ρ
′) = Nωℓ pωℓ(ρ<) qωℓ(ρ>) (5.67)

where Nωℓ is a normalisation constant and

ρ< = min{ρ, ρ′},

ρ> = max{ρ, ρ′}. (5.68)

We determine the normalisation constant Nωℓ as follows: First we multiply both sides of (5.57) by

tan ρ sec2 ρ and then integrate with respect to ρ over the interval ρ′ − δ < ρ < ρ′ + δ, for fixed ρ′.
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This gives∫ ρ′+δ

ρ′−δ

{
− ω2 tan ρ− ℓ2

cos ρ sin ρ
− µ2L2 tan ρ sec2 ρ

+ tan ρ
∂2

∂ρ2
+ sec2 ρ

∂

∂ρ

}
gωℓ(ρ, ρ

′) dρ = − 1

L
. (5.69)

The first three terms in the integrand (5.69) and gωℓ are continuous and therefore the magnitude

of these terms is bounded by a positive constant K. So we can write∣∣∣∣ ∫ ρ′+δ

ρ′−δ

{
− ω2 tan ρ− ℓ2

cos ρ sin ρ
− µ2L2 tan ρ sec2 ρ

}
gωℓ(ρ, ρ

′) dρ

∣∣∣∣
≤
∫ ρ′+δ

ρ′−δ
max

[{
− ω2 tan ρ− ℓ2

cos ρ sin ρ
− µ2L2 tan ρ sec2 ρ

}
gωℓ(ρ, ρ

′)

]
dρ

≤
∫ ρ′+δ

ρ′−δ
Kdρ = 2δK. (5.70)

Therefore in the limit δ → 0, the integral of the first three terms in the integrand in (5.69) vanishes.

The resulting integral is then

∫ ρ′+δ

ρ′−δ

{
tan ρ

∂2

∂ρ2
+ sec2 ρ

∂

∂ρ

}
gωℓ(ρ, ρ

′) dρ = − 1

L
. (5.71)

This can be expressed as

− 1

L
=

∫ ρ′+δ

ρ′−δ

{
∂

∂ρ

(
tan ρ

∂

∂ρ

)}
gωℓ(ρ, ρ

′) dρ =

[
tan ρ

∂gωℓ(ρ, ρ
′)

∂ρ

]ρ′+δ
ρ′−δ

. (5.72)

Using (5.67) and (5.72) we can write

− 1

L
= lim

δ→0

{
tan(ρ′ + δ)Nωℓ pωℓ(ρ

′)
dqωℓ(ρ)

dρ
− tan(ρ′ − δ)Nωℓ

dpωℓ(ρ)

dρ
qωℓ(ρ

′)

}
= Nωℓ tan ρ′Wρ {pωℓ, qωℓ} ,

(5.73)

where W is the Wronskian of pωℓ, qωℓ given by

W{pωℓ, qωℓ} = pωℓ
dqωℓ
dρ

− qωℓ
dpωℓ
dρ

. (5.74)

Therefore, from (5.73), we have

Nnℓ = − 1

L tan ρWρ {pnℓ, qnℓ}
. (5.75)

Using [39, §15.10.2] as well as (5.62, 5.65), the Wronskian is given by

W{pωℓ, qωℓ} = 2(1 − c)(C1Q− C2P) cot ρ, (5.76)
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where C1, C2 are the constants appearing in (5.62). The thermal radial Green’s function, gnℓ(ρ, ρ
′),

is constructed similarly:

gnℓ(ρ, ρ
′) = Nnℓ pnℓ(ρ<) qnℓ(ρ>), (5.77)

where Nnℓ, pnℓ and qnℓ are found by making the substitution ω = nκ in Nωℓ, pωℓ and qωℓ respectively.

The Robin boundary condition (2.28) has been defined for a massless, conformally coupled scalar

field on ESU [71]. This is a linear combination of Dirichlet and Neumann boundary conditions at

the time-like boundary at ρ = π/2, parametrised by the Robin parameter, ζ ∈ [0, π). The values

ζ = 0 and ζ = π/2 correspond to Dirichlet and Neumann boundary conditions respectively. As we

are dealing with a scalar field with general mass and coupling (ν ̸= 1/2), we cannot transform to

the ESU so we consider instead generalised Robin boundary conditions [59] (Section 4.3). We adopt

the approach in [29] and define the arbitrary constants C1 and C2 in terms of the Robin parameter

ζ as follows:

C1 = cos ζ and C2 = sin ζ. (5.78)

For Dirichlet boundary conditions we have C1 = 1 and C2 = 0. Then, using (4.31, 5.75, 5.76) the

normalisation constant in this case is

N D
ωℓ = − Γ(a)Γ(b)

2L(1 − c)Γ(c− 1)Γ(a+ b− c+ 1)
= − 1

2L(1 − c)Q
. (5.79)

Likewise, for Neumann boundary conditions we have C1 = 0 and C2 = 1 in which case we have from

(4.31, 5.75, 5.76)

N N
ωℓ =

Γ(a− c+ 1)Γ(b− c+ 1)

2L(1 − c)Γ(1 − c)Γ(a+ b− c+ 1)
=

1

2L(1 − c)P
. (5.80)

For general Robin boundary conditions we find

N ζ
ωℓ =

[
2L(1 − c)

{
sin ζ

Γ(1 − c)Γ(a+ b− c+ 1)

Γ(a− c+ 1)Γ(b− c+ 1)
− cos ζ

Γ(c− 1)Γ(a+ b− c+ 1)

Γ(a)Γ(b)

}]−1

=
1

2L(1 − c) [P sin ζ −Q cos ζ]
. (5.81)

The denominator of (5.81) becomes zero if ζ satisfies

tan ζ =
Q
P

=
Γ(ν)|Γ( |ℓ|2 + 1

2 − ν
2 − iω

2 )|2

Γ(−ν)|Γ( |ℓ|2 + 1
2 + ν

2 − iω
2 )|2

, (5.82)

resulting in divergent values of (5.81) and a divergent Euclidean Green’s function. Following the

analysis in Section 4.5 in Lorentzian space-time, we use (5.82) to determine an upper bound for the

Robin parameter ζcrit beyond which our scalar field develops a classical instability. The analysis

proceeds along the same lines as in Section 4.5 and we obtain the expression for ζcrit given in (4.56).
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5.2.2 Vacuum expectation values

Following on from the analysis in Section 5.2.1, we can now explicitly state the radial Euclidean

Green’s functions using (5.62, 5.65, 5.67, 5.79–5.81). The vacuum radial Green’s function with

Dirichlet boundary conditions, gDωℓ(ρ, ρ
′), is

gDωℓ(ρ, ρ
′) = N D

ωℓ [cos ρ]1+ν [cos ρ′]1+ν [sin ρ]|ℓ| [sin ρ′]|ℓ|

× F
(1

2
(1 + |ℓ| + ν − iω),

1

2
(1 + |ℓ| + ν + iω), 1 + |ℓ|; sin2 ρ<

)
× F

(1

2
(1 + |ℓ| + ν − iω),

1

2
(1 + |ℓ| + ν + iω), 1 + ν; cos2 ρ>

)
. (5.83)

Likewise, with Neumann boundary conditions, the vacuum radial Green’s function, gNωl(ρ, ρ
′) is

gNωℓ(ρ, ρ
′) = N N

ωℓ [cos ρ<]1+ν [cos ρ>]1−ν [sin ρ]|ℓ| [sin ρ′]|ℓ|

× F
(1

2
(1 + |ℓ| + ν − iω),

1

2
(1 + |ℓ| + ν + iω), 1 + |ℓ|; sin2 ρ<

)
× F

(1

2
(1 + |ℓ| − ν − iω),

1

2
(1 + |ℓ| − ν + iω), 1 − ν; cos2 ρ>

)
. (5.84)

Similarly, the vacuum radial Green’s function with Robin boundary conditions gζωℓ(ρ, ρ
′) is

gζωℓ(ρ, ρ
′) = N ζ

ωℓ [cos ρ]1+ν [cos ρ′]1+ν [sin ρ]|ℓ| [sin ρ′]|ℓ|

× F
(1

2
(1 + |ℓ| + ν − iω),

1

2
(1 + |ℓ| + ν + iω), 1 + |ℓ|; sin2 ρ<

)
×

{
cos ζ F

(1

2
(1 + |ℓ| + ν − iω),

1

2
(1 + |ℓ| + ν + iω), 1 + ν; cos2 ρ>

)

+ sin ζ [cos ρ>]−2νF
(1

2
(1 + |ℓ| − ν − iω),

1

2
(1 + |ℓ| − ν + iω), 1 − ν; cos2 ρ>

)}
. (5.85)

As the divergent part of the Hadamard parametrix (5.12) is state-independent, we have a simple

method to calculate the renormalised v.e.v. of the VP with Robin boundary conditions. We consider

the difference between the unrenormalised v.e.v.s with Robin and Neumann boundary conditions.

This removes the singularities common to both. Following this, we simply add the v.e.v. with

Neumann boundary conditions (5.32) determined in Section 5.1.1. Using (5.56, 5.84, 5.85) we can

therefore write the v.e.v. with Robin boundary conditions as

⟨Φ̂2⟩ζ0 = lim
ρ′→ρ

1

4π2

∞∑
ℓ=−∞

∫ ∞

−∞

[
gζωℓ(ρ, ρ

′) − gNωℓ(ρ, ρ
′)
]
dω +

ν

4πL
. (5.86)

Using (5.86), we have computed the v.e.v.s of the VP with Robin boundary conditions using

MATHEMATICA. The ω−integration and ℓ−sum and in (5.86) converge very rapidly (Figures 5.5,

5.6). To reduce computation time, we were able to limit the ℓ−sum to 50 and the ω−integration to

30. The associated error, in the computation of the v.e.v., was small compared to performing the

ℓ−sum and ω−integration to 100 for both. For instance, close to the origin at ρ = π/200 (and for a
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Figure 5.5: Loglog plot of the integrand in (5.86) as a function of ω for fixed ρ = 3π/10, ζ = π/3
and ν = 1/2 for three values of ℓ.

representative value of the Robin parameter ζ = π/10), we find the relative error is ∼ 2.45× 10−24.

Closer to the space-time boundary at ρ = 90π/200 we find the relative error to be greater but still

acceptable at ∼ 2.83× 10−7. The sum over ℓ demonstrates nonuniform convergence with respect to

the radial coordinate ρ Figure 5.6, as was seen for the VP [71] and RSET (Section 3.4) in adS4.

1 5 10 50
ℓ

10-51

10-41

10-31

10-21

10-11

0.1

ρ=π /20

ρ=3π /10

ρ=94π /200

Figure 5.6: Loglog plot of the summand in (5.86) as a function of ℓ, for three values of the radial
coordinate ρ, demonstrating non-uniform convergence of the ℓ−sum. For each plot ζ = π/3, ν = 1/2
and the ω−integration has been performed up to |ω| = 30.

The v.e.v.s of the VP with Robin boundary conditions are displayed in Figure 5.7 for three

values of ν and a range of values of the Robin parameter ζ. It can be seen that unlike the Dirich-

let/Neumann case (5.31, 5.32), the v.e.v.s with Robin parameters are not constant and vary with

the radial coordinate ρ. This symmetry breaking with Robin boundary conditions was also noted

for the VP [71] and the RSET (Section 3.5) for the massless, conformally coupled scalar field on

adS4. For all Robin parameters except Dirichlet and Neumann (ζ ̸= 0, π/2), the v.e.v.s are either

monotonically decreasing or monotonically increasing functions of ρ, dependent on the value of the

Robin parameter used. For all values of ν studied, the v.e.v.s are monotonically increasing as ρ
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Figure 5.7: Renormalised v.e.v.s of the VP, ⟨Φ̂2⟩ζ0, for ν = 1/4, 1/2, 3/4. On the left is shown 3D surface

plots of ⟨Φ̂2⟩ζ0 as a function of ρ and ζ. On the right is shown ⟨Φ̂2⟩ζ0 as a function of ρ for a selection of values

of the Robin parameter ζ. Dirichlet (ζ = 0) and Neumann (ζ = π/2) profiles are shown dotted.

increases if 0 < ζ < π/2, but monotonically decreasing for ζ > π/2. It can also be seen from the 3D

surface plots in Figure 5.7 that, for fixed ρ, the v.e.v.s are monotonically increasing functions of the

Robin parameter ζ. Their have their minimum at ζ = 0, corresponding to the Dirichlet boundary

condition and increase steadily with increasing ζ, eventually diverging as ζ → ζcrit. Furthermore, for

fixed ρ, ζ, we see that the v.e.v.s increase in magnitude with increasing ν. For each ν, the variation

in the v.e.v.s with different Robin boundary conditions is greatest at the space time origin. As we

approach the space-time boundary, the v.e.v.s of the VP for all Robin boundary conditions (except

Dirichlet, ζ = 0) converge to the Neumann result, generalising the finding of [71] in the massless,

conformally coupled case in four dimensions.

5.2.3 Thermal expectation values

The thermal Euclidean Green’s functions (5.60) are obtained from (5.83–5.85) by replacing ω with

nκ for n ∈ N and κ given in (5.59). We calculate the t.e.v.s of the VP using the same method
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used in Section 5.2.2 and consider the difference between the unrenormalised thermal expectation

values with Robin and Neumann boundary conditions. Following this we simply add the thermal

expectation value of the VP with the Neumann boundary condition, previously determined in (5.37).

We can therefore write

⟨Φ̂2⟩ζβ =
1

2πβ
lim
ρ′→ρ

∞∑
ℓ=−∞

∞∑
n=−∞

[
gζnℓ(ρ, ρ

′) − gNnℓ(ρ, ρ
′)

]
+

ν

4πL

+
1

2πL

∞∑
j=1

{
νF

(
1 + ν, 1 − ν,

3

2
;

1 − cosh(jβ)

2 cos2 ρ

)

+

√
2 cos ρ

2
√

cosh(jβ) − 1
F

(
1

2
+ ν,

1

2
− ν,

1

2
;

1 − cosh(jβ)

2 cos2 ρ

)}
. (5.87)

The t.e.v.s of the VP, with Robin boundary conditions, have been calculated with MATHE-

MATICA. The n− and ℓ−sums in the summand in (5.87) converge rapidly and were performed to

|n|, |ℓ| ≤ 20. The relative errors in curtailing the sums to 20 compared to 30 was ∼ 3 × 10−9 away

from the space-time bundary at ρ = 3π/20 with parameter values of ν = 1/2, ζ = 3π/100, β = 1.

Closer to the boundary at ρ = 90π/200, the relative error was greater but still acceptable at

∼ 7 × 10−5.

The t.e.v.s of the VP for three different values of ν and a range of the Robin parameter 0 ≤
ζ < ζcrit and are displayed in Figures 5.8 and 5.9. Figure 5.8 shows the t.e.v.s for different inverse

temperatures β, with fixed ν = 1/4 and a range of values of the Robin parameter ζ. It can be

seen that with increasing temperature (decreasing β) the t.e.v.s increase in magnitude for all Robin

parameters studied. With decreasing temperature (increasing β), we see that the plots approach

those of the v.e.v.s as was noted for the VP on adS4 [71]. Figure 5.9 shows the t.e.v.s for three

different values of ν and fixed inverse temperature β = 1. For all ρ we find that the the t.e.v.s

increase in magnitude with increasing ν as was seen in the vacuum case. From the 3D surface plots

in Figures 5.8 and 5.9 it can be seen that for fixed ν, β, ρ, the t.e.v.s increase with increasing ζ

eventually diverging as ζcrit is reached. Furthermore it can be seen that the maximum separation of

the plots for the different Robin parameters is found at the space-time origin. As we approach the

space-time boundary, the t.e.v.s for all Robin boundary conditions (except Dirichlet) approach the

Neumann result as was seen in the vacuum case (Figure 5.7). Similar results were found in [71] for

the massless, conformally coupled scalar field in adS4. Our results therefore support the key finding

in [71] that near the boundary the Neumann v.e.v.s are generic whilst those for Dirichlet boundary

conditions are a special case. This applies to scalar fields with general mass and coupling constant

for all applicable Robin boundary conditions.

§ 5.3 Vacuum polarisation at the space-time boundary

In Sections 5.2.2, 5.2.3 we found that the VP with Robin boundary conditions converges to the

Neumann v.e.v. at the space-time boundary for all values of the Robin parameter 0 < ζ < ζcrit.

This result was also demonstrated in [71] for a massless, conformally coupled scalar field in four

dimensions. In this section we seek to extend the analysis in [71] to the scalar field with general
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Figure 5.8: Renormalised t.e.v.s of the VP, ⟨Φ̂2⟩ζβ , for ν = 1/4 and a selection of values of the inverse

temperature β: β = 1 (top), β = 2 (middle) and β = 4 (bottom). On the left are 3D surface plots of ⟨Φ̂2⟩ζβ
as a function of ρ and ζ. On the right is shown ⟨Φ̂2⟩ζβ as a function of ρ for a selection of values of the Robin

parameter ζ. The Dirichlet and Neumann plots are shown dotted.
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mass and coupling in adS3.

Consider first the v.e.v.s, with Robin boundary conditions, determined using (5.86). The first

part of the right hand side of (5.86) is the difference between v.e.v.s with Robin and Neumann

boundary conditions applied, which we can express as

⟨Φ̂2⟩ζ0 − ⟨Φ̂2⟩N0 =
1

4π2

∞∑
ℓ=−∞

∫ ∞

−∞
pωℓ(ρ)

[
N ζ
ωℓ q

ζ
ωℓ(ρ) − N N

ωℓ q
N
ωℓ(ρ)

]
dω, (5.88)

where we have used (5.62, 5.65, 5.67). As before, the ζ,N superscripts refer to the Robin and

Neumann boundary conditions respectively. Using (5.80, 5.81, 5.84, 5.85), we can express (5.88) as

⟨Φ̂2⟩ζ0 − ⟨Φ̂2⟩N0 = −Lν cos ζ

2π2

∞∑
ℓ=−∞

∫ ∞

−∞
N ζ
ωℓ N N

ωℓ [pωℓ(ρ)]2 dω. (5.89)

To analyse the behaviour of this quantity as ρ → π/2, it is helpful to use the form (5.66) for the

radial function pωℓ(ρ). As the space-time boundary is approached, the hypergeometric functions

in (5.66) tend to unity. Therefore the second term in (5.66) is dominant, giving the following

leading-order behaviour of (5.89):

⟨Φ̂2⟩ζ0 − ⟨Φ̂2⟩N0 ∼ −Lν[cos ρ]2−2ν cos ζ

2π2

∞∑
ℓ=−∞

∫ ∞

−∞
N ζ
ωℓ N N

ωℓ [sin ρ]2|ℓ|Q2 dω, (5.90)

where Q is given in (4.31).

The integral over ω and sum over ℓ in (5.90) cannot be performed analytically. However, whether

or not this quantity is convergent or divergent (and the rate at which it diverges) depends only on

the large |ℓ|, |ω| behaviour. Using the expressions (5.80, 5.81) for the normalization constants, and

considering only the dominant behaviour of N ζ
ωℓN

N
ωℓ Q2 for large |ℓ|, |ω| gives

N ζ
ωℓN

N
ωℓ Q2 ∼ 1

4L2ν2
Γ(ν)2

Γ(−ν)2
|Γ(1/2 − ν/2 + |ℓ|/2 + iω/2)|4

|Γ(1/2 + ν/2 + |ℓ|/2 + iω/2)|4
csc ζ, (5.91)

which is valid only for ζ > 0, that is for all boundary conditions except Dirichlet. Consider first the

quantity

Σ0 =
∞∑

ℓ=−∞

∫ ∞

−∞

|Γ(1/2 − ν/2 + |ℓ|/2 + iω/2)|4

|Γ(1/2 + ν/2 + |ℓ|/2 + iω/2)|4
[sin ρ]2|ℓ| dω. (5.92)

Although we are still unable to perform the sum over ℓ and integral over ω in (5.92) analytically,

from [39, §5.11.12] we have, for large |ℓ| and |ω|, the following approximation

|Γ(1/2 − ν/2 + |ℓ|/2 + iω/2)|4

|Γ(1/2 + ν/2 + |ℓ|/2 + iω/2)|4
∼ 24ν

(|ℓ|2 + |ω|2)2ν
. (5.93)

Using this approximation, the expression

Σ1 =

∞∑
ℓ=1

∫ ∞

0

24ν [sin ρ]2ℓ

(ℓ2 + ω2)2ν
dω (5.94)

100



is amendable to exact evaluation. The integral over ω in (5.94) is convergent for ν > 1/4, leading

to

Σ1 =

√
π νΓ(2ν − 1/2)

2−4νΓ(2ν + 1)

∞∑
ℓ=1

[sin ρ]2ℓ

ℓ(4ν−1)
=

√
πνΓ(2ν − 1/2)

2−4νΓ(2ν + 1)
Li(4ν−1)(sin

2 ρ), (5.95)

where Li4ν−1[sin
2 ρ] is the polylogarithm function [39, §25.12.10]. To find the behaviour of (5.95)

as ρ→ π/2, we use the relationship between the polylogarithm and Lerch’s transcendental function

ΦL [39, §25.14.1]

Li(4ν−1)(sin
2 ρ) = (sin2 ρ)ΦL(sin2 ρ, 4ν − 1, 1), (5.96)

together with the result in [76, §64:12.6]:

lim
ρ→π/2

[
ΦL(sin2 ρ, 4ν − 1, 1)

(cos2 ρ)4ν−2

]
= Γ(2 − 4ν). (5.97)

However, (5.97) is only valid for ν < 1/2. So, for 1/4 < ν < 1/2, we have, as ρ→ π/2,

Σ1 ∼
√
πνΓ(2ν − 1/2)Γ(2 − 4ν)24ν

Γ(2ν + 1)
[cos ρ]8ν−4. (5.98)

We can recover the dominant behaviour of ⟨Φ̂2⟩ζ0−⟨Φ̂2⟩N0 at the space-time boundary by substituting

4Σ1 for the sum and integral (to account for both positive and negative values of ω and ℓ) in (5.92)

and subsequently in (5.90), which gives

⟨Φ̂2⟩ζ0 − ⟨Φ̂2⟩N0 ∼ − Γ(ν)2Γ(2ν − 1/2)Γ(2 − 4ν) cot ζ

2π3/22−4ν LΓ(−ν)2Γ(2ν + 1)
[cos ρ]6ν−2, (5.99)

which vanishes in the limit ρ → π/2 when ν > 1/3. Therefore for 1/3 < ν < 1/2 we have

⟨Φ̂2⟩ζ0 = ⟨Φ̂2⟩N0 at the space-time boundary.

For the case of ν > 1/2 we note that polylogarithm function in (5.95) becomes the Riemann

zeta function, as ρ → π/2 [39, §25.12.10], which is itself convergent to a finite value for ν > 1/2.

When we then substitute (5.95) back into (5.90) we see that the RHS of (5.90) vanishes owing to the

(cos ρ)2−2ν term. Therefore, from our analysis of the quantity Σ1, we deduce that ⟨Φ̂2⟩ζ0 = ⟨Φ̂2⟩N0
at the space-time boundary for ν > 1/3, ν ̸= 1/2.

While the above discussion is for v.e.v.s for ν > 1/3, ν ̸= 1/2, similar considerations apply to

t.e.v.s. In that case the integral over ω in (5.94) is replaced by a sum over n (from replacing ω by

nκ), leading us to consider the quantity

Σβ =

∞∑
ℓ=1

∞∑
n=1

[sin ρ]2ℓ

(ℓ2 + n2κ2)2ν
. (5.100)

While the sum is convergent for ν > 1/4, it cannot be performed analytically. However, using the

Euler-Maclaurin formula [39, §2.10.1], we have the asymptotic approximation

∞∑
n=0

1

(ℓ2 + n2κ2)2ν
∼
∫ ∞

0

1

(ℓ2 + y2κ2)2ν
dy +

1

ℓ4ν
+ . . . , (5.101)
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where . . . denotes terms which vanish more rapidly as ℓ → ∞. Therefore the dominant behaviour

in Σβ, for large ℓ, arises from the integral in (5.101). Therefore we can write

Σβ ∼
∞∑
ℓ=1

∫ ∞

0

[sin ρ]2ℓ

(ℓ2 + y2κ2)2ν
dy. (5.102)

We now use the same analysis as that performed for the v.e.v.s to deduce that ⟨Φ̂2⟩ζβ = ⟨Φ̂2⟩Nβ at

the space-time boundary for ν > 1/3.

When ν = 1/2 we have the massless, conformally coupled case and our argument follows along

the same line as in [71] and Section 3.8 on adS4. We first make a conformal transformation to the

ESU (see Section 2.1). We then consider a region, V , in ESU for ρ ∈ [0, π/2] (Figure 3.12) and

apply Robin boundary conditions to the surface at ρ = π/2, which is now part of the space-time.

We start with (3.72), reproduced here for convenience

GESUζ (x, x′) −GESUN (x, x′) = −cot ζ

L

∫
Iπ/2

GESUN (x, y)GESUζ (y, x′)dS, (5.103)

where Iπ/2 is a time-like hypersurface at ρ = π/2 (Figure 3.12). Using the results of [36], we can

express (5.103) as an asymptotic expansion to obtain

GESUζ (x, x′) −GESUN (x, x′) = −cot ζ

L

∫
Ĩπ/2

GESUN (x, y)GESUN (y, x′)dS + ... (5.104)

where +... represents additional integrals over the space-time boundary (see Section 3.8).

To find the vacuum Euclidean Green’s function on ESU, with Neumann boundary conditions,

we start with (5.23) formulated on Lorentzian space-time and use (5.27) for the constant C = iD.

Making a Wick rotation to the Euclidean section gives (for ν = 1/2)

GESUN (x, x′) =

√
2

8πL

{[
cosh ∆τ − cos ∆θ sin ρ sin ρ′ + cos ρ cos ρ′

]− 1
2

+
[
cosh ∆τ − cos ∆θ sin ρ sin ρ′ − cos ρ cos ρ′

]− 1
2

}
, (5.105)

which differs from the equivalent expression on adS4 [71] given in (3.76). The difference be-

tween (3.76) and (5.105) is primarily in the angular separation given by γ on adS4 (2.23) and

cos ∆θ on adS3.
To perform the integral in (5.104), which is performed over the space-time point y, we set

ρ′ = π/2 on the boundary to obtain

GESUN (τ, ρ, θ; τ ′, π/2, θ′) =

√
2

4πL
√

cosh ∆τ − cos ∆θ sin ρ
. (5.106)

Using (5.104), and in the limit x′ → x, we can now write

GESUζ (x, y) −GESUN (x, y) = −cot ζ

L

∫
Ĩπ/2

1

8π2L2(cosh ∆τy − cos ∆θy sin ρ)
dS. (5.107)
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Here x is a general point in ESU with coordinates (τ, ρ, θ) and the integral is performed over

the space-time point y = (τy, π/2, θy) on the time-like hypersurface Iπ/2 with ∆τy = τy − τ and

∆θy = θy − θ.

The determinant of the induced metric, h, on the surface of integration is L2. Performing the

integral over ∆θ, gives

GESUζ (x, y) −GESUN (x, y) = −cot ζ

L

∫ ∞

∆τ=−∞

1

4π
√

cosh2 ∆τy − sin2 ρ
d∆τ. (5.108)

This is divergent for ∆τy = 0 as ρ→ π/2, but we can perform the integral over ∆τy for 0 < ρ < π/2

to give

GESUζ (ρ) −GESUN (ρ) = −cot ζ

2πL
K[− tan2 ρ] sec ρ, (5.109)

where K[m] is the complete elliptic integral of the first kind [39, 19.2.8]. It can be seen that

the divergent term in (5.109) is sec ρ as ρ → π/2. However, we now transform back to CadS by

multiplying (5.109) by cos ρ to obtain

⟨Φ̂2⟩ζ0 − ⟨Φ̂2⟩N0 = −cot ζ

2πL
K[− tan2 ρ] + . . . , (5.110)

where . . . denotes terms which vanish as ρ → π/2. In the limit ρ → π/2, the elliptic integral

vanishes [39, 19.2.8] and the right hand side of (5.110) tends to zero. We can therefore conclude

that in the massless conformally coupled case, ν = 1/2, we have that ⟨Φ̂2⟩ζ0 = ⟨Φ̂2⟩N0 as we approach

the space-time boundary. The above argument can be extended trivially to the t.e.v.s for the

massless, conformally coupled case.

The above analytic argument is valid only for ν > 1/3. However, our numerical results in

Section 5.2 indicate that ⟨Φ̂2⟩ζ = ⟨Φ̂2⟩N on the space-time boundary for both v.e.v.s and t.e.v.s

and values of ν less than or equal to 1/3. However, although we have been unable to show this

analytically, we can provide additional numerical evidence for v.e.v.s (similar results are obtained

for t.e.v.s). Using the form (5.65) for the radial function pωℓ(ρ), and applying [39, §15.8.1], we

consider the quantity

Σ2 =

∞∑
ℓ=−∞

∫ ∞

−∞
dωN ζ

ωℓ N N
ωℓ (sin ρ)2|ℓ|[F (b− c+ 1, a− c+ 1, a+ b− c+ 1; sin2 ρ)]2, (5.111)

where the parameters a, b and c are given in (5.63). The quantity Σ2 will be multiplied by a factor

[cos ρ]2−2ν (plus some numerical factors) to give ⟨Φ̂2⟩ζ − ⟨Φ̂2⟩N (see (5.90)). Therefore, if we can

demonstrate that Σ2 is finite as the boundary is approached, it must be the case that ⟨Φ̂2⟩ζ−⟨Φ̂2⟩N

vanishes on the boundary, as required.

For fixed ℓ and ρ < π/2, the integral over ω in (5.111) converges very rapidly for large ω, as

can be seen in Figure 5.10. We compute the integral over ω numerically for fixed ℓ, for |ω| ≤ 200.

The integral for larger values of |ω| is estimated by fitting a sum of exponentials to the integrand in

the region ω ∈ [201, 700] and then integrating the fitting functions. We thereby estimate that the

relative error in truncating the integral at |ω| = 200 is of the order of 10−6.
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ρ = 99π/200 and ζ = π/3. In each case the integral over ω has been performed for |ω| ≤ 200.
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We then use the ratio test to show that the sum over ℓ converges. Our results for ρ = 99π/200

and four different values of ν are shown in Figure 5.11. We plot the ratio of successive terms in the

sum over ℓ for ℓ ≤ 150. For all values of ν, the ratio of successive terms in the sum over ℓ, as ℓ

increases, tends to a limit which is below unity. Our numerical investigations reveal that the limit

is below unity for all 0 < ρ < π/2, but that the limit increases towards unity as ρ → π/2. This

provides evidence that the sum over ℓ converges to a finite value for 0 < ρ < π/2.

To find ⟨Φ̂2⟩ζ0 − ⟨Φ̂2⟩N0 at the space-time boundary, we multiply the finite value of Σ2 obtained

from (5.111) by [cos ρ]2−2ν , which vanishes as ρ → π/2 (there are also some irrelevant numerical

factors). We therefore conclude that ⟨Φ̂2⟩ζ0 = ⟨Φ̂2⟩N0 as the space-time boundary is approached for

all values of ν ∈ (0, 1).

§ 5.4 Conclusions

In this chapter we have determined the v.e.v.s and t.e.v.s of the VP of a real quantum scalar field

with general mass and curvature coupling on a background adS3. We have constructed the vacuum

and thermal Feynman Green’s functions and have used Hadamard renormalisation to compute

the v.e.v.s and t.e.v.s of the scalar field subject to Dirichlet and Neumann boundary conditions

applied at the time-like boundary. We have found that in the vacuum state, both Dirichlet and

Neumann boundary conditions respect the maximal symmetry of the background space-time, whilst

this symmetry is lost with the addition of a nonzero temperature, where the t.e.v.s depend on the

radial coordinate ρ. As the space-time boundary is approached (ρ → π/2), we find that the t.e.v.s

with Dirichlet and Neumann boundary conditions converge towards their respective v.e.v.s for all

values of the inverse temperature β.

We have also determined the renormalised v.e.v.s and t.e.v.s of the VP with Robin boundary

conditions applied at the space-time boundary. We studied the scalar field in Euclidean space where

the Green’s functions are unique. We find that both the v.e.v.s and t.e.v.s break the underlying

symmetry of adS3 and have values dependent on the space-time location. The t.e.v.s increase

with increasing temperature (decreasing β). Both v.e.v.s and t.e.v.s increase in magnitude with

increasing ν which itself is dependent on the mass and coupling constant (4.16).

The key finding from this chapter is that for all Robin parameters (except Dirichlet) both the

v.e.v.s and t.e.v.s converge towards the Neumann result as the space-time boundary is approached,

extending the work in [71] to the scalar field with general mass and coupling in adS3. This suggests

that the Neumann boundary condition gives the generic behaviour of the scalar field at the space-

time boundary whilst the Dirichlet boundary condition is a special case, even though it is the

most widely studied in the literature. We have supplemented this finding by giving analytical and

numerical arguments as to why the v.e.v.s and t.e.v.s with Robin boundary conditions converge to

the Neumann result at the space-time boundary. In the next chapter we extend the work on the

scalar field with general mass and coupling and determine the RSET on adS3. We will examine

whether the findings in Chapter 3 are applicable to the RSET when the mass and coupling constant

of the field are allowed to vary.
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Chapter 6

Renormalised stress energy tensor on
adS3

In Chapter 3, we determined the v.e.v.s and t.e.v.s of the RSET of a massless, conformally coupled

scalar field on adS4. It was found that both the v.e.v.s and t.e.v.s of the nonzero components of the

RSET approached the common Dirichlet/Neumann v.e.v. result at the space-time boundary for all

Robin boundary conditions. This is consistent with the findings seen with the vacuum polarisation

(VP) of a massless, conformally coupled scalar field in adS4 [71] and also for a scalar field with

general mass and curvature coupling on adS3 (Chapter 5). In [71] and Chapter 5, the v.e.v.s

and t.e.v.s of the VP converged to the Neumann result at the space-time boundary for all Robin

boundary conditions except Dirichlet which had its own limit.

In this chapter we seek to determine whether the findings in [71] and Chapter 5 for the VP extend

to the RSET of a quantum scalar field with general mass and coupling. We use three dimensional

anti-de Sitter space-time (adS3) as our background as this simplifies the angular component of the

Green’s function and avoids the use of conical (Mehler) functions that were used in [71] and Chapter

3. We consider the coupling constant in the range ξ ∈ [−1, 1] as this includes the minimal (ξ = 0)

and conformal (ξ = 1/8) cases. It will be shown that when the scalar field is no longer massless and

conformally coupled, the v.e.v.s with Dirichlet and Neumann boundary conditions have different

values. Therefore, a natural question to ask is whether the expectation values with Robin boundary

conditions converge towards the Neumann result at the space-time boundary as we saw with the

VP.

In Sections 6.1 and 6.2 we consider the v.e.v.s and t.e.v.s of the RSET with Dirichlet and
Neumann boundary conditions, followed in Sections 6.3 and 6.4 by the v.e.v.s and t.e.v.s when

Robin boundary conditions are applied. In the study of the expectation values of the RSET of a

massless, conformally coupled scalar field on adS4 (Chapter 3) we examined the effects on the RSET

of different Robin boundary conditions and temperatures (for the t.e.v.s). Allowing the field mass

and coupling constant to vary means there are additional parameters to consider, namely ν, defined

in (4.16), the coupling constant ξ and the mass squared of the scalar field (m2). In addition, for

the t.e.v.s, we consider different values of the inverse temperature, β. For each expectation value

we plot the components of the RSET as functions of the radial coordinate ρ, allowing one or two of

the parameters to vary at a time whilst keeping the others fixed at some chosen value.

In Section 6.5 we summarise the key findings in this chapter and in Section 6.6 we present the

mathematical expressions of the components of the RSET used in the numerical calculations.
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§ 6.1 Vacuum expectation values with Dirichlet and Neumann boundary conditions

For the Dirichlet and Neumann boundary conditions we remain in Lorentzian space-time with the

metric given by (2.9). In the vacuum state, Dirichlet and Neumann boundary conditions respect

the maximal symmetry of the underlying space-time [2, 3, 61] (see also Chapters 3, 5) and so we

can express the vacuum Dirichlet and Neumann Green’s functions in terms of s(x, x′) (2.22), the

proper distance between the space-time points x, x′ connected by a unique geodesic [3]. The vacuum

Green’s functions with Dirichlet and Neumann boundary conditions are given in (5.18, 5.28).

As the Green’s functions in (5.18, 5.28) represent Hadamard states (Section 1.5), we can extract

the regular state-dependent component W (x, x′), given in (1.77). We follow the approach in Chapter

3 and calculate the RSET using [35],

⟨T̂µλ⟩ =
1

4
√

2π

[
−wµλ +

1

2
(1 − 2ξ)w;µλ +

1

2

(
2ξ − 1

2

)
gµλ2w + ξRµλw

]
(6.1)

where

w(x) = lim
x′→x

W (x, x′)

wµλ(x) = lim
x′→x

W;µλ (x, x′). (6.2)

As we are in three dimensions, there is no v1 term which was needed to compute the RSET in four

dimensions (1.88).

In the vacuum state, when Dirichlet/Neumann boundary conditions are applied, we can write

W (x, x′) → W (s). Using (5.18, 5.28) and (5.12), we can derive an expression for W (s) to second

order in s, with Dirichlet/Neumann boundary conditions applied. Using the Taylor expansion of

− sinh2(s/2L) we can obtain a second order expansion of the hypergeometric functions in (5.18,

5.28) as

F

(
1 + ν, 1 − ν,

3

2
;− sinh2

( s

2L

))
= 1 − (1 + ν)(1 − ν)s2

6L2
+ O(s3),

F

(
1

2
+ ν,

1

2
− ν,

1

2
;− sinh2

( s

2L

))
= 1 − (1/2 + ν)(1/2 − ν)s2

2L2
+ O(s3). (6.3)

Using the expansion of sinh(s/2L)−1 and (6.3), we can now express (5.18, 5.28) as

G
D/N
0 (s) = ± iν

4πL

(
1 − (1 + ν)(1 − ν)s2

6L2
+ O(s3)

)
+

i

4πs

(
1 − s2

24L2
+ O(s4)

)
×
(

1 − (1/2 + ν)(1/2 − ν)s2

2L2
+ O(s3)

)
. (6.4)

Finally, using (1.77), we can write W (s)D/N to second order in s as

W (s)D/N =

√
2

L3

{
±νL2 +

1

6
(3ν2 − 1)sL+

1

6
(ν − ν3)s2 + O(s3)

}
, (6.5)
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with the +/− terms corresponding to Neumann/Dirichlet boundary conditions respectively. This

matches the second order expansion of W (s) given in [61] except for the first order term in s.

However, bearing in mind that the calculation of the RSET involves second order derivatives of

W (s), the O(s) term in (6.5) is not relevant for the calculation of the RSET.

As the w term in (6.1) is a constant, we can express (6.1) as

⟨T̂µλ⟩ =
1

4
√

2π

[
− wµλ + ξRµλw

]
. (6.6)

Using (6.5) and (6.6), the v.e.v. of the RSET with the Dirichlet boundary condition is

⟨Tµλ⟩D0 =
1

12πL3

{
ν3 + (6ξ − 1)ν

}
gµλ, (6.7)

in agreement with the corresponding result in [61]. The v.e.v. with the Neumann boundary condi-

tion is

⟨Tµλ⟩N0 = − 1

12πL3

{
ν3 + (6ξ − 1)ν

}
gµλ. (6.8)

Both ⟨Tµλ⟩D0 and ⟨Tµλ⟩N0 depend on the parameter ν (4.16) and the coupling constant ξ. From

now on we consider the components of the RSET with mixed indices and this will be useful in

Sections 6.3 and 6.4 when we study the RSET with Robin boundary conditions using Euclidean

methods. It is noteworthy that for both Dirichlet and Neumann boundary conditions, the v.e.v.s of

the RSET with mixed indices are independent of the space-time location and are the same for all

three components. Using the definition of ν (4.16) we can write the v.e.v. as

⟨T λµ ⟩
D/N
0 = ± m2ν

12πL
δλµ, (6.9)

which is written in a similar format to the corresponding results for the vacuum polarisation (5.31,

5.32). As in the four-dimensional case (Section 3.1), the v.e.v. of the RSET in three-dimensions is

fixed by the trace given by

⟨Tµµ ⟩
D/N
0 = ±m

2ν

4πL
. (6.10)

Unlike the case for the VP, we note that ⟨T λµ ⟩
D/N
0 is zero for m = 0, regardless of the value of

ν (or indeed the coupling constant ξ), whereas the VP is zero for m = 0 only in the conformally

coupled case (ξ = 1/8). The finding of a zero v.e.v. of the RSET (6.9), for a massless scalar field

(independent of ξ) is not seen in adS4 (Chapter 3), where the v.e.v. is nonzero for both Dirichlet

and Neumann boundary conditions for the massless, conformally coupled scalar field as this is fixed

by the trace anomaly (3.20). Using the definition of ν (4.16), we can rewrite (6.9) as

⟨T λµ ⟩
D/N
0 = ± m2

12πL

√
m2L2 + 1 − 6ξ δλµ. (6.11)

So for ⟨T λµ ⟩
D/N
0 to be real, we require

m2 ≥ 1

L2
(6ξ − 1), (6.12)
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Figure 6.1: 3D surface plot of ⟨T ρρ ⟩D/N0 , as a function of m2 and ξ, with Dirichlet (left) and Neumann
(right) boundary conditions, using the range of m2 ∈ [−1, 1].

which corresponds to the Breitenlohner-Freedman bound [19]. As the nonzero components of

⟨T λµ ⟩
D/N
0 are equal, in Figure 6.1 we plot ⟨T ρρ ⟩D/N0 as a function of m2 and ξ for values of −1 ≤

m2 ≤ 1. Figure 6.1 shows how ⟨T ρρ ⟩D/N0 depends on m2 and ξ as well as the boundary conditions.

We see that with the Dirichlet boundary condition, ⟨T ρρ ⟩D/N0 increases monotonically with m2 for

all ξ. However, when Neumann boundary conditions are applied, we see that ⟨T ρρ ⟩D/N0 decreases

monotonically with increasing m2. The variation of ⟨T ρρ ⟩D/N0 with m2 is more marked for ξ < 0.

§ 6.2 Thermal expectation values with Dirichlet and Neumann boundary conditions

The thermal Green’s functions, G
D/N
β (x, x′), for inverse temperature β, can be expressed as an

infinite sum involving the vacuum Green’s function G
D/N
0 (x, x′) (1.49) giving

G
D/N
β (x, x′) =

∞∑
j=−∞

{
± iν

4πL
F

(
1 + ν, 1 − ν,

3

2
;− sinh2

( sβ
2L

))

+
i

8πL sinh
( sβ
2L

)F (1

2
+ ν,

1

2
− ν,

1

2
;− sinh2

( sβ
2L

))}
, (6.13)

with the +/− signs corresponding to the Dirichlet/Neumann boundary conditions respectively and

where sβ given by

cosh
(sβ
L

)
=

cos(∆t+ ijβ)

cos ρ cos ρ′
− tan ρ tan ρ′ cos ∆θ. (6.14)
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Figure 6.2: Renormalised t.e.v.s of the energy density component of the RSET, −⟨T̂ tt ⟩
D/N
β with

Dirichlet (left) and Neumann (right) boundary conditions, for a selection of inverse temperatures,
β (β → ∞ represents the vacuum state). For both plots ν = 3/4 and ξ = 1/8.

To determine the t.e.v.s of the RSET we consider first the difference between the thermal and the
vacuum states giving

G
D/N
β (x, x′) −G

D/N
0 (x, x′) =

∞∑
j=−∞,j ̸=0

{
± iν

4πL
F

(
1 + ν, 1 − ν,

3

2
;− sinh2

( sβ
2L

))

+
i

8πL sinh
( sβ
2L

)F (1

2
+ ν,

1

2
− ν,

1

2
;− sinh2

( sβ
2L

))}
. (6.15)

Using (6.15), we calculate W (x, x′), from which we can find the components in the right hand

side of (6.1) using (6.2). For the computation of the t.e.v.s of the RSET, we consider (6.1) with

mixed indices, giving

⟨T̂ λµ ⟩ =
1

4
√

2π

[
−wλµ +

1

2
(1 − 2ξ)w ;λ

;µ +
1

2

(
2ξ − 1

2

)
δλµ2w − 2ξ w δλµ

]
. (6.16)

The lengthy expressions for the w, wλµ, w
;λ
;µ , 2w terms in the right hand side of (6.16) are displayed in

Section 6.6.1 and were computed numerically by performing the sum over j (see below). This method

of constructing the t.e.v.s of the RSET allows us to vary the coupling constant ξ independently.

As the computed expectation values are the differences between the t.e.v.s and v.e.v.s (⟨T̂ λµ ⟩
D/N
β −

⟨T̂ λµ ⟩
D/N
0 ), to determine the renormalised t.e.v. we simply add the relevant v.e.v. to the result.

For the numerical computations of the components in (6.16), it is found that the sum over

j converges very quickly for each term. As a result, the j−sum was limited to |j| ≤ 30. The

relative error using this limit for the j−sum was calculated for the Neumann boundary condition

at two values of the radial coordinate, at ρ = 30π/200 and close to the boundary at ρ = 94π/200.

Representative values of ν = 1/4 and β = 2 were chosen. For each of the components in (6.16), the

relative error of performing the j−sum to 30 compared to 100 was of the order of 10−20 for both

values of the radial coordinate. It is reasonable to assume that similarly low relative errors would

be obtained for other parameter values and the Dirichlet boundary condition.
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The results for the energy density component of the t.e.v.s of the RSET for different values

of the inverse temperature β and fixed ν, ξ, are shown in Figure 6.2 for Dirichlet and Neumann

boundary conditions.

It can be seen that for both boundary conditions, the t.e.v.s of the energy density component

of the RSET −⟨T̂ tt ⟩β, not surprisingly, increase with decreasing β (increasing temperature). The

maximum difference between the profiles is seen towards the space-time origin (ρ = 0), whilst for

all β and both boundary conditions, the t.e.v.s tend to their respective v.e.v. at the space-time

boundary. However, with the Neumann boundary condition, the plots convergence more slowly

approaching the space-time boundary compared with Dirichlet. The significantly greater magnitude

of −⟨T̂ tt ⟩Nβ seen when Neumann boundary conditions are applied (compared to Dirichlet) can be

appreciated by examining the corresponding behaviour of the vacuum polarisation (VP) shown

in Figure 5.2. It can be seen from Figure 5.2 that the difference between the VP with Dirichlet

and that with Neumann boundary conditions increases with increasing ν, with the VP eventually

diverging for Neumann boundary conditions as ν → 1. It is not surprising, therefore, that with a

value of ν = 3/4 the energy density component of the RSET with the Neumann boundary condition

is nearly an order of magnitude greater than its Dirichlet counterpart.

Figure 6.3 shows 3D surface plots of the t.e.v. of the energy density component of the RSET

−⟨T tt ⟩
D/N
β , as a function of the radial coordinate ρ and the coupling constant ξ. A selection of

inverse temperatures is used (β = 1, β = 2, β = 3) and either Dirichlet or Neumann boundary

conditions. Interestingly it can be seen that with either boundary condition and for certain values

of ξ < 0, the energy density is negative close to the space-time origin (except for Dirichlet with

β = 3, where it is close to zero) and decreases with increasing temperature (decreasing β). With

values of ξ > 0 we see that the energy density is positive near the space-time origin and increases

with increasing temperature (decreasing β). The dependence of −⟨T tt ⟩
D/N
β on the radial coordinate

ρ is very much dependent on the coupling constant ξ. With ξ ≲ −1/2 we see that −⟨T tt ⟩
D/N
β

monotonically increases with increasing ρ, whilst with ξ > 1/2, we find −⟨T tt ⟩
D/N
β monotonically

decreases with increasing ρ. This is seen with either boundary condition. However, for all ξ, we

see that −⟨T tt ⟩β converges towards the respective v.e.v. result at the space-time boundary, which

is dependent on the value of ξ (6.7, 6.8). The behaviour of −⟨T tt ⟩
D/N
β with other values of ν (and

fixed β = 1) is shown in Figures 6.4– 6.6.

It must be remembered, however, from our definition of ν in (4.16), that for fixed ν varying the

coupling constant ξ will also change the squared mass of the scalar field. As we have only studied

three values of ν = 1/4, 1/2, 3/4, we are unable to study the components of the RSET when we

vary ξ and m2 independently for arbitrary values of these parameters. Instead we approach this

in a different way. Figure 4.1 shows the relationship between m2 and ξ for various fixed values of

ν. Using Figure 4.1 we can choose fixed values of ξ ∈ [−1, 1] and, for each value of ξ, find the

three corresponding values of m2 which correspond to the three values of ν studied in this chapter

(ν = 1/4, 1/2, 3/4). We adopt a similar approach with fixed m2 and three values of ξ.

Figure 6.7 shows the energy density component of the RSET as a function of the radial coordinate

ρ, for a selection of fixed coupling constants ξ ∈ [−1, 1] and different values of m2. It can be seen
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Figure 6.3: 3D surface plots of the energy density component −⟨T tt ⟩β of the RSET as functions of
the radial coordinate ρ and the coupling constant ξ, for different values of the inverse temperature β.
The left column has the Dirichlet boundary condition and the right column has Neumann boundary
condition, with β = 1 (top), β = 2 (middle) and β = 3 (bottom). For all plots, ν = 1/4.
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that −⟨T̂ t
t ⟩
D/N
β depends significantly on the coupling constant ξ, and also on whether Dirichlet

or Neumann boundary conditions are used. With Dirichlet boundary conditions, we see that for

values of ξ ≥ 0 the energy densities of the scalar field have their maximum at the space-time origin,

following which they decrease monotonically with increasing ρ, and converge to their corresponding

v.e.v. as the space-time boundary is approached. For ξ = −1, and the Dirichlet boundary condition,

the energy densities are negative at the space-time origin, for the three values of m2 considered, and

increase to reach a positive maximum at ρ ∼ π/3 before converging towards their respective v.e.v.

at the space-time boundary. With ξ = −1, we also see that −⟨T̂ t
t ⟩Dβ increases with increasing m2

as one would expect intuitively. However, a coupling constant of ξ ≥ 0 results in the energy density

decreasing with increasing m2. This finding was also noted in [94], where the authors studied a

quantum scalar field on a Schwarzschild black hole space-time.

A somewhat different picture is seen when Neumann boundary conditions are applied (right

column of Figure 6.7). As with the Dirichlet boundary condition, for ξ ≥ 0, the energy density

has its maximum at the space-time origin and decreases monotonically towards its v.e.v. as the

space-time boundary is approached. For ξ = −1, the energy densities are entirely negative through-

out the space-time. They have their maximum magnitude at the space-time origin and increase

monotonically towards the space-time boundary. With ξ = 0 (minimal coupling), we see that the

energy densities are all positive at the space-time origin but are no longer monotonic functions of

ρ. With the Neumann boundary condition, the energy density increases with increasing m2 for

values of ξ ≥ 1/8 and decreases with increasing m2 for ξ = −1. Only for the minimally coupled

case, ξ = 0, do the two boundary conditions exhibit the same behaviour with the energy density

increasing with decreasing m2. For both boundary conditions, we see the maximum variation in the

t.e.v.s at ξ = ±1 and at their minimum when ξ = 0 for Dirichlet (where the plots almost coincide)

and ξ = 1/8 for Neumann boundary conditions.

Figure 6.8 shows −⟨T̂ t
t ⟩
D/N
β for a selection of fixed values of m2 ∈ [−1/2, 1/2] and different

coupling constants ξ. The values of m2 used in the plot all satisfy the Breitenlohner-Freedman

bound [19]. The plots with the Dirichlet boundary condition are quite similar for the different

values of m2. All plots are monotonic functions of the radial coordinate ρ, except for the plots with

m2 = −1/2 and the Neumann boundary condition. Comparing with Figure 6.7, it would appear

that the different values of the coupling constant have a greater effect on −⟨T̂ t
t ⟩
D/N
β than m2.

The behaviour of the t.e.v. of the energy density component of the RSET, for fixed ν = 1/4 and

a range of different inverse temperatures β, was shown in Figure 6.3. We now examine the effects of

different values of the parameter ν (4.16) on the t.e.v.s of all the nonzero components of the RSET

with fixed inverse temperature, β = 1. These are displayed in Figures 6.4, 6.5, 6.6 where the three

values of ν = 1/4, ν = 1/2, and ν = 3/4 are used respectively. The behaviour of the t.e.v.s of the

RSET components is similar for the three values of ν considered. As with the energy density, the

⟨T̂ ρ
ρ ⟩D/Nβ and ⟨T̂ θ

θ ⟩
D/N
β components depend significantly on the radial coordinate ρ, and the coupling

constant ξ. For ξ < 0, the ⟨T̂ ρ
ρ ⟩D/Nβ and ⟨T̂ θ

θ ⟩
D/N
β components are monotonically decreasing from the

origin towards the space-time boundary. The behaviour of the RSET components is qualitatively

similar for Dirichlet and Neumann boundary conditions. However, the magnitudes of the RSET

113



components are greater with the Neumann boundary condition, especially for ν = 3/4 where there

is an order of magnitude difference between the respective plots.

For both Dirichlet and Neumann boundary conditions (and the three values of ν) it appears

at first glance that the t.e.v.s of the ⟨T̂ ρρ ⟩β and ⟨T̂ θθ ⟩β components of the RSET are the same, but

there are in fact subtle differences which can be appreciated when we examine the thermal pressure

deviator Πβ, in much the same way as we did for the RSET in adS4 (Chapter 3). The pressure

deviator Πβ, represents the difference between the ⟨T̂ ρρ ⟩β and ⟨T̂ θθ ⟩β components of the RSET, and

is a measure of the difference between the quantum state and its classical counterpart [4]. For a

classical gas of particles, Πβ = 0. In three dimensions we can write the Landau decomposition [66]

of the SET as

⟨T̂ νµ ⟩β = Diag
{
− Eβ, Pβ + Πβ, Pβ − Πβ

}
, (6.17)

where Eβ is the energy density, Pβ the pressure and Πβ is the shear stress or pressure deviator.

Figure 6.9 shows the thermal pressure deviators plotted as a function of the radial coordinate ρ for

different values of the coupling constant ξ, with Dirichlet or Neumann boundary conditions applied.

As the ⟨T̂ θθ ⟩
D/N
β component of the RSET is greater than the ⟨T̂ ρρ ⟩D/Nβ component, in Figure 6.9

we plot −Π
D/N
β . For both boundary conditions and all values of ν and ξ, we find that −Π

D/N
β is

zero at the space-time origin and attains its maximum magnitude between the space-time origin

and the boundary. As the space-time boundary is approached, however, the difference between the

two boundary conditions is noticeable. For the Dirichlet boundary condition, −ΠD
β converges to

zero as the space-time boundary is reached (as was seen in the massless, conformally coupled case

in Chapter 3, Figure 3.11). For the Neumann boundary condition, −ΠN
β converges more slowly

as we approach the space-time boundary, for all ξ. The convergence of −ΠN
β occurs more slowly

with increasing ν. However, it is notable that for both boundary conditions, −Π
D/N
β attains its

minimum magnitude (for all ρ) when conformal coupling (ξ = 1/8), rather than minimal coupling

(ξ = 0) is employed, suggesting that in this case, the quantum scalar field most closely resembles its

classical counterpart. This is in keeping with the findings of [4] where the authors studied massless,

quantum scalar and fermionic fields with minimal (ξ = 0) and conformal (ξ = 1/6) coupling on

adS4. They found that the pressure deviators for the scalar field with conformal coupling was an

order of magnitude smaller than the minimally coupled case.

§ 6.3 Vacuum expectation values with Robin boundary conditions

To determine the RSET with Robin boundary conditions we employ Euclidean methods as in

Chapters 3, 5 and [71], by performing a Wick rotation of the time coordinate (1.52). Moving to

Euclidean space-time has the advantage that the Green’s function is unique without the need for

an ‘iϵ’ prescription. The vacuum and thermal Euclidean Green’s functions in adS3 with Dirichlet,

Neumann and Robin boundary conditions were determined in Chapter 5. As discussed in Section 4.5,

when using Robin boundary conditions, we only consider values of the Robin parameter ζ below

a critical value ζcrit ie 0 ≤ ζ < ζcrit. The value of ζcrit (4.56) is dependent on the value of the
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Figure 6.4: 3D surface plots of the t.e.v.s of the nonzero components of the RSET, as functions of
the radial coordinate ρ and the coupling constant ξ. The left column shows Dirichlet and the right
column Neumann boundary conditions. For all plots, ν = 1/4 and β = 1.
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Figure 6.5: 3D surface plots of the t.e.v.s of the nonzero components of the RSET as functions of
the radial coordinate ρ and the coupling constant ξ. The left column shows Dirichlet and the right
column Neumann boundary conditions. For all plots, ν = 1/2 and β = 1.
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Figure 6.6: 3D surface plots of the t.e.v.s of the nonzero components of the RSET as functions of
the radial coordinate ρ and the coupling constant ξ. The left column shows Dirichlet and the right
column Neumann boundary conditions. For all plots, ν = 3/4 and β = 1.
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parameter ν defined in (4.16). For the different values of ν used in this thesis we have (Figure 4.6)

ζcrit ∼


0.64π for ν = 1/4,

0.57π for ν = 1/2,

0.52π for ν = 3/4.

(6.18)

To determine the renormalised v.e.v.s of the RSET with Robin boundary conditions, we adopt

the same procedure used for the VP (Chapter 5) and in Sections 6.1, 6.2 and consider the differ-

ence between the v.e.v. with Robin boundary conditions and the already renormalised Neumann

v.e.v. (6.9). Following this we simply add the renormalised Neumann v.e.v. to the result. So, for

the v.e.v. we start with the difference between the Robin and Neumann vacuum Green’s functions
(5.56, 5.84, 5.85)

Gζ,0E (x, x′) −GN,0E (x, x′) =
1

4π2

∫ ∞

−∞
eiω∆τdω

∞∑
ℓ=−∞

eiℓ∆θ
[
gζωℓ(ρ, ρ

′) − gNωℓ(ρ, ρ
′)
]
. (6.19)

We follow the same approach outlined in Section 6.2 and compute the components of (6.16) using

(6.19) as W (x, x′). The lengthy expressions of the terms in (6.16) are displayed in Section 6.6.2 and

are computed numerically using MATHEMATICA. As in the case of the RSET on adS4 (Chapter 3)

the ℓ−sum and ω−integration in (6.19) is performed to 100.

Figure 6.10 shows the v.e.v.s of the energy density component of the RSET with Robin boundary

conditions for the different values of ν studied and fixed ξ = 1/8. Unlike the case with Dirichlet and

Neumann boundary conditions (6.9), when Robin boundary conditions are applied, the underlying

space-time symmetry is broken. The v.e.v.s are no longer constant but depend on the radial coordi-

nate ρ. The value of ν = 1/2 corresponds to the massless, conformally coupled scalar field and the

profiles seen are comparable to those in the adS4 case (Figure 3.4), with the energy density being

positive throughout the space-time for all Robin parameters studied (ζ < ζcrit). For ν = 1/4 and

ν = 3/4 there are values of the Robin parameter ζ for which the energy density is negative for at

least some values of ρ. However, for all values of ν, we find that −⟨T̂ ττ ⟩
ζ
0 appears to converge towards

the Neumann result at the space-time boundary for all Robin parameters studied (except Dirichlet).

This convergence is seen more clearly in the massless, conformally coupled case (ν = 1/2) where

−⟨T̂ ττ ⟩
ζ
0 with Dirichlet and Neumann boundary conditions are both zero. Similar profiles are seen

for the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 components, Figures 6.11 and 6.12, where again the components converge

towards the Neumann result as the space-time boundary is approached, except Dirichlet which has

its own limit. The dependence of the RSET components on the radial coordinate ρ also depends

nontrivially on the Robin boundary condition as well as the value of ν. This is more easily appreci-

ated in the 3D surface plots in the right column of Figures 6.10–6.12. In the massless, conformally

coupled case (ν = 1/2, ξ = 1/8) each RSET component has a similar profile, attaining its maximum

at the space-time origin and monotonically decreasing with increasing ρ before converging to the

common (zero) Dirichlet/Neumann v.e.v. at the space-time boundary. For the other values of ν, we

see different behaviours for the three components of the RSET. For ν = 1/4, we find that −⟨T̂ ττ ⟩
ζ
0

is either a monotonically increasing (for ζ > π/2) or monotonically decreasing (ζ < π/2) function

of ρ, whilst the opposite is seen for ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0. For ν = 3/4, we find that −⟨T̂ ττ ⟩

ζ
0 is either a
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monotonically decreasing (for ζ > π/2) or monotonically increasing (ζ < π/2) function of ρ, whilst

again the opposite is seen for ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0.

The profiles of the RSET components as functions of the Robin parameter ζ also depend on the

value of ν. For ν = 1/2, similar profiles are seen in the massless, conformally coupled case. The

RSET components increase with increasing ζ and attain a maximum at some value of ζ ∈ (0, π/2)

before decreasing to zero again at ζ = π/2. Following this the RSET components steadily increase

with increasing ζ and diverge as ζ → ζcrit. For the other values of ν, the v.e.v.s with Dirichlet

and Neumann boundary conditions are no longer the same and as a result we see that the RSET

components are either monotonically increasing or decreasing functions of ζ and also diverge as

ζ → ζcrit.

When we consider the massless, conformally coupled case (ν = 1/2, ξ = 1/8), there is a notable

difference between the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 plots seen in adS3 (Figures 6.11 and 6.12), and those seen in

adS4 (Figure 3.4). In Figures 6.11 and 6.12, the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 components, for ν = 1/2, ξ = 1/8,

are entirely positive throughout the space-time, converging to the common zero v.e.v. as the space-

time boundary is approached. In contrast, the corresponding plot in adS4 (Figure 3.4) shows that

the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 components are entirely negative throughout the space-time and converge

towards the negative common v.e.v. at the space-time boundary. The reason for this difference in

behaviour of the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 components is likely due to the different values of the v.e.v.s in

adS3 and adS4, as the 3D surface plots are similar in appearance in each case.

The (negative) pressure deviators for the v.e.v.s of the RSET are shown in Figure 6.13 with

the same parameter values used in Figures 6.11 and 6.12. The magnitudes of −Πζ
0 are very small

especially for ν = 1/4, 1/2 where they are ∼ O(10−5). This is likely to be a reflection of using

conformal coupling, (ξ = 1/8) where −Πζ
0 is at its minimum for Dirichlet and Neumann boundary

conditions (Figure 6.9). There are significant differences in the pressure deviators when different

values of ν are used. For each ν, we see that −Πζ
0 is zero at the space-time origin and reaches its

maximum magnitude between the origin and space-time boundary (left hand plots). However, it is

at the space-time boundary where the differences between the different values of ν are more evident.

For ν = 1/2, it can be seen that −Πζ
0 tends to zero at the space-time boundary consistent with

the massless, conformally coupled field on adS4 (Figure 3.5). However, for the case of ν = 1/4 and

ν = 3/4, the pressure deviators converge more slowly as they approach the space-time boundary,

and still show considerable separation between the different Robin parameters studied as the space-

time boundary is approached. For ζ = 0, π/2 (Dirichlet and Neumann boundary conditions), we

note that −Πζ
0 = 0 (see (6.9) and preceding discussion). For a given value of ρ > 0, the profiles of

−Πζ
0 with increasing ζ are best appreciated from the 3D surface plots (right column of Figure 6.13)

and are strikingly different for the different values of ν studied. For ν = 1/2, we see that −Πζ
0

increases with ζ, attains a maximum at some value of ρ ∈ (0, π/2) before decreasing back to zero

for ζ = π/2. Subsequently, −Πζ
0 diverges as ζ → ζcrit. For ν = 1/4, we can see that −Πζ

0 increases

with increasing ζ, attains a maximum at some ζ ∈ (0, π/2) and then diverges in a negative direction

as ζ → ζcrit. The opposite picture is seen with ν = 3/4.
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Figure 6.10: Renormalised v.e.v.s of the energy density component of the RSET, −⟨T̂ ττ ⟩
ζ
0, with
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We now study the behaviour of the components of the RSET when we vary the coupling constant

ξ, for a range of values of ν and ζ (Figures 6.14–6.19). Figure 6.14 shows the v.e.v.s of the RSET

components as functions of the radial coordinate ρ with different values of the coupling constant

ξ and fixed Robin parameter ζ = 3π/10. The plot shows the results with ν = 1/4 and ν = 3/4.

The behaviour of the v.e.v.s with respect to ξ depends significantly on the value of the parameter

ν. For ν = 1/4, the profiles for the energy density component −⟨T̂ ττ ⟩
ζ
0 show a wide variation at

the space-time origin for the different values of ξ considered and converge to a common near-zero

value for some ρ ∈ (π/3, π/2). Following this the different −⟨T̂ ττ ⟩
ζ
0 diverge again as the space-time

boundary is approached. The finding of a common cross-over point of the energy density component

of the RSET with different values of ξ is also seen in [94], where the authors studied a quantum

scalar field on a Schwarzschild black hole space-time. Interestingly in [94], it can be seen that ⟨T̂ ττ ⟩
profiles with different ξ diverge away from each other after the common cross-over point (much like

the case in Figure 6.14) but following this the ⟨T̂ ττ ⟩ profiles converge to a common non-zero value

further away from the black hole.

It can also be seen in Figure 6.14 that for ξ ≤ 0 the energy density is positive at the space-time

origin and becomes negative after the common cross-over point, whilst the opposite is seen for ξ > 0.

The common cross-over point for −⟨T̂ ττ ⟩
ζ
0 is pushed further towards the space-time boundary when

we increase the value of ν to 3/4. A similar picture is seen with the ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 components

but the cross-over point is further towards the space-time boundary for ⟨T̂ ρρ ⟩ζ0 compared to ⟨T̂ θθ ⟩
ζ
0.

When we consider ν = 3/4, we see that the cross-over point is seemingly pushed ‘beyond’ the

space-time boundary and is therefore not evident, resulting in profiles of ⟨T̂ ρρ ⟩ζ0 and ⟨T̂ θθ ⟩
ζ
0 that are

almost parallel throughout the space-time.

Figure 6.15 focuses further on the effects of the coupling constant ξ on the energy density

component −⟨T̂ ττ ⟩
ζ
0 with different values of ν and fixed ζ. We can see that increasing ν not only

pushes the common cross-over point further towards the space-time boundary but also increases

the magnitude of −⟨T̂ ττ ⟩
ζ
0, as evidenced by the increase in scale on the vertical axis. Of interest is

the finding that before the cross-over point, increasing the coupling constant ξ results in a decrease

in the energy density. This seems perhaps somewhat counter-intuitive, as increasing ξ with fixed ν

results in an increase in the square of the mass (m2) from (4.16). However, beyond the cross-over

point, the opposite is seen with the energy density increasing with increasing ξ and therefore m2.

Figure 6.16 shows the (negative) pressure deviators corresponding to Figure 6.14 with different

values of ξ, fixed ζ = 3π/10 and two values of ν. The pressure deviators show significant differences

between the different values of ξ. For these parameter values, the pressure deviators are all zero close

to the space-time origin and attain their maximum magnitude just before the space-time boundary

is reached. Following this they appear to start to converge towards each other but still demonstrate

wide separation, near the space-time boundary, with the different values of the coupling constant.

The 3D surface plots in Figure 6.16 show that −Πζ
0 is a monotonically decreasing function of ξ, for

fixed ρ > 0, and this is more evident as we move towards the space-time boundary.

The finding of a common cross-over point in the values of the RSET components with different

values of the coupling constant ξ, in Figures 6.14 and 6.15 is very much dependent on the chosen
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Figure 6.17: Renormalised v.e.v.s of the energy density component of the RSET, −⟨T̂ τ
τ ⟩

ζ
0, with

different values of the coupling constant ξ and Robin parameter ζ. Top row ζ = π/10, second row
ζ = 3π/10, third row ζ = 4π/10 and bottom row ζ = 6π/10. The right column shows 3D surface

plots of −⟨T̂ τ
τ ⟩

ζ
0 as functions of ρ and ξ. For all plots ν = 1/4.
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value of the Robin parameter ζ. This is demonstrated in Figure 6.17, which shows −⟨T̂ τ
τ ⟩

ζ
0 with

different values of ξ and ζ for fixed ν = 1/4. We see that with ζ = π/10, a cross-over point is not

evident, although the plots appear to be converging towards each other as the space-time boundary

is approached. With increasing ν, the cross-over point appears to be moving progressively towards

the space-time origin such that with ζ = 4π/10, the cross-over point is seemingly at or ‘beyond’

the space-time origin and the energy density increases with increasing ξ throughout the space-time.

The behaviour of −⟨T̂ τ
τ ⟩

ζ
0 with different values of the Robin parameter ζ is perhaps more evident in

the 3D surface plots in Figure 6.17. With ζ = π/10, we see that −⟨T̂ τ
τ ⟩

ζ
0 is monotonically decreasing

with increasing ξ for all ρ ∈ (0, π/2). With ζ = 3π/10, we see that −⟨T̂ τ
τ ⟩

ζ
0 monotonically decreases

with increasing ξ before the cross-over point beyond which it monotonically increases with increasing

ξ. For ζ = 4π/10 and ζ = 3π/5, we see that −⟨T̂ τ
τ ⟩

ζ
0 is now a monotonically increasing function

of ξ for all ρ ∈ (0, π/2). For ζ = 4π/10, the rate of increase is maximum towards the space-time

boundary, whilst for ζ = 3π/5, the rate of increase is maximum towards the origin.
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Figure 6.18: Renormalised v.e.v.s of the ⟨T̂ ρ
ρ ⟩ζ0 component of the RSET with different values of the

coupling constant ξ and Robin parameter ζ. Top left ζ = π/10, top right ζ = 3π/10, bottom left
ζ = 4π/10 and bottom right ζ = 6π/10. For all plots ν = 1/4.

Figure 6.18 shows the ⟨T̂ ρ
ρ ⟩ζ0 component of the RSET with different values of the coupling con-

stant ξ and Robin parameter ζ. The behaviour of ⟨T̂ ρ
ρ ⟩ζ0 with respect to ξ differs from that seen in

Figure 6.17 for the energy density component. With ζ = π/10, we can see that ⟨T̂ ρ
ρ ⟩ζ0 monotoni-

cally increases with increasing ξ throughout the space-time, whilst for ζ = 3π/5, it monotonically

decreases with increasing ξ. The plot for the ⟨T̂ θ
θ ⟩

ζ
0 component is similar to that of ⟨T̂ ρ

ρ ⟩ζ0 and is

not displayed. Instead we show the (negative) pressure deviator, −Πζ
0 in Figure 6.19, with the same

parameters used in Figures 6.18. Figure 6.19 shows that the Robin parameter ζ has a noticeable
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Figure 6.19: Negative vacuum pressure deviators, −Πζ
0, with different values of the coupling constant

ξ and Robin parameter ζ. Top left ζ = π/10, top right ζ = 3π/10, bottom left ζ = 4π/10 and
bottom right ζ = 3π/5. For all plots ν = 1/4.

effect on the pressure deviator. With these parameters, −Πζ
0 is zero at the space-time origin follow-

ing which it increases in magnitude steadily towards the space-time boundary. For ζ = π/10, the

pressure deviators increase in magnitude with increasing ρ and the plots continue to move apart as

the space-time boundary is approached. With larger values of ζ, the plots attain their maximum

magnitude at some value of ρ ∈ (π/3, π/2) following which they appear to slowly move towards

each other, more so with ζ = 6π/10.

Having examined the v.e.v.s of the RSET with Robin boundary conditions, we now turn our

attention to the t.e.v.s using a selection of values of the inverse temperature β.

§ 6.4 Thermal expectation values with Robin boundary conditions

To determine the t.e.v.s of the RSET with Robin boundary conditions, we again consider the

difference between the t.e.v.s with Robin and Neumann boundary conditions and then add the

renormalised t.e.v. with the Neumann boundary condition. So for the t.e.v. we start with the

difference between the Robin and Neumann thermal Green’s functions

Gζ,βE (x, x′) −GN,βE (x, x′) =
κ

4π2

∞∑
n=−∞

∞∑
ℓ=−∞

einκ∆τeiℓ∆θ
[
gζnℓ(ρ, ρ

′) − gNnℓ(ρ, ρ
′)
]
. (6.20)

We follow the same approach outlined in Section 6.3, and use (6.20) as W (x, x′). The lengthy

expressions of the terms in (6.16) are displayed in Section 6.6.3 and are computed numerically using

MATHEMATICA. In order to make the numerical computations tractable, the ℓ− and n− sums in

(6.16) are performed to 50 and 20 respectively and with this the relative error for the individual
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components of the RSET range between ∼ 10−5 and ∼ 10−7 compared to if the ℓ− and n−sums

were performed to 150 each. This relative error was found for representative parameter values of

ζ = π/10, ν = 1/2, β = 1 and near the space-time boundary at ρ = 94π/200. Whilst these relative

errors are acceptable, it is likely that they represent an upper limit as it was noted in Section 3.4

that the relative errors incurred in curtailing summations were in fact better further away from the

space-time boundary.

Figure 6.20 shows the renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ ττ ⟩
ζ
β

with different Robin boundary conditions, three different values of ν (ν = 1/4, ν = 1/2 and

ν = 3/4), fixed ξ = 1/8 and β = 1. The value of β = 1 is the highest temperature studied in this

chapter and, as discussed in Section 3.9, is based on setting the radius of curvature of adS, L, to unity

and is thus in units of L. It can be seen that for these parameter values, −⟨T̂ ττ ⟩
ζ
β is a monotonically

decreasing function of ρ. We also see that −⟨T̂ ττ ⟩
ζ
β is monotonically increasing with increasing ζ,

eventually diverging as we approach ζcrit (see Section 4.5). This is more easily appreciated in the

3D surface plots in the right column of Figure 6.20. It should be remembered that the value of

ζcrit depends on the value of ν (see Section 4.5). It can also be seen that for ν = 1/4 and ν = 1/2,

the plots of −⟨T̂ ττ ⟩
ζ
β, with the different Robin boundary conditions, are quite close together, more

so with ν = 1/4. All plots (except Dirichlet, ζ = 0) converge towards the Neumann v.e.v. at the

space-time boundary. In the case of ν = 1/2, ξ = 1/8 (massless, conformally coupled), both the

Neumann and Dirichlet v.e.v. are equal to zero. For ν = 3/4, the plots are more widely separated

but still appear to be converging to the Neumann v.e.v. at the space-time boundary albeit more

slowly than with ν = 1/4, 1/2.

Figure 6.21 shows the ⟨T̂ ρρ ⟩ζβ component of the RSET using the same parameters used in Fig-

ure 6.20. As with −⟨T̂ ττ ⟩
ζ
β, the ⟨T̂ ρρ ⟩ζβ component is also a monotonically decreasing function of

ρ, except for ν = 3/4. Also, with ν = 3/4, the ⟨T̂ ρρ ⟩ζβ component monotonically decreases with

increasing ζ eventually diverging in the negative direction as ζ → ζcrit. The opposite behaviour is

seen for ν = 1/4 and ν = 1/2 where ⟨T̂ ρρ ⟩ζβ monotonically increases with increasing ζ. Furthermore,

for ν = 1/4 and ν = 1/2, the plots for different Robin boundary conditions converge towards the

Neumann result at the space-time boundary (except for Dirichlet, ζ = 0). For ν = 3/4, there is

quite wide separation between the plots and this persists as the space-time boundary is approached.

However, it appears that, for ζ > 0, the plots are starting to converge towards the Neumann result

as the space-time boundary is approached, albeit quite slowly.

The ⟨T̂ θθ ⟩
ζ
β component of the RSET exhibits qualitatively similar behaviour to the ⟨T̂ ρρ ⟩ζβ compo-

nent and is therefore not shown. Instead we plot the (negative) pressure deviators using the same

parameter values used in Figure 6.21, and this is displayed in Figure 6.22. For all values of ν, we

see that −Πζ
β is zero at the space-time origin. For ν = 1/2 and ξ = 1/8, representing the massless,

conformally coupled case, we see a similar picture to that seen in adS4 (Figure 3.11), where −Πζ
β

attains its maximum magnitude for some ρ ∈ (0, π/2), before converging to zero at the space-time

boundary. With ν = 3/4, the plots also attain a maximum magnitude at some ρ ∈ (0, π/2) but

the subsequent convergence occurs more slowly so the plots are still widely separated close to the
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Figure 6.20: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ ττ ⟩
ζ
β with Robin

boundary conditions. The left column shows −⟨T̂ ττ ⟩
ζ
β for a selection of Robin parameters ζ. For

ν = 3/4, the values of ζ have been chosen to produce profiles that are clearly separated. The right

column shows the 3D surface plots of −⟨T̂ ττ ⟩
ζ
β as functions of the radial coordinate ρ and Robin

parameter ζ. Top ν = 1/4, middle ν = 1/2 and bottom ν = 3/4. For all plots, ξ = 1/8 and β = 1.
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Figure 6.21: Renormalised t.e.v.s of the ⟨T̂ ρρ ⟩ζβ component of the RSET with Robin boundary
conditions and different values of ν; top ν = 1/4, middle ν = 1/2 and bottom ν = 3/4. The left

column shows ⟨T̂ ρρ ⟩ζβ as a function of the radial coordinate ρ for a selection of Robin parameters ζ.

The right column shows the 3D surface plots of ⟨T̂ ρρ ⟩ζβ as functions of ρ and ζ. For all plots, ξ = 1/8
and β = 1.

136



space-time boundary. For both ν = 1/2 and ν = 3/4, we see that −Πζ
β is positive throughout the

space-time, for all ζ considered, except for the Dirichlet boundary condition (ζ = 0). The behaviour

of −Πζ
β with ν = 1/4, however, shows marked differences compared to the other values of ν. Whilst

−Πζ
β is zero at the space-time origin, most of the plots are negative throughout the space-time,

achieving their respective minima at different values of ρ ∈ (0, π/2). Furthermore, away from the

space-time origin, we see that −Πζ
β is monotonically increasing with increasing ζ, for ν = 1/2 and

ν = 3/4. This can be better appreciated in the 3D surface plots. For ν = 1/4, it can be seen that

−Πζ
β is no longer a monotonic function of ζ. It increases with increasing ζ up to ζ ∼ π/2 following

which it decreases with increasing ζ.

Figure 6.23 demonstrates the effects of temperature on the t.e.v.s of the energy density compo-

nent of the RSET with Robin boundary conditions. Not surprisingly, the energy density increases

in magnitude with increasing temperature (decreasing β). For each value of β studied, the plots for

ν = 1/4 are less spread out than for ν = 3/4. Also with ν = 1/4, the plots become closer together

with increasing temperature in much the same way as was seen in the massless, conformally coupled

case on adS4 (Figure 3.8). However, with β ≥ 3/2 we see there is a cross-over of the plots located

between ρ = π/6 and ρ = π/3. The cross-over does not appear to occur at a single space-time

position as in Figure 6.17 but is spread out with different plots crossing at different places. This

cross-over is not seen with the larger ν = 3/4, where the separation between the plots is generally

wider compared to ν = 1/4 for all values of β studied. As with ν = 1/4, the plots with ν = 3/4

come together more with increasing temperature, suggesting that the effects of the Robin boundary

conditions are ‘washed out’ with increasing temperature.

Figure 6.24 shows the ⟨T̂ ρ
ρ ⟩ζβ component of the RSET for the same parameter values as in

Figure 6.23. Unlike the energy density, there is no cross-over of the plots for any temperature

studied. For both values of ν, the Dirichlet and Neumann plots (dotted) converge towards their

respective (different) v.e.v. at the space-time boundary. The difference between the Dirichlet

and Neumann plots at the boundary is more difficult to appreciate with ν = 1/4 and increasing

temperature due to the changing scales involved. The plots for the different Robin boundary

conditions are closer together with ν = 1/4 compared to ν = 3/4, with the separation between the

plots decreasing with increasing temperature for both values of ν. With ν = 1/4, we find that ⟨T̂ ρ
ρ ⟩ζβ

is a monotonically decreasing function of ρ, whilst this is not the case for ν = 3/4. For ν = 1/4 and

all temperatures it appears that both −⟨T̂ τ
τ ⟩

ζ
β and ⟨T̂ ρ

ρ ⟩ζβ converge towards the Neumann result at

the space-time boundary. Similar findings are also suggestive for −⟨T̂ τ
τ ⟩

ζ
β with ν = 3/4. However,

for ⟨T̂ ρ
ρ ⟩ζβ and ν = 3/4, convergence at the space-time boundary is less clear owing to the wider

separation of the plots. All plots are closer to the Neumann result at the space-time boundary than

at the origin and if we were able to perform the numerical computations closer to the space-time

boundary, convergence to the Neumann result may be more evident.

Figure 6.25 shows the (negative) pressure deviators corresponding to Figure 6.24 to highlight the

difference between the ⟨T̂ ρ
ρ ⟩ζβ and ⟨T̂ θ

θ ⟩
ζ
β components of the RSET. For both ν = 1/4 and ν = 3/4,

the pressure deviators are zero at the space-time origin and attain their maximum magnitude
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Figure 6.22: Negative thermal pressure deviators −Πζ
β with Robin boundary conditions and different

values of ν; top ν = 1/4, middle ν = 1/2 and bottom ν = 3/4. The left column shows −Πζ
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function of the radial coordinate ρ, for a selection of Robin parameters ζ. The right column shows
the 3D surface plots of −Πζ

β as functions of ρ and ζ. For all plots, ξ = 1/8 and β = 1.
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Figure 6.23: Renormalised t.e.v.s of the energy density component of the RSET, −⟨T̂ τ
τ ⟩

ζ
β, with

Robin boundary conditions and different inverse temperatures β. Plots show −⟨T̂ τ
τ ⟩

ζ
β as a function

of the radial coordinate ρ for a selection of Robin parameters ζ. In the left column we have ν = 1/4
and the right column ν = 3/4. For each column, top row β = 1, second row β = 3/2, third row
β = 2 and bottom row β = 3. For all plots, ξ = 1/8.
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Figure 6.24: Renormalised t.e.v.s of the ⟨T̂ ρ
ρ ⟩ζβ component of the RSET, with Robin boundary

conditions and different inverse temperatures β. The plots show ⟨T̂ ρ
ρ ⟩ζβ as a function of the radial

coordinate ρ, for a selection of Robin parameters ζ. For the left column we have ν = 1/4 and for
the right column ν = 3/4. For each column, top row β = 1, second row β = 3/2, third row β = 2
and bottom row β = 3. For all plots ξ = 1/8.
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between the origin and space-time boundary. The value of this magnitude increases with increasing

temperature (decreasing β). For ν = 1/4 we see that −Πζ
β is negative for all ζ and β except for

ζ ∼ π/2, β = 1 where the plots become positive for ρ ∼ π/6. For ν = 3/4, the plots are mostly

positive for the different Robin boundary conditions, especially with increasing temperature, except

for Dirichlet (ζ = 0) which remains entirely negative for all β studied. As the space-time boundary

is approached, there remains quite wide separation between the different values of −Πζ
β, especially

for ν = 3/4, and this seems to be independent of the temperature. Overall it can be seen that the

magnitudes of the pressure deviators in Figure 6.25 are small, ∼ O(10−4) for ν = 1/4 and ∼ O(10−3)

for ν = 3/4 with β = 3, increasing approximately three-fold as we increase the temperature to β = 1.

Figures 6.26, 6.27 and 6.28 show the effects of different coupling constants ξ on the energy

density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β for the different values of ν studied, namely ν = 1/4

(Figure 6.26), ν = 1/2 (Figure 6.27) and ν = 3/4 (Figure 6.28). It can be seen that for each value

of ν, the plots are situated closest together for the conformally coupled case (ξ = 1/8) and become

increasingly spread out as the coupling constant decreases. This is exaggerated for higher values

of ν. It can also be seen that when ξ decreases, the energy density becomes progressively more

negative. Indeed, for ξ = −1/2, the energy density is negative throughout space-time for almost all

Robin parameters. We also see that for each value of ν, the −⟨T̂ τ
τ ⟩

ζ
β profiles are monotonic functions

of ρ for ξ = 1/8 and ξ = −1/2 but not for the minimally coupled case (ξ = 0). Furthermore, we see

that with conformal coupling, ξ = 1/8, the −⟨T̂ τ
τ ⟩

ζ
β profiles increase with increasing ζ eventually

diverging as ζ approaches the relevant ζcrit. This is more easily seen with the 3D plots. With ξ = 0

and ξ = −1/2, the profiles of −⟨T̂ τ
τ ⟩

ζ
β become progressively negative with increasing ζ and also

diverge as ζ → ζcrit.

Figure 6.29 shows the ⟨T̂ ρ
ρ ⟩ζβ component of the RSET, as a function of the radial coordinate ρ,

with different Robin parameters ζ and a choice of coupling constants ξ, with ν = 1/4 and ν = 3/4.

It can be seen that for both values of ν, the plots are closest together for the conformally coupled

case (ξ = 1/8) and spread out more with decreasing ξ. This is more prominent for ν = 3/4. In

contrast to the plots of the energy density, with ν = 1/4 (Figure 6.26), the ⟨T̂ ρ
ρ ⟩ζβ component of

the RSET is a monotonically decreasing function of ρ for all values of ξ considered, including ξ = 0

(minimal coupling). Furthermore, from Figure 6.29, we see that for ν = 3/4, the ⟨T̂ ρ
ρ ⟩ζβ plots are

monotonic functions of ρ for ξ = 0 and ξ = −1/2 but not ξ = 1/8, in contrast to that seen for the

energy density (Figures 6.26, 6.28).

The plots of the ⟨T̂ θ
θ ⟩

ζ
β component of the RSET are qualitatively similar to those of the ⟨T̂ ρ

ρ ⟩ζβ
component in Figure 6.29 and are therefore not shown. Instead we plot the (negative) pressure

deviators in Figure 6.30 for the same parameter values as in Figure 6.29. For both values of ν

and all coupling constants, the pressure deviators are zero at the space-time origin and achieve

their maximum magnitude for some ρ ∈ (0, π/2). Following this the plots converge towards each

other although there is still noticeable separation between the plots at the space-time boundary,

especially for ν = 3/4. For all plots, −Πζ
β is negative throughout most of the space-time apart

from ν = 3/4, ξ = 1/8 where the profiles are positive, except for ζ = 0 (Dirichlet) which is entirely
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Figure 6.25: Negative thermal pressure deviators −Πζ
β with Robin boundary conditions and different

inverse temperatures β. The plots show −Πζ
β as a function of the radial coordinate ρ, for a selection

of Robin parameters ζ. For the left column we have ν = 1/4 and for the right column ν = 3/4. For
each column, top row β = 1, second row β = 3/2, third row β = 2 and bottom row β = 3. For all
plots ξ = 1/8.
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Figure 6.26: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β, with

Robin boundary conditions and different coupling constants ξ. The left column shows −⟨T̂ τ
τ ⟩

ζ
β as a

function of the radial coordinate ρ for a range of Robin parameters ζ. The right column shows 3D
surface plots of −⟨T̂ τ

τ ⟩
ζ
β as functions of ρ and ζ. Top row ξ = 1/8, middle row ξ = 0 and bottom

row ξ = −1/2. For all plots, ν = 1/4, β = 1.
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Figure 6.27: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β, with

Robin boundary conditions and different coupling constants ξ. The left column shows −⟨T̂ τ
τ ⟩

ζ
β as a

function of the radial coordinate ρ for a range of Robin parameters ζ. The right column shows 3D
surface plots of −⟨T̂ τ

τ ⟩
ζ
β as functions of ρ and ζ. Top row ξ = 1/8, middle row ξ = 0 and bottom

row ξ = −1/2. For all plots, ν = 1/2, β = 1.
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Figure 6.28: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β, with

Robin boundary conditions and different coupling constants ξ. The left column shows −⟨T̂ τ
τ ⟩

ζ
β as a

function of the radial coordinate ρ for a range of Robin parameters ζ. The right column shows 3D
surface plots of −⟨T̂ τ

τ ⟩
ζ
β as functions of ρ and ζ. Top row ξ = 1/8, middle row ξ = 0 and bottom

row ξ = −1/2. For all plots, ν = 3/4, β = 1.
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Figure 6.29: Renormalised t.e.v.s of the ⟨T̂ ρ
ρ ⟩ζβ component of the RSET with Robin boundary

conditions and different coupling constants ξ. Plots show ⟨T̂ ρ
ρ ⟩ζβ as a function of the radial coordinate

ρ for a selection of Robin parameters ζ. Top row ξ = 1/8, middle row ξ = 0 and bottom row
ξ = −1/2. In the left column ν = 1/4 and in the right column ν = 3/4. For all plots, β = 1.
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negative, and ζ = π/20 where the profile dips just below the ρ-axis in a region around ρ = π/6.

However, the most significant feature is the scale of the plots. For conformal coupling (ξ = 1/8),

the pressure deviators are O(10−3) in magnitude for ν = 1/4 and O(10−2) for ν = 3/4. However,

for ν = 1/4, there is ∼ 102−fold increase in the magnitudes of −Πζ
β with ξ = −1/2, compared

to ξ = 1/8. The change is less dramatic with ν = 3/4 where there is a ∼ 10−fold increase in

the magnitudes of −Πζ
β between ξ = 1/8 and ξ = −1/2. The changes in magnitudes seen with

different coupling constants are greater than those seen when we vary the inverse temperature, β,

Figure 6.25.
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Figure 6.30: Negative thermal pressure deviators −Πζ
β with Robin boundary conditions and different

coupling constants ξ. The plots show −Πζ
β as a function of the radial coordinate ρ, for a selection

of Robin parameters ζ. In the left column ν = 1/4 and in the right column ν = 3/4. Top row
ξ = 1/8, middle row ξ = 0 and bottom row ξ = −1/2. For all plots, β = 1.

One of the most intriguing findings relating to the coupling constant is that seen when we

consider the additional effects of altering the temperature of the field, with fixed ζ = π/10, as

displayed in Figures 6.31, 6.32 and 6.33 for the energy density component of the RSET. The plots

for different ν reveal similar findings. There is a cross-over point before which the energy density
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Figure 6.31: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β as a

function of the radial coordinate ρ with different coupling constants ξ and inverse temperatures
β. Top row β = 1, second row β = 3/2, third row β = 2 and bottom row β = 3. For all plots,
ζ = π/10, ν = 1/4.

decreases with decreasing ξ (and hence decreasing m2) but beyond the cross-over, the opposite is

seen with −⟨T̂ τ
τ ⟩

ζ
β increasing with decreasing ξ. The cross-over point moves towards the space-

time origin with increasing β (decreasing temperature) for a given value of ν. Furthermore, we see

that for a given inverse temperature β, increasing ν pushes the cross-over point further towards

the space-time origin such that for ν = 3/4, β = 2, for example, the cross-over point is no longer

evident.

Unlike the case seen with the energy density component of the v.e.v., Figure 6.15, the cross-over

point for −⟨T̂ τ
τ ⟩

ζ
β is no longer zero but adopts a positive value which is more evident with increasing

β and ν. Beyond the common cross-over point, −⟨T̂ τ
τ ⟩

ζ
β converges to its respective v.e.v. depending

on the value of ν and ξ.

Figure 6.34 shows the (negative) thermal pressure deviators corresponding to Figures 6.31, 6.32

and 6.33 for ν = 1/4, ν = 1/2 and ν = 3/4, with fixed ζ = π/10 and two values of β = 1 and

β = 3. For ν = 1/4, ζ = π/10, β = 1 we see a similar behaviour of −Πξ
β as we did for the massless,

conformally coupled case (Figure 6.22, middle) in that −Πξ
β is zero at the space-time origin and

boundary and attains its maximum magnitude in between. Increasing the value of ν, (left column

in Figure 6.34) shows that −Πξ
β becomes zero just before the space-time boundary is reached,

beyond which the plots start to separate. This behaviour is more exaggerated when we consider

the lower temperature of β = 3 (right column of Figure 6.34). With ν = 3/4 we see that −Πξ
β is
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Figure 6.32: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β as a

function of the radial coordinate ρ with different coupling constants ξ and inverse temperatures β.
Top row β = 1 (left), β = 3/2 (right), second row β = 2 (left) and β = 3 (right). For all plots,
ζ = π/10, ν = 1/2.

zero at the space-time origin and there is a common cross-over point for the plots for some value

of ρ ∈ (0, π/2). Following this, the profiles increasingly spread out away from each other as the

space-time boundary is approached. The spread of the −Πξ
β plots at the space-time boundary with

β = 3, (low temperature) is also evident in the vacuum case, Figures 6.16, 6.19. With β = 3 we see

that increasing ν (and hence m2 for fixed ξ) results in marked differences in the plots of −Πξ
β. Before

the cross-over point is reached, the plots of −Πξ
β for the different ξ are brought closer together when

we increase the value of ν. The magnitude of the plots is notably reduced and appears increasingly

‘compressed’. This is seen with the higher temperature of β = 1 but is less obvious.

§ 6.5 Conclusion

In this chapter we have determined the v.e.v.s and t.e.v.s of the nonzero components of the RSET

for a quantum scalar field with general mass and curvature coupling. Dirichlet, Neumann or Robin

boundary conditions were applied at the space-time boundary. The expectation values are computed

numerically with MATHEMATICA. We see that changing the mass and coupling constant of the

scalar field results in tangible effects on the v.e.v.s and t.e.v.s of the RSET. In Sections 6.1 and 6.2

we determined the v.e.v.s and t.e.v.s with Dirichlet and Neumann boundary conditions and note

from (6.9) that the v.e.v.s with Dirichlet and Neumann boundary conditions are equal in magnitude

but differ in sign. The v.e.v.s are only equal to zero when the field mass is zero, independent of

the coupling constant ξ. This contrasts with the case of the massless, conformally coupled scalar
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Figure 6.33: Renormalised t.e.v.s of the energy density component of the RSET −⟨T̂ τ
τ ⟩

ζ
β as a

function of the radial coordinate, ρ with different coupling constants, ξ and inverse temperatures,
β. Top row β = 1 (left) and β = 3/2 (right), bottom row β = 2 (left) and β = 3 (right). For all
plots, ζ = π/10, ν = 3/4.

field on adS4 where the v.e.v. with Dirichlet and Neumann boundary conditions is nonzero as it is

determined entirely by the trace anomaly (3.20), whereas there is no trace anomaly in adS3 (for the

massless, conformally coupled field). In Section 6.2, we find that the t.e.v.s of the energy density

component of the RSET is sensitive to the inverse temperature β as well as the coupling constant ξ.

The effect of temperature is mainly reflected in a change of scale, whereas the coupling constant has

a significant effect in the profile of the plots for both Dirichlet and Neumann boundary conditions,

Figure 6.3.

In Sections 6.3 and 6.4 we studied the effect of applying Robin boundary conditions to the

RSET. The v.e.v.s of the nonzero components of the RSET (Section 6.3) are very sensitive to the

different Robin boundary conditions applied (Figures 6.10–6.12). Interestingly, for ν = 1/4 and

ν = 3/4 we see that the convergence of the plots towards the Neumann result occurs more slowly

compared with the massless, conformally coupled field (ν = 1/2, ξ = 1/8), where the convergence

is more obvious. The different values of ν also have a dramatic effect on the behaviour of the RSET
components with respect to the Robin parameter ζ, as demonstrated by the 3D surface plots in

Figures 6.10–6.12. Furthermore, by allowing the coupling constant ξ to vary we can examine its

effect on the RSET (Figures 6.14–6.19). All components of the RSET are very sensitive to the

coupling constant ξ, independent of the Robin parameter ζ. We also see from Figures 6.16 and 6.19

that the pressure deviators increase noticeably in magnitude when the magnitude of ξ increases,

especially towards the space-time boundary, suggesting that the quantum scalar field differs most

from its classical counterpart for large |ξ|, more so as the space-time boundary is approached.
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Figure 6.34: Negative thermal pressure deviators −Πξ
β with different coupling constants ξ and values

of ν. Top row ν = 1/4, middle row ν = 1/2 and bottom row ν = 3/4. The left column has β = 1
and the right column has β = 3. For all plots, ζ = π/10.
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One of the most interesting findings in Section 6.3 is the discovery of negative energy densities for

the v.e.v.s with ν = 1/4 and ν = 3/4. This is noticeable for some values of the Robin parameter ζ,

for at least part of the space-time, Figure 6.10. This is not seen in the massless, conformally coupled

case (ν = 1/2, ξ = 1/8) where the energy densities are entirely positive throughout the space-time,

similar to that seen in adS4 (Figure 3.4). However, with increasing temperatures (decreasing β),

the energy densities become predominantly positive, even with ν = 1/4 and ν = 3/4 (Figures 6.20

and 6.23).

The question that was posed at the start of this chapter was whether the v.e.v.s and t.e.v.s of

the RSET, with Robin boundary conditions, converge towards the Neumann result at the space-

time boundary. For a massless, conformally coupled scalar field on adS4 (Chapter 3), we saw that

the v.e.v.s and t.e.v.s of the RSET components converged towards the common Dirichlet/Neumann

v.e.v. at the space-time boundary for all ζ < ζcrit. When we consider a scalar field that is not

massless and conformally coupled on adS3, we find that the v.e.v.s with Dirichlet and Neumann

boundary conditions have different values (6.9), allowing us to be more specific about the con-

vergence behaviour with Robin boundary conditions. In the massless, conformally coupled case

(ν = 1/2, ξ = 1/8), we have seen that the v.e.v.s and t.e.v.s of the RSET components appear to

converge towards the common (zero) v.e.v. found with Dirichlet/Neumann boundary conditions

(Figures 6.10–6.12, 6.20, 6.21). When we consider a scalar field that is not massless and confor-

mally coupled (see for example Figure 6.28), we see that the convergence of the plots with different

Robin boundary conditions is much slower at the space-time boundary. However it is plausible

that the plots do converge towards the Neumann v.e.v., consistent with the findings for the vacuum

polarisation in adS3 (Chapter 5) and adS4 [71].

Having computed the v.e.v.s and t.e.v.s of a number of RSETs for a scalar field with general

mass and coupling, we can now use a selection of these RSETs as the source term in Einstein’s

equations (1.2) and determine the backreaction of the RSET on the underlying metric. This is the

subject of the Chapter 7.
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§ 6.6 Mathematical expressions of the RSET components

In this section we explicitly present the components of the RSET, with mixed indices, used in the

numerical computations of the t.e.v.s with Neumann and Dirichlet boundary conditions as well as

the v.e.v.s and t.e.v.s with Robin boundary conditions (6.16), reproduced here for convenience

⟨ψ|T λ
µ |ψ⟩ =

1

4
√

2π

[
−w λ

µ +
1

2
(1 − 2ξ)w ;λ

;µ +
1

2

(
2ξ − 1

2

)
δλµ2w − 2ξwδλµ

]
(6.21)

We start with the components for t.e.v.s with Dirichlet and Neumann boundary conditions.

6.6.1 Thermal expectation values with Neumann/Dirichlet boundary conditions

In the expressions below, we have defined the following quantities:

X = ν arccos

[
1 + 2 sec2 ρ sinh2

(
jβ

2

)]
,

Y = ν arccos
[
cosh(jβ) sec2 ρ− tan2 ρ

]
,

Υ = 2i sec ρ
[
1 − 2 cos(2ρ) + cosh(2jβ) − 4 cosh(jβ) sin2 ρ

]1/2
, (6.22)

and shall also require the following hypergeometric functions:

F1 = 2F1

(
1 − ν, 1 + ν,

3

2
;− sec2 ρ sinh2

(
jβ

2

))
,

F2 = 2F1

(
2 − ν, 2 + ν,

5

2
;− sec2 ρ sinh2

(
jβ

2

))
,

F3 = 2F1

(
3 − ν, 3 + ν,

7

2
;− sec2 ρ sinh2

(
jβ

2

))
. (6.23)

The following terms represent the difference between the t.e.v.s and respective v.e.v.s and are

summed over j > 0, as discussed in Section 6.2. The +/− signs represent Neumann and Dirichlet

terms respectively.

w =
1

4πL

±νF1 +

√
2 cos2 ρ cosX cosech

(
jβ
2

)
2
√

cos(2ρ) + cosh(jβ)

 , (6.24)

w t
t =

i sin2(2ρ)

192πL3

{
3i
√

2 cosY

{cos(2ρ) + cosh(jβ)}−3/2
cosech

(
jβ

2

)
[cos(2ρ) + 2 cosh(jβ) − 1]

− 12ν sinY

[cos(2ρ) + cosh(jβ)]
± 8iF2ν (ν2 − 1) sec4 ρ sinh2

(
jβ

2

)}

+
i cos ρ cosech

(
jβ
2

)
768πL3{cos(2ρ) + cosh(jβ)}4

[
16 cos2 ρ+ 2{2 + 3 cosh(jβ)} cos(4ρ)
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+ 13 cosh(jβ) + 4 cosh(2jβ) + 5 cosh(3jβ) + 16{cosh(jβ) + cosh(2jβ)} cos(2ρ)
]

×

(
± 4ΥF2ν(ν2 − 1){cos(2ρ) + cosh(jβ)}3/2 + 24ν cos3 ρ cosech

(
jβ

2

)
sinY {cos(2ρ) + cosh(jβ)}

+ 3
√

2Υ cosY cos4 ρ cosech3

(
jβ

2

)
[sin2 ρ− cosh(jβ)]

)

− cos5 ρ sinh(jβ)

960πL3{cos(2ρ) + cosh(jβ)}2 sinh4
(
jβ
2

)
×

{
30

√
2 cosY sec ρ cosh

(
jβ

2

)
{cos(2ρ) + cosh(jβ)}1/2(cosh(jβ) − sin2 ρ)

−
15Υ ν sinY cosh

(
jβ
2

)
√

cos(2ρ) + cosh(jβ)

[
cos(2ρ) + cosh(jβ) + 2 sinh2

(
jβ

2

)]

+
60
√

2 cosY cosh
(
jβ
2

)
√

cos(2ρ) + cosh(jβ)
(cosh(jβ) − sin2 ρ) sec ρ sinh2

(
jβ

2

)

± 80F2ν(ν2 − 1) sec5(ρ) sinh3

(
jβ

2

)
cosh

(
jβ

2

)
[cosh(jβ) + cos(2ρ)][sin2 ρ− cosh(jβ)]

− 15i
√

2Υ cosY sinh(jβ) + 60iν sec ρ sinY sinh(jβ)
[

cos(2ρ) + 4 sinh2

(
jβ

2

)]
± 15iΥF2ν(ν2 − 1){cos(2ρ) + cosh(jβ)}3/2 sec4 ρ sinh

(
jβ

2

)
sinh(jβ)

± 30iΥF2ν(ν2 − 1)
√

cos(2ρ) + cosh(jβ) sec2 ρ sinh3

(
jβ

2

)
sinh(jβ)

± 4iΥF3ν(ν2 − 4)(ν2 − 1){cos(2ρ) + cosh(jβ)}3/2 sec6 ρ sinh3

(
jβ

2

)
sinh(jβ)

− 120iν2 cosY [cos(2ρ) + cosh(jβ)]√
1 − {tan2 ρ− cosh(jβ) sec2 ρ}2

sec3 ρ sinh2

(
jβ

2

)
sinh jβ

}
, (6.25)

w ρ
ρ =

i sin2(2ρ)

192πL3

{
− 3i

√
2 cosY

{cos(2ρ) + cosh(jβ)}−3/2
cosech

(
jβ

2

)
[cos(2ρ) + 2 cosh(jβ) − 1]

+
12ν sinY

{cos(2ρ) + cosh(jβ)}
± 8iF2ν(ν2 − 1) sec4 ρ sinh2

(
jβ

2

)}

−
i cosech

(
jβ
2

)
cos3 ρ

6144πL3{cos(2ρ) + cosh(jβ)}4

(
− 16[2 + 2 cos(2ρ) + cos(4ρ)]

+ 2 cosh(jβ) [17 − 36 cos(2ρ) + 6 cos(4ρ) − cos(6ρ)]
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+ 8 cos(2jβ) [2 cos(2ρ) − cos(4ρ) − 3] + 2 cosh(3jβ) [1 − 3 cos(2ρ)]

)

×

(
± 8ΥF2ν(ν2 − 1) sec4 ρ {cos(2ρ) + cosh(jβ)}3/2

+ 3
√

2Υ cosY cosech3

(
jβ

2

)
[cos 2ρ+ 2 cosh jβ − 1]

− 48ν sinY sec ρ{cos(2ρ) + cosh(jβ)}cosech

(
jβ

2

))
−

2i sin2 ρ cos5 ρ cosech2
(
jβ
2

)
1920πL3{cos(2ρ) + cosh(jβ)}2

×

{
± 20ΥF2 ν(ν2 − 1) sec6 ρ sinh3

(
jβ

2

)
{cos(2ρ) + cosh(jβ)}1/2

[
5 cos(2ρ) + 8 cosh(jβ) − 3

]
± 4

√
2ν(ν2 − 1) sec8 ρ sinh4

(
jβ

2

)
{cos(2ρ) + cosh(jβ)}

[
− 20i

√
2F2 cos3 ρ

+ 2
√

2ΥF3(ν
2 − 4) sinh

(
jβ

2

)
{cos(2ρ) + cosh(jβ)}1/2

]
+ 15

[
2i
(

2
√

2 cosY {cos(2ρ) + cosh(jβ)}1/2 sec ρ+ Υν{cos(2ρ) + cosh(jβ)}1/2 sec2 ρ sinY
)

+ 2 sec2 ρ sinh2

(
jβ

2

)
(−3

√
2Υ cosY + 8ν cos(2ρ) sec ρ sinY )

+
4i sinh3

(
jβ
2

)
√

cos(2ρ) + cosh(jβ)

[
2
√

2 cosY sec ρ
(

1 + 2ν2 cos(2ρ) sec2 ρ
)

+ Υν sec2 ρ sinY
]

+ 32ν sec3 ρ sinY sinh4

(
jβ

2

)
− 2

√
2Υ cosY sec2 ρ sinh2

(
jβ

2

)
− 2

√
2Υ cosY

+ 16ν sec3 ρ sinY sinh2

(
jβ

2

)
cosh(jβ) +

16
√

2i cosh(jβ) sec3 ρ ν2 cosY sinh3
(
jβ
2

)
√

cos(2ρ) + cosh(jβ)

]}
,

w θ
θ = − i cos2 ρ

48πL3

{
−

6i
√

2 cosech
(
jβ
2

)
cosX cos2 ρ

{cos(2ρ) + cosh(jβ)}3/2

± 8iF2 ν(ν2 − 1) sinh2

(
jβ

2

)
sec4 ρ+

12ν sinX

{cos(2ρ) + cosh(jβ)}

}
± F2ν(ν2 − 1)

12πL3

−
i sin2(2ρ) cosech3

(
jβ
2

)
128πL3{cos(2ρ) + cosh(jβ)}3/2

[
cosX[cosh(jβ) − sin2 ρ]

+
√

2iν sinX sinh

(
jβ

2

)√
cos(2ρ) + cosh(jβ)

]
, (6.26)
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w ;t
;t =

sin(2ρ)

8πL3

{
sin(2ρ)

4(cos(2ρ) + cosh(jβ))3/2

×

[
2
√

2 cosX
(
cosh(jβ) − sin2 ρ

)
cosech

(
jβ

2

)
+ 4iν

√
cos(2ρ) + cosh(jβ) sinX

]

± 4

3
ν(ν2 − 1)F2 sec2 ρ tan ρ sinh2

(
jβ

2

)}
, (6.27)

w ;ρ
;ρ =

cos2 ρ

960πL3

{
−

15
√

2 cosX cosech
(
jβ
2

)
(cos(2ρ) + cosh(jβ))5/2

×
(

15 cos(2ρ) − 10 + 2 cos(4ρ) + cos(6ρ)

+ 8{cosh(2jβ) − cosh(jβ)} cos(2ρ) + 4{5 + cos(4ρ)} cosh(jβ)
)

−
120iν

(
7 + 4(2 cosh jβ − 1) cos(2ρ) + cos(4ρ) − 4 cosh(jβ)

)
sinX

[cos(2ρ) + cosh(jβ)]2

± 160ν(ν2 − 1)F2 (3 cos(2ρ) − 5) sec4 ρ sinh2

(
jβ

2

)

+
960

√
2 ν2 cosX sin2 ρ sinh

(
jβ
2

)
[cos(2ρ) + cosh(jβ)]3/2

+
60 sin(2ρ) tan ρ

[cos(2ρ) + cosh(jβ)]3/2

[
2
√

2 cosX[cosh(jβ) − sin2 ρ]cosech

(
jβ

2

)

+ 4iν
√

cos(2ρ) + cosh(jβ) sinX

]

± 256ν(ν2 − 4)(ν2 − 1)F2 sec4 ρ tan2 ρ sinh4

(
jβ

2

)}
, (6.28)

w ;θ
;θ =

cot ρ

4πL3

{
− sin(2ρ)

4{cos(2ρ) + cosh(jβ)}3/2

[
2
√

2 cosX{cosh(jβ) − sin2 ρ}cosech

(
jβ

2

)

+ 4iν
√

cos(2ρ) + cosh(jβ) sinX

]
± 4

3
ν(ν2 − 1)F2 sec2 ρ sinh2

(
jβ

2

)
tan ρ

}
, (6.29)

2w = −cos2 ρ cot ρ

240πL3

{
15 cosX sin(2ρ)√

2 {cos(2ρ) + cosh(jβ)}5/2

×
(
− 1 + 4 cos(2ρ) + cos(4ρ) + 4 cosh(2jβ) + 8 cosh(jβ) cos2 ρ

)
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± 40ν(ν2 − 1)F2 sec5 ρ (sin(3ρ) − 7 sin ρ) sinh2

(
jβ

2

)
+

30iν [7 + cos(4ρ) + 8 cosh(jβ) cos(2ρ)] sinX tan ρ

{cos(2ρ) + cosh(jβ)}2

− 240
√

2ν2 cosX sin2 ρ tan ρ

{cos(2ρ) + cosh(jβ)}3/2
sinh

(
jβ

2

)

± 64ν(ν2 − 4)(ν2 − 1)F3 sec4 ρ tan3 ρ sinh4

(
jβ

2

)}
. (6.30)

6.6.2 vacuum expectation values with Robin boundary conditions

For the v.e.v.s with Robin boundary conditions, the following expressions are the difference between

the Robin and Neumann terms and are labelled with the superscript ζ. We have defined the following

quantities:

A = 1 + ℓ2 + 2ν + ν2 + 2ℓ(1 + ν) + ω2

J = −4νF2N
ζ
ωℓ cos ζ(cos ρ)2ν −

F4N
ζ
ωℓ

(1 + ν)
|(1 + ℓ+ ν + iω)|2 cos ζ(cos ρ)2+2ν

− F5

(ν − 1)
|(1 + ℓ− ν + iω)|2 cos2 ρ(N N

ωℓ − N ζ
ωℓ sin ζ)

C = ℓ− 1 − ν + (1 + ℓ+ ν) cos 2ρ

K = N ζ
ωℓ cos ζ cos ρ2νF2 + F3 (N ζ

ωℓ sin ζ − N N
ωℓ ), (6.31)

where N ζ
ωℓ and N N

ωℓ are the vacuum normalisation constants defined in (5.80, 5.81). We will also

require the following hypergeometric functions:

F1 = 2F1

(1

2
(1 + ℓ+ ν + iω),

1

2
(1 + ℓ+ ν − iω), 1 + ℓ; sin2 ρ

)
,
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2
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1

2
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)
,
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2
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1

2
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)
,
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(1

2
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1

2
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)
,
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2
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1
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(3 + ℓ− ν − iω), 2 − ν; cos2 ρ

)
,

F6 = 2F1

(1

2
(3 + ℓ+ ν + iω),

1

2
(3 + ℓ+ ν − iω), 2 + ℓ; sin2 ρ

)
,

F7 = 2F1

(1

2
(5 + ℓ+ ν + iω),

1

2
(5 + ℓ+ ν − iω), 3 + ℓ; sin2 ρ

)
,

F8 = 2F1

(1

2
(5 + ℓ− ν + iω),

1

2
(5 + ℓ− ν − iω), 3 − ν; cos2 ρ

)
,
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F9 = 2F1

(1

2
(5 + ℓ+ ν + iω),

1

2
(5 + ℓ+ ν − iω), 3 + ν; cos2 ρ

)
. (6.32)

For the construction of the RSETs, the following terms are integrated over ω and summed over

ℓ, as described in Section 6.3. As we are in Euclidean space we have used the index τ for the time

coordinate.

wζ =
F1K
4π2

cos2 ρ (sin ρ)2ℓ, (6.33)

w τ ζ
τ = −cos2 ρ (sin ρ)2ℓK

64π2L2

{
8F1C +

2A
1 + ℓ

F6 sin2(2ρ) − 16F1ω
2 cos2 ρ

}
, (6.34)

w ρ ζ
ρ = −cos2 ρ (sin ρ)2ℓK

64π2L2(1 + ℓ)

{
8F1(1 + ℓ)[1 + 3ℓ+ ν + 3(1 + ℓ+ ν) cos(2ρ)]

− 4F6C cos2 ρ |(1 + ℓ+ ν + iω)|2 − 4F7A
(2 + ℓ)

|(3 + ℓ+ ν + iω)|2 cos4 ρ sin2 ρ

− 4F6A cot ρ sin(4ρ) + 2F6A sin2(2ρ)
(

1 + ν + (1 − ℓ) cot2 ρ
)

+ 8F1C(1 + ℓ)
(

(1 − ℓ) cot2 ρ+ ν
)}

, (6.35)

w θ ζ
θ =

cos2 ρ (sin ρ)2(ℓ−1)K
64π2L2

{
8F1C +

2A
(1 + ℓ)

F6 sin2(2ρ) − 16F1ℓ
2 cos2 ρ

}
, (6.36)

w ;τ ζ
;τ = −cos2 ρ (sin ρ)2(1+ℓ)

8π2L2

{
4F1ℓK cot2 ρ+ F1(J − 4K)

+
F6K

(1 + ℓ)
|(1 + ℓ+ ν + iω)|2 cos2 ρ

}
, (6.37)

w ;ρ ζ
;ρ =

cos2 ρ (sin ρ)2(1+ℓ)

8π2L2

{
F1 cos2 ρ

[
J (1 + 4ℓ) − 4K(1 + 5ℓ)

]
+

F6

(1 + ℓ)
|(1 + ℓ+ ν + iω)|2 cos2 ρ

[
K cos2 ρ(1 + 4ℓ) + sin2 ρ(J − 6K)

]
+ 4F1

[
Kℓ (2ℓ cos2 ρ− 1) cot2 ρ− sin2 ρ(J − 2K)

]
+

F7K
2(1 + ℓ)(2 + ℓ)

|(1 + ℓ+ ν + iω)|2 |(3 + ℓ+ ν)|2 cos4 ρ sin2 ρ

+
F1 sin2 ρ

2

(
16F2Nrν

2 cos ζ(cos ρ)2ν + 4F4Nr|(1 + ℓ+ ν)|2 cos ζ(cos ρ)2(1+ν)

+
N ζ
ωℓ

(1 + ν)(2 + ν)
|(1 + ℓ+ ν + iω)|2 cos ζ(cos ρ)2(1+ν)

[
4F4ν(2 + ν)
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+ F9|(3 + ℓ+ ν + iω)|2 cos2 ρ
]

+
cos2 ρ

(ν − 1)(ν − 2)
|(1 + ℓ− ν + iω)|2(N N

ωℓ − N ζ
ωℓ sin ζ)

[
4F5(ν − 2)

− F8|(3 + ℓ− ν + iω)|2 cos2 ρ
])}

, (6.38)

w ;θ ζ
;θ =

cos2 ρ (sin ρ)2ℓ

8π2L2

{
4F1ℓK cot2 ρ+ F1(J − 4K) +

F6K
1 + ℓ

|(1 + ℓ+ ν + iω)|2 cos2 ρ

}
, (6.39)

2wζ =
cos2 ρ (sin ρ)2ℓ

16π2L2

{
F1(J − 4K)

(
3 + 4ℓ+ (1 + 4ℓ) cos(2ρ)

)
+

2F6

(1 + ℓ)
|(1 + ℓ+ ν + iω)|2 cos2 ρ

(
K
[
1 + cos2 ρ(1 + 4ℓ)

]
+ J sin2 ρ

)
+ 2F1

[
8Kℓ2 cos2 ρ cot2 ρ− (4K − 3J ) sin2 ρ

]
+

F7K
(1 + ℓ)(2 + ℓ)

|(3 + ℓ+ ν + iω)|2|(1 + ℓ+ ν + iω)|2 cos4 ρ sin2 ρ

− 5F6K
2(1 + ℓ)

|(1 + ℓ+ ν + iω)|2 sin2(2ρ)

+ F1 sin2 ρ

(
16F2N

ζ
ωℓν

2 cos ζ(cos ρ)2ν + 4F4N
ζ
ωℓ|(1 + ℓ+ ν)|2 cos ζ(cos ρ)2(1+ν)

+
N ζ
ωℓ

(1 + ν)(2 + ν)
|(1 + ℓ+ ν + iω)|2 cos ζ(cos ρ)2(1+ν)

[
4F4ν(2 + ν)

+ F9|(3 + ℓ+ ν + iω)|2 cos2 ρ
]

+
cos2 ρ

(ν − 1)(ν − 2)
|(1 + ℓ− ν + iω)|2(N N

ωℓ − N ζ
ωℓ sin ζ)

[
4F5(ν − 2)

− F8|(3 + ℓ− ν + iω)|2 cos2 ρ
])}

. (6.40)

6.6.3 Thermal expectation values with Robin boundary conditions

For the thermal expectation values, we will require the further definitions:

R = −4νF2N
ζ
ωℓ cos ζ(cos ρ)2ν −

F4N
ζ
ωℓ|(1 + ℓ+ ν)β + 2inπ|2 cos ζ(cos ρ)2(1+ν)

(1 + ν)β2

−
F5|(1 + ℓ− ν)β + 2inπ|2 cos2 ρ(N N

ωℓ − N ζ
ωℓ sin ζ)

(ν − 1)β2
,

D = (1 + ℓ+ ν)2β2 + 4π2n2. (6.41)
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We also use the hypergeometric functions given in (6.32) and the normalisation constants defined

in (5.80, 5.81), with ω replaced by 2nπ/β.

As for the v.e.v.s, the following are the difference between the Robin and Neumann terms and

are labelled with the subscript β. For the construction of the RSETs, the following terms are

summed over ℓ and n as described in Section 6.4.

wζβ =
F1K cos2 ρ (sin ρ)2ℓ

2πβ
, (6.42)

w τ ζ
τ β = −cos2 ρ (sin ρ)2ℓK

32πL2β3

{
− 64F1π

2n2 cos2 ρ+ 8β2CF1 +
2DF6 sin2(2ρ)

(1 + ℓ)

}
, (6.43)

wρ ζρ β = −cos2 ρ(sin ρ)2ℓK
32(1 + ℓ)πL2β3

{
32F1(1 + ℓ)(1 + ℓ+ ν)β2 cos2 ρ− 4F6D cot ρ sin(4ρ)

+ 8F1 C(1 + ℓ)β2 − 4F6 Cβ2
∣∣∣∣(1 + ℓ+ ν +

2iπn

β

)∣∣∣∣2 cos2 ρ

− 4F7 cos4 ρ sin2 ρ

(2 + ℓ)β2
|((3 + ℓ+ ν)β + 2iπn)|2D + 2F6D sin2(2ρ)

+ ν
[
8F1(1 + ℓ)β2C + 2F6D sin2(2ρ)

]
+ (1 − ℓ) cot2 ρ

[
8F1(1 + ℓ)β2C + 2F6D sin2(2ρ)

]}
,

(6.44)

w θ ζ
θ β = −cot2 ρ (sin ρ)2ℓK

32πL2β3

{
16F1ℓ

2β2 cos2 ρ − 8β2CF1 −
2DF6 sin2(2ρ)

(1 + ℓ)

}
, (6.45)

w ;τ ζ
;τ β = −cos2 ρ (sin ρ)2(1+ℓ)

4πL2β

{
4ℓF1K cot2 ρ+ F1(R− 4K) +

F6K cos2 ρ

(1 + ℓ)β2
|(1 + ℓ+ ν)β + 2inπ|2

}
,

(6.46)

w ;ρ ζ
;ρ β =

cos2 ρ (sin ρ)2ℓ

8πL2β

{
F1 cos2 ρ [−8K(1 + 5ℓ) + 2R(1 + 4ℓ)]

+
2 cos4 ρ

(1 + ℓ)β2
|((1 + ℓ+ ν)β + 2inπ)|2 F6K (1 + 4ℓ) + 8 cot2 ρF1Kℓ(2ℓ cos2 ρ− 1)

+ 8F1(2K −R) sin2 ρ+
F6 sin2(2ρ)

2(1 + ℓ)β2
|((1 + ℓ+ ν)β + 2inπ)|2 (R− 6K)

+
F7K cos2 ρ sin2(2ρ)

4(1 + ℓ)(2 + ℓ)β4
|((1 + ℓ+ ν)β + 2inπ)|2 |((3 + ℓ+ ν)β + 2inπ)|2

+ F1 sin2 ρ

(
16ν2F2N

ζ
ωℓ cos ζ(cos ρ)2ν +

4F4N
ζ
ωℓ cos ζ(cos ρ)2(1+ν)

(1 + ν)β2
|(1 + ℓ+ ν)β + 2inπ|2 (1 + 2ν)

+
F9N

ζ
ωℓ cos ζ(cos ρ)2(2+ν)

(1 + ν)(2 + ν)β4
|((1 + ℓ+ ν)β + 2inπ)|2 |((3 + ℓ+ ν)β + 2inπ)|2
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+
4F5 cos2 ρ

(ν − 1)β2
|((1 + ℓ− ν)β + 2inπ)|2

(
N N
ωℓ − N ζ

ωℓ sin ζ
)

− F8 cos4 ρ

(ν − 2)(ν − 1)β4
|((1 + ℓ− ν)β + 2inπ)|2 |((3 + ℓ− ν)β + 2inπ)|2

(
N N
ωℓ − N ζ

ωℓ sin ζ
))}

,

(6.47)

w ;θ ζ
;θ β =

cos2 ρ (sin ρ)2ℓ

4πL2β

{
4F1Kℓ cot2 ρ+ F1(R− 4K) +

F6K cos2 ρ

(1 + ℓ)β2
|(1 + ℓ+ ν)β + 2inπ|2

}
, (6.48)

2wζβ =
cos2 ρ(sin ρ)2ℓ

8πL2β

{
2F1(R− 4K)[1 + cos2 ρ(1 + 4ℓ)]

+
2F6K cos2 ρ

(1 + ℓ)β2
|(1 + ℓ+ ν)β + 2inπ|2

[
1 + cos2 ρ(1 + 4ℓ)

]
+ 2F1

[
8ℓ2K cos2 ρ cot2 ρ+ (4K − 3R) sin2 ρ

]
+
F6 sin2(2ρ)

(1 + ℓ)β2
|(1 + ℓ+ ν)β + 2inπ|2 (R− 10K) +

F6R sin2(2ρ)

(1 + ℓ)
|(1 + ℓ+ ν)β + 2inπ|2

+
F7K cos2 ρ sin2(2ρ)

(1 + ℓ)(2 + ℓ)β4
|(1 + ℓ+ ν)β + 2inπ|2 |(3 + ℓ+ ν)β + 2inπ|2

+ F1 sin2 ρ

(
16ν2F2N

ζ
ωℓ cos ζ(cos ρ)2ν +

4F4N
ζ
ωℓ cos ζ(cos ρ)2(1+ν)

(1 + ν)β2
|(1 + ℓ+ ν)β + 2inπ|2 (1 + 2ν)

+
F9N

ζ
ωℓ cos ζ(cos ρ)2(2+ν)

(1 + ν)(2 + ν)β4
|(1 + ℓ+ ν)β + 2inπ|2 |(3 + ℓ+ ν)β + 2inπ|2

+
4F5 cos2 ρ

(ν − 1)β2
|(1 + ℓ− ν)β + 2inπ|2

(
N N
ωℓ − N ζ

ωℓ sin ζ
)

− F8 cos4 ρ

(ν − 2)(ν − 1)β4
|(1 + ℓ− ν)β + 2inπ|2 |(3 + ℓ− ν)β + 2inπ|2

(
N N
ωℓ − N ζ

ωℓ sin ζ
))}

.

(6.49)
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Chapter 7

Quantum-corrected metric on adS3

In Chapter 6 we determined the vacuum and thermal expectation values of the RSET for a scalar

field with general mass and coupling. In this chapter we use a selection of these RSETs to examine

the backreaction on the underlying space-time geometry. There are a number of approaches that

can be adopted to study the backreaction. A perturbative approach [46, 93] involves linearising the

Einstein field equations (1.2) and considering first order corrections to the metric. An alternative

method is to use an analytic approximation to a general RSET which is valid for a range of space-

times so that the right hand side of (1.2) is expressed in terms of the unknown metric functions [5, 6].

In this chapter we follow the methodology in [24, 25, 26, 95]. We first compute the RSET using the

adS3 metric which is a solution the vacuum Einstein equations

Rµν −
1

2
Rgµν + Λgµν = 0. (7.1)

The RSET is then used as the source term in (1.2) to find, nonperturbatively, the component

functions of the quantum-corrected metric (QCM).

We use two different forms of the QCM ansatz and compute their component functions. The

intention in this chapter is to give a flavour of the different types of QCM solutions that can be

obtained. The emphasis will be on the energy density profiles of the RSETs and the coupling

constants, rather than the boundary conditions. We do not intend to present a exhaustive account

of all the different possible QCMs obtained with the RSETs obtained in Chapter 6, which we hope

to leave for a future publication.

There is a paucity of literature when it comes to the study of the backreaction of quantum

fields on pure adS space-time. Most of the work in this area has focused on the backreaction of

quantum fields on black hole (BH) backgrounds, in particular the Schwarzschild [56, 57] or the

BTZ BH [25, 26, 65, 67, 87]. The BTZ BH [10] is a (2+1)-dimensional black hole solution to GR

which is asymptotically adS3. The study of the backreaction of quantum scalar fields on the BTZ

background has produced some interesting findings. Using the stress energy tensor obtained from

the BTZ metric as the source term, it was shown that quantum corrections to the BTZ metric

produced a curvature singularity at the space-time origin [26, 67]. Also in [24, 26] it was found

that the quantum backreaction forms an event horizon to mask naked singularities, thus acting as

a form of cosmic censorship.

In a recent study [95], the backreaction of a massless, conformally coupled scalar field was

studied on a background pure adS4. The RSETs for a number of thermal states were computed
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subject to Dirichlet, Neumann and transparent boundary conditions. It was found that the mass

functions of the QCM demonstrated solitonic behaviour with the ‘mass’ of the soliton dependent

on the temperature of the scalar field. In this chapter we use similar metric ansatze for the QCM

to [95] and study the backreaction from scalar fields with general mass and couplings. Allowing

the field mass and coupling constant to vary can result in some exotic RSETs, some of which have

negative energy densities and violate the classical energy conditions (see Section 1.8). The effect

that these RSETs have on the backreaction is an area we explore in this chapter.

This chapter is set out as follows. In Section 7.1 we lay out some preliminary ground work

needed before we can use the RSETs as source terms in Einstein’s field equations. In Section 7.2

we use a metric ansatz for the quantum-corrected metric which has a similar form to the adS3

metric. This will allow direct comparisons to be made between the metric functions of the QCM

and adS3. We then derive ordinary differential equations (ODEs) for the component functions

of the QCM. In Section 7.3 we solve the differential equations derived in Section 7.2 for two of

the QCM functions and use these to obtain an expression for the third. We use Taylor series

expansions of the metric components and RSET terms which are then used for the initial conditions

for the ODEs. In Section 7.4 we display the results for the QCM functions, comparing them to the

corresponding terms on adS3. In Section 7.5 we use a general static, spherically symmetric metric

in Schwarzschild-like coordinates as our alternative QCM ansatz. We present the results obtained

for the mass functions and how they depend on the energy density profiles of the RSETs used as the

source term in Einstein’s equations. In Section 7.6, we examine further whether some of the mass

functions plotted in Section 7.5 converge to a finite result. Finally in Section 7.7 we summarise our

findings and make suggestions for future research in this area.

§ 7.1 Preliminaries

The adS3 metric which was used in the construction of the RSET in Chapter 6 is a solution of the

vacuum Einstein field equations (7.1). In Chapter 6, the v.e.v.s and t.e.v.s of a number of RSETs for

a scalar field with general mass and coupling were computed. To determine the quantum corrected

metric, g̃µν , we use one of the RSETs obtained in chapter 6 as the source term in Einstein’s

equation (1.2) to give

R̃µν −
1

2
R̃ g̃µν + Λg̃µν = 8π ⟨Tµν⟩. (7.2)

In this chapter we set G = 1 and omit theˆon Tµν for clarity. For a given state |ψ⟩, we can express

the expectation value of the stress energy tensor as

⟨ψ|Tµν |ψ⟩ = ⟨T̃µν⟩ + ⟨Tµν⟩0, (7.3)

where ⟨Tµν⟩0 represents the expectation value of the RSET in the vacuum state and ⟨T̃µν⟩ is the

difference in the expectation values between |ψ⟩ and the vacuum state. With Dirichlet and Neumann

boundary conditions, the v.e.v. of the RSET, ⟨Tµν⟩D/N0 , respects the underlying symmetry of adS3

and is thus a constant α multiplied by the space-time metric (6.7, 6.8). The constant α depends on

ν and the coupling constant ξ. We can thus rearrange (7.2) as

R̃µν −
1

2
R̃ g̃µν + {Λ − 8πα} g̃µν = 8π ⟨T̃µν⟩. (7.4)
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For the Dirichlet/Neumann vacuum states (6.7, 6.8), the constant α is given by

α = ± 1

12πL3

{
ν3 + (6ξ − 1)ν

}
, (7.5)

where ν is given in (4.16), ξ is the coupling constant and +/− represent the Dirichlet and Neumann

boundary conditions respectively. It is a simple matter to see that in the massless, conformally

coupled case (m = 0, ν = 1/2, ξ = 1/8), we have α = 0. Equation (7.4) merely represents a

renormalisation of the cosmological constant [95], so we can write (7.4) as

R̃µν −
1

2
R̃ g̃µν + Λ̃g̃µν = 8π ⟨T̃µν⟩, (7.6)

where Λ̃ = Λ − 8πα represents the renormalised cosmological constant. Finally we re-write (7.6)

with mixed indices as this is the form of the RSETs derived in Chapter 6. This gives

R̃ ν
µ −

(
1

2
R̃− Λ̃

)
δνµ = 8π ⟨T̃ ν

µ ⟩. (7.7)

We use (7.7) as the form of Einstein’s equations to calculate the quantum corrected metric g̃µν .

§ 7.2 Metric ansatz

We start with a general metric ansatz for a static, spherically symmetric three-dimensional space-

time of the form

ds2 = −A(ρ)dt2 +B(ρ)dρ2 + C(ρ)dθ2. (7.8)

Inserting g̃µν into (7.7) gives us three equations for the metric functions corresponding to the three

nonzero components of ⟨T̃ νµ ⟩

0 = Λ̃ − 8π⟨T̃ tt ⟩ −
C(ρ)B′(ρ)C ′(ρ) − 2B(ρ)C(ρ)C ′′(ρ) +B(ρ)C ′(ρ)2

4B2(ρ)C2(ρ)
, (7.9)

0 = Λ̃ − 8π⟨T̃ ρρ ⟩ +
A′(ρ)C ′(ρ)

4A(ρ)B(ρ)C(ρ)
, (7.10)

0 = Λ̃ − 8π⟨T̃ θθ ⟩ +
2A(ρ)B(ρ)A′′(ρ) −A(ρ)A′(ρ)B′(ρ) −B(ρ)A′(ρ)2

4A2(ρ)B2(ρ)
, (7.11)

where the prime denotes differentiation with respect to ρ. We also have the nonzero component of

the conservation equations ∇µ⟨T̃ µ
ρ ⟩ = 0 where

∇µ⟨T̃ µ
ρ ⟩ =

1

2

{
A′(ρ)

A(ρ)

(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
+
C ′(ρ)

C(ρ)

(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)
+ 2⟨T̃ ρρ ⟩′

}
. (7.12)

As a consistency check for equations (7.9– 7.12) we differentiate (7.10) and rearrange it to obtain

an expression for A′′(ρ). This is then substituted into (7.11) to give

0 = Λ̃− 8π⟨T̃ θ
θ ⟩+

A′(ρ)2

4A2(ρ)B(ρ)
+ 16π⟨T̃ ρρ ⟩′

C(ρ)

C ′(ρ)
+

A′(ρ)

2A(ρ)B(ρ)

{
C ′(ρ)

C(ρ)
+
B′(ρ)

2B(ρ)
− C ′′(ρ)

C ′(ρ)

}
. (7.13)
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Rearranging (7.9) gives an expression for C ′′(ρ) which, after substituting into (7.13) (and after some

algebra) gives

0 = 8π

{
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩ +

C(ρ)

C ′(ρ)

[
A′(ρ)

A(ρ)
(⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩) + 2⟨T̃ ρρ ⟩′

]}
. (7.14)

It can now be seen that the conservation equation (7.12) is simply C ′(ρ)/16πC(ρ) times (7.14),

showing that Einstein’s equations (7.9–7.11) lead to the conservation of the RSET.

We now rearrange equations (7.9–7.12) to obtain differential equations for C(ρ) and A(ρ) in

terms of the components of the RSET and their derivatives. For C(ρ) we have

0 = Λ̃ − 8π⟨T̃ tt ⟩ −
8πC⟨T̃ ρρ ⟩′

(
⟨T̃ tt ⟩ − ⟨T̃ ρρ ⟩

)
(
⟨T̃ θθ ⟩ − ⟨T̃ ρρ ⟩

)
C ′ − 2C⟨T̃ ρρ ⟩′

−
C
(

Λ̃ − 8π⟨T̃ ρρ ⟩
)(

⟨T̃ tt ⟩′ − ⟨T̃ ρρ ⟩′
)

C ′
(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)
+ 2C⟨T̃ ρρ ⟩′

+
CC ′′

(
Λ̃ − 8π⟨T̃ ρρ ⟩

)(
⟨T̃ tt ⟩ − ⟨T̃ ρρ ⟩

)
C ′
[
C ′
(
⟨T̃ θθ ⟩ − ⟨T̃ ρρ ⟩

)
− 2C⟨T̃ ρρ ⟩′

]

+

(
⟨T̃ tt ⟩ − ⟨T̃ ρρ ⟩

)(
Λ̃ − 8π⟨T̃ ρρ ⟩

)
[
C ′
(
⟨T̃ θθ ⟩ − ⟨T̃ ρρ ⟩

)
− 2C⟨T̃ ρρ ⟩′

]2
{
C ′2

(
⟨T̃ θθ ⟩ − ⟨T̃ ρρ ⟩

)

− CC ′
(
⟨T̃ θθ ⟩′ − ⟨T̃ ρρ ⟩′

)
− CC ′′

(
⟨T̃ θθ ⟩ − ⟨T̃ ρρ ⟩

)
+ 2C2⟨T̃ ρρ ⟩′′

}
, (7.15)

where we have omitted the arguments of the C(ρ) function for clarity. Likewise for A(ρ) we have

0 = −8π⟨T̃ θθ ⟩ +
4
(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)2
(8π⟨T̃ ρρ ⟩ − Λ̃)

A′2
[
2⟨T̃ ρρ ⟩′ + A′

A

(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)]2
{

−
Λ̃A′2

[
A′
(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
+ 2A⟨T̃ ρρ ⟩′

]2
4A2

(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)2 (
8π⟨T̃ ρρ ⟩ − Λ̃

)2
+

[
A′
(
⟨T̃ tt ⟩ − ⟨T̃ ρρ ⟩

)
− 2A⟨T̃ ρρ ⟩′

] (
A′3 − 2AA′A′′)

4A2
(
⟨T̃ θθ ⟩ − ⟨T̃ ρρ ⟩

)(
8π⟨T̃ ρρ ⟩ − Λ̃

)

+
A′3
[
A′
(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
+ 2A⟨T̃ ρρ ⟩′

]
4A
(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)(
8π⟨T̃ ρρ ⟩ − Λ̃

) +
2πA′2

[
A′
(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
+ 2A⟨T̃ ρρ ⟩′

]
⟨T̃ ρρ ⟩′

A
(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)(
8π⟨T̃ ρρ ⟩ − Λ̃

)2
+
A′2
[
A′
(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
+ 2A⟨T̃ ρρ ⟩′

] (
⟨T̃ ρρ ⟩′ − ⟨T̃ θθ ⟩′

)
4A
(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)2 (
8π⟨T̃ ρρ ⟩ − Λ̃

) −
A′A′′

[
A′
(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
+ 2A⟨T̃ ρρ ⟩′

]
4A
(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)(
8π⟨T̃ ρρ ⟩ − Λ̃

)

+
A′2
[
A′2
(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
−AA′

(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
−AA′′

(
⟨T̃ ρρ ⟩ − ⟨T̃ tt ⟩

)
− 2A2⟨T̃ ρρ ⟩′′

]
4A2

(
⟨T̃ ρρ ⟩ − ⟨T̃ θθ ⟩

)(
8π⟨T̃ ρρ ⟩ − Λ̃

) }
(7.16)
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The differential equations (7.15, 7.16) are solved using MATHEMATICA to obtain C(ρ) and A(ρ)

expressed as interpolating functions. We then use (7.10) to obtain an expression for B(ρ) as

B(ρ) =
A′C ′

4AC
(

8π⟨T̃ ρρ ⟩ − Λ̃
) . (7.17)

§ 7.3 Solving the ODEs

Before we can use the differential equations for C(ρ) and A(ρ) given in (7.15, 7.16), it should be borne

in mind that the components of the RSETs used in these equations have been computed numerically

(see Sections 6.2–6.4). To convert the numerical data into functions that can be differentiated and

used in (7.15, 7.16), we use the Interpolation function in MATHEMATICA to order nine to improve

accuracy (Figure 7.1).
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Figure 7.1: Comparison of the numerically obtained data points for the ⟨T̃ ρρ ⟩ component of the
RSET (blue dots) with the corresponding interpolation function obtained from MATHEMATICA

with interpolation order nine. This is for the massless, conformally coupled field with Dirichlet
boundary condition and inverse temperature β = 1.

We solve the differential equations (7.15, 7.16) for C(ρ) and A(ρ) using the NDSolveValue

command in MATHEMATICA. The assumptions we make about the series expansions of A(ρ), C(ρ)

(see (7.19) below) means that the ODEs (7.15, 7.16) are singular at the space-time origin. We

therefore start the numerical integration at ρ = ϵ for ϵ ≪ 1. To do this we require Taylor series

expansions of the metric functions and the RSET components near the space-time origin (ρ → 0).

For the RSET components, we use the series expansion of the interpolating functions obtained

in MATHEMATICA. This reveals that the coefficients of the odd powers of ρ increasingly vanish

with higher interpolation order. For example with for the massless, conformally coupled field (ν =

1/2, ξ = 1/8), the coefficient of the ρ3 term is ∼ 10−2 with Interpolation order three whilst it is

∼ 10−9 with Interpolation order 9. Thus, consistent with the findings in [95], we find that the

series expansions of the RSET components near the space-time origin contain only even powers of

ρ, giving
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⟨T̃ tt ⟩ = T00 + T02 ρ
2 + T04 ρ

4 + T06 ρ
6 + O(ρ8),

⟨T̃ ρρ ⟩ = T10 + T12 ρ
2 + T14 ρ

4 + T16 ρ
6 + O(ρ8),

⟨T̃ θθ ⟩ = T20 + T22 ρ
2 + T24 ρ

4 + T26 ρ
6 + O(ρ8). (7.18)

This is in keeping with the expressions obtained for the RSET components for Dirichlet and

Neumann boundary conditions in (6.24–6.26) which can be seen to consist of even powers of ρ. As

a result of the form of the series expansion of the RSET components (7.18), it is natural to assume

that the expansions of the metric functions also contain only even powers of ρ, namely

A(ρ) = A0 +A2 ρ
2 +A4 ρ

4 +A6 ρ
6 + O(ρ8),

B(ρ) = B0 +B2 ρ
2 +B4 ρ

4 +B6 ρ
6 + O(ρ8),

C(ρ) = C2 ρ
2 + C4 ρ

4 + C6ρ
6 + C8ρ

8 + O(ρ10). (7.19)

where the coefficients Ai, Bi, Ci are to be determined. For the C(ρ) expansion we start with the

O(ρ2) term, which matches the behaviour of the original adS metric (2.9), and include terms for up

to O(ρ8) to give four terms for each of the expansions in (7.18, 7.19).

To find expressions for the metric coefficients Ai, Bi, Ci in terms of the RSET coefficients Tij , we

insert (7.18, 7.19) into the Einstein equations (7.9, 7.10, 7.11) and the conservation equation (7.12).

We then obtain a series expansion of the resulting equations and equate powers of ρ. Attempts to

use the regularity of the invariant curvature scalar obtained by contracting the Ricci tensor with

itself (RµνR
µν), proved fruitless as this was already found to be regular near the space-time origin.

However, as we are in a static space-time, there is freedom to rescale the time coordinate and thus

we can choose A0 = 1. We are then able to obtain values for the remaining Ai, Bi coefficients in

terms of the Tij ones.

In order to avoid a conical singularity in the metric, we need to constrain the value of C2. To

see why this is needed, consider the metric of a flat two-dimensional space in polar coordinates,

given by

ds2 = dr2 + r2dθ2. (7.20)

If we compare the leading order terms of the spatial part of the QCM ansatz we have

ds2 = B0 dρ
2 + C2 ρ

2dθ2,

= B0

(
dρ2 +

C2

B0
ρ2dθ2

)
. (7.21)

Therefore, we need to set C2 = B0 as a different value of C2 will result in an angular defect/excess

and a conical singularity.

The metric coefficients for the lowest order terms are

A0 = 1,

A2 =
3T12 − T22
T00 − T10

,
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C2 = B0 =
3T12 − T22

(T00 − T10)(8πT10 − Λ̃)
. (7.22)

Higher order terms become very large and unwieldy and are therefore not shown. It can be demon-

strated that the denominators in all of the metric coefficients are nonvanishing.

Having obtained the values of the coefficients of the C(ρ) and A(ρ) expansions we need to choose

a starting point (initial condition) for the integration in the NDSolveValue command. Using the

series (7.19), we find (7.15, 7.16) are singular at the origin. Therefore we start the integration at

a point ϵ close to the origin. We consider starting points of ϵ = 10−3, ϵ = 10−5 and ϵ = 10−6

and examine the resulting solutions obtained from the NDSolveValue command. We find that the

Interpolating functions for C(ρ), produced by the different values of ϵ, had matching profiles. Thus

we use ρ = 10−6 as the starting point of the integration. As the metric functions are divergent

at the space-time boundary (as is the case for the adS3 metric components), the end-point for

the integration was chosen to be at ρ = π/2 − 10−6. As (7.15, 7.16) are second order differential

equations we also need to stipulate the initial conditions for C ′(ρ) and A′(ρ) but this found trivially

by differentiating the relevant power series in (7.19). The metric functions A(ρ) and C(ρ) obtained

by solving the ODEs (7.15, 7.16) are returned in MATHEMATICA as Interpolation functions which

are suitable for differentiating and using in subsequent analysis.

§ 7.4 QCM components

In presenting our results, we select four different RSETs obtained in Chapter 6 to give a flavour of

the different types of QCM solutions obtained. Figure 7.2 shows the QCM components obtained

using the RSET for a minimally coupled (ξ = 0) scalar field in a thermal state with Dirichlet

boundary conditions and a selection of inverse temperatures β, with ν = 1/4. The QCM functions

are displayed as ratios with the corresponding terms in the adS3 metric where we have set the

adS3 length scale L = 1. The energy density component of the RSET is the difference between

the thermal and vacuum states and is positive for all inverse temperature β. Figure 7.2 shows

that A(ρ) closely matches its adS3 counterpart (sec2 ρ) until ρ ∼ π/6 following which it increases

monotonically, reaching its maximum at the space-time boundary. For β > 1 it appears that A(ρ)

begins to plateau as ρ → π/2. The magnitude of the increase in A(ρ) is temperature-dependent.

Increasing temperature (decreasing β) results in greater deviation from the corresponding adS3

metric function. For β = 3 we see only a minimal increase throughout the space-time.

We see a different picture for the B(ρ) function, where the maximum separation between the

different values of β is seen at the space-time origin. As with A(ρ), the greatest deviation from

the adS3 metric term is with the highest temperature (β = 1). As the space-time boundary is

approached, the B(ρ) functions converge and approach the same value. For the C(ρ) function we

see a different qualitative behaviour to that seen with A(ρ) and B(ρ). The profiles for the different

inverse temperatures β stay separated throughout the space-time. With increasing temperature we

see increasing deviation of C(ρ) from its adS3 counterpart, with the β = 3 profile differing the least.

The profiles of the metric functions for the massless, conformally coupled field (Figure 7.3) are

very similar qualitatively to those seen for the minimally coupled field and ν = 1/4 (Figure 7.2).

Changes in the mass/coupling appear to have little effect. Comparing the the profiles in Figure 7.3
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Figure 7.2: The components of the quantum corrected metric (7.8) (as ratios with the corresponding
ads3 functions), obtained for a scalar field with ν = 1/4, ξ = 0 (minimal coupling) and the Dirichlet
boundary condition applied at the space-time boundary. Profiles are shown for a selection of inverse
temperatures β. Top left shows the energy density component of the RSET (difference between the
thermal and vacuum states). For all plots the adS3 length scale L̃ = 1.

to those seen with the massless, conformally coupled field in adS4 [95], we find that the B(ρ)

and C(ρ) profiles are also qualitatively similar in both cases. With the A(ρ) function, we see the

maximum departure from the adS4 term at the space-time boundary (as in Figure 7.3) but with

increasing temperature, we see a decrease in A(ρ) in adS4.

In Figure 7.4 we use a RSET with very different energy density profiles, compared to Figure 7.2,

obtained by using a scalar field with a negative coupling ξ = −1/2. Not surprisingly, this produces

qualitatively different results for the QCM functions. The A(ρ) profile is similar to that seen in the

minimally coupled case, with A(ρ) resembling pure adS3 at the space-time origin. At ρ ∼ π/6, the

A(ρ) profiles begin to deviate away from pure adS3 but only in the high temperature (β = 1) case

is A(ρ) greater than its pure adS3 counterpart. The other A(ρ) profiles decrease with increasing ρ,

attaining a minimum as the space-time boundary is approached. The B(ρ) functions behave similar

qualitatively to the minimally coupled case, with the maximum separation between the profiles found

at the space-time origin. All profiles appear to converge together towards the space-time boundary

where the B(ρ) functions are ∼ 2.5 times greater than in pure adS3. The C(ρ) functions have a

near constant value throughout space-time, decreasing with increasing temperature. However, the

low temperature β = 3 profile is ∼ 1.2 times that in pure adS3, even at the space-time origin and

increases slowly as we approach the space-time boundary.

In Figure 7.5 we use RSETs obtained using Robin boundary conditions in the vacuum state with

ν = 3/4, ξ = 1/8. As with the thermal states studied in Figures 7.2 – 7.4, when Robin boundary

conditions are applied, the maximal symmetry of adS space-time is broken. For the RSETs we

use the difference between the Robin and Neumann v.e.v.s of the RSETs and renormalise the
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Figure 7.3: The components of the quantum corrected metric (7.8) (as ratios with the corresponding
ads3 functions), obtained for a scalar field with ν = 1/2, ξ = 1/8 (massless, conformally coupled)
and the Dirichlet boundary condition applied at the space-time boundary. Profiles are shown for
a selection of inverse temperatures β. Top left shows the energy density component of the RSET
(difference between the thermal and vacuum states). For all plots the adS3 length scale L̃ = 1.
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Figure 7.4: The components of the quantum corrected metric (7.8) (as ratios with the corresponding
ads3 functions). The RSET is obtained for a scalar field with ν = 1/4, ξ = −1/2 and applying the
Dirichlet boundary condition at the space-time boundary. The profiles show a selection of inverse
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Figure 7.5: The components of the quantum corrected metric (7.8) (as ratios with the corresponding
ads3 functions), obtained for a scalar field with ν = 3/4, ξ = 1/8 in the vacuum state. A selection
of Robin boundary conditions have been applied to the scalar field at the space-time boundary. Top
left shows the energy density component of the RSET (difference between the vacuum Robin and
vacuum Neumann states).

cosmological constant using the Neumann v.e.v. (7.5). A selection of Robin parameters ζ was

chosen to give varied energy density profiles, with two profiles being entirely negative and two

entirely positive. We see that the plots of the QCM functions are markedly different from those seen

in Figures 7.2 – 7.4. The A(ρ) profiles are similar for the different Robin parameters chosen. At the

space-time origin, the A(ρ) profiles equate to the adS3 counterpart but then decrease monotonically

reaching a value approaching to zero at the space-time boundary. The profiles for the B(ρ) and

C(ρ) functions are qualitatively similar. Both profiles show the maximum separation between the

different Robin parameters at the origin before decreasing and moving towards each other as the

space-time boundary is approached. The difference in the profiles of the QCM metric functions in

Figure 7.5 compared to Figures 7.2 – 7.4 is likely to be because the energy density of the RSET

−⟨T̃ tt ⟩, with Robin boundary conditions, converges to zero very slowly as ρ→ π/2.

§ 7.5 Alternative QCM ansatz

We now consider another static, spherically symmetric metric ansatz for the QCM but using

Schwarzschild-like coordinates

ds2 = −f(r)eψ(r)dt2 +
1

f(r)
dr2 + r2dθ2, (7.23)
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where −∞ < t < ∞, 0 ≤ θ ≤ 2π and r ∈ [0,∞) represents the radial coordinate. The functions

f(r) and ψ(r) are to be determined. The function f(r) is given by

f(r) =
r2

L̃2
−M(r), (7.24)

where L̃ is the renormalised adS3 radius of curvature related to the renormalised cosmological

constant by Λ̃ = −1/L̃2 and M(r) is a mass function. For r2 > 0 with ψ(r) = 0 and M > 0, the

metric shown in (7.23) represents the static BTZ metric [10] where the constant M is the mass of

the BTZ black hole. Using (7.23) as our ansatz, we can consider the limit of M(r) as r → ∞ (if

there is such a limit) as the mass of the metric or coordinate mass [27].

Comparing (7.23) to (7.8) we note that the metric has undergone a coordinate transformation

ρ→ r where

r2 = C(ρ). (7.25)

Furthermore, the functions f(r), ψ(r) and M(r) can be expressed in terms of the metric functions

in (7.8) as

f(r) =
C ′(ρ)2

4C(ρ)B(ρ)
, (7.26)

ψ(r) =
4A(ρ)B(ρ)C(ρ)

C ′(ρ)2
, (7.27)

M(r) =
r2

L̃
− C ′(ρ)2

4C(ρ)B(ρ)
. (7.28)

Using (7.19), the behaviour of f(r) near the space time origin (ρ→ 0) is given by

f(r) =
C2

B0
+ O(ρ2). (7.29)

As we have set C2 = B0 to avoid a conical singularity, we have f(r) → 1, as ρ → 0, r → 0. Using

(7.24), we also have

M(r) → −1 as r → 0, ρ→ 0. (7.30)

In pure adS3 M = −1 and is a constant. This can be seen by using (7.28) and the corresponding

components of the adS3 metric (2.9) in place of B(ρ), C(ρ).

We now seek to find an equation for M(r). To do this we insert the metric ansatz (7.23) into

(7.7), to obtain a differential equation for M(r),

dM

dr
= −16π

√
C(ρ) ⟨T̃ tt ⟩(ρ). (7.31)

It will be noted that the left hand side of (7.31) is the derivative of M with respect to the radial co-

ordinate r, whilst the right hand side of (7.31) contain terms dependent on ρ. However, using (7.25)

we have
dM

dρ
= −8πC ′(ρ) ⟨T̃ tt ⟩(ρ). (7.32)
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We now numerically integrate (7.32) with respect to ρ, using the NIntegrate function in MATHE-

MATICA, with the constant of integration is given by M(0) = −1. The integration is performed for

ρ ∈ [π/200, 94π/200] as this matches the range of the ⟨T̃ tt ⟩ term. We thus obtain M(ρ) numerically.

Using (7.25) and the previously determined metric function C(ρ), we can obtain M(r) which we

use to produce plots of M(r). It will be seen that the ranges of the r coordinate in the M(r) plots

are not all the same. This is a reflection of using the C(ρ) functions only up to ρ = 94π/200 to

reflect the range of the RSETs components, with the different C(ρ) functions resulting in different

ranges for the radial coordinate r.
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Figure 7.6: Mass functions M(r) (right) with the corresponding energy density profiles (left) for
a selection of thermal states with a range of inverse temperatures β. Top row, ν = 1/2, ξ = 1/8
(massless, conformally coupled). Second row, ν = 1/4, ξ = 0 (minimally coupled) and third row,
ν = 1/4, ξ = −1/2. For all plots, Dirichlet boundary conditions were applied.

In analysing our results on adS3, we compare them to those obtained on adS4 with a massless,

conformally coupled scalar field [95], where it was noted that the mass functions started atM(0) = 0,

fixed by the integration constant, and then increased steeply before reaching a plateau. The M(r)
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profiles in [95] tended to a finite limit as r → ∞. This was described as demonstrating a solitonic

behaviour, with the mass of the soliton given by the limit of M(r) as r → ∞.

To present the results of the M(r) plots we use the RSETs from Figures 7.2–7.5. In addition

we also use the RSET obtained from a scalar field with ν = 1/2 in a thermal state with β = 1 and

a selection of coupling constants ξ, with the Neumann boundary condition applied at the space-

time boundary. Figure 7.6 shows the mass functions (right) obtained with a selection of thermal

RSETs (left) with a range of inverse temperatures β. For all plots in Figure 7.6, Dirichlet boundary

conditions were applied. The top row shows the thermal RSETs for a massless, conformally coupled

scalar field with ν = 1/2, ξ = 1/8. The energy density profiles (left) remain positive throughout

space-time. The corresponding M(r) plots (right) start at M(r) = −1 (fixed by the constant

of integration) but as we move away from the space-time origin, the M(r) profiles each increase

monotonically with increasing r. The value of M(r) is greater with rising temperature (decreasing

β) and the separation between the different profiles increases with increasing r. All profiles appear

to plateau at some value of r giving a solitonic appearance but only for the highest temperature

β = 1 does M(r) rise above zero (see Section 7.6 for further analysis on this matter). For the lowest

temperature case studied (β = 3), we see that M(r) remains close to −1 resembling the case of pure

adS3 where M = −1. The M(r) plots for the massless, conformally coupled field with Dirichlet

boundary conditions (Figure 7.6, top) are qualitatively similar to those seen with the equivalent

scalar field in adS4 [95].

In Figure 7.6 middle row, the energy densities and M(r) plots are shown for thermal states with

ν = 1/4, ξ = 0. These RSETs also possess energy density profiles (left) that are positive throughout

space-time. The corresponding M(r) plots are shown on the right and qualitatively resemble those

seen for the massless, conformally coupled case. We see that the M(r) profiles start at −1 at the

space-time origin for all inverse temperatures β, consistent with pure adS3. As we move away from

the origin, the M(r) profiles each increase monotonically with increasing r but all profiles remain

negative throughout space-time (although the profile for β = 1 may becomes positive if the range

of the r coordinate were extended). By examining the profiles alone it is difficult to say whether

the mass functions plateau and become solitonic in appearance. More will be said about this point

in Section 7.6. For the lowest temperature case studied (β = 3), we see that M(r) remains close to

−1 consistent with pure adS3.

In Figure 7.6, bottom row, we examine RSETs with predominantly negative energy densities

(left). We use a scalar field with ξ = −1/2, ν = 1/4. The M(r) profiles (right) are qualitatively very

different from those seen with either the minimally or conformally coupled field. At the space-time

origin the M(r) profiles all start at M(r) = −1 as in the case of pure adS3, but moving away from

the origin, the profiles initially decrease with M ′(r) < 0, attaining a minimum at some value of

r where M ′(r) = 0. The values of the minima decrease with decreasing temperature. All profiles

then increase monotonically towards the space-time boundary, but only the profiles with β < 2

rise above −1. None of the profiles show any evidence of reaching a plateau. The behaviour of

the M(r) profiles in Figure 7.6, bottom row, may be understood by examining the corresponding

energy density profiles. From (7.31), and noting that r =
√
C(ρ) (7.25), it can be seen that M ′(r)

depends on the energy density of the RSET. As the energy densities of the RSETs are initially

negative, we see an initial decrease M(r), attaining a minimum when the energy density profiles
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Figure 7.8: Mass functions M(r) (right) with the corresponding energy density profiles (left) for
a scalar field in the vacuum state with ν = 3/4, ξ = 1/8 and Robin boundary conditions applied
using a selection of Robin parameters ζ.

become zero (which occurs at different values of r for each temperature profile). When the RSETs

become positive, we see M(r) begin to rise.

Figure 7.6 shows the dramatic effect that varying the coupling constant ξ has on both the

energy density profiles and the consequent M(r) plots, especially when we have a negative ξ. We

can examine this further by examining a scalar field in a thermal state with fixed inverse temperature

β, and a variety of coupling constants. This is shown in Figure 7.7 with the Neumann boundary

condition applied to the scalar field.

In Figure 7.7, we examine a selection of RSETs with ν = 1/2, β = 1 and a range of coupling

constants ξ. The Neumann boundary condition was applied to the scalar field at the space-time

boundary. The coupling constants are chosen to produce a range of energy density profiles (left),

some of which are negative for part or all of the space-time. The corresponding M(r) plots are

shown on the right. For ξ = 1/8 (conformal coupling), we have a standard energy density profile

which is positive throughout space-time. The M(r) profile increases monotonically from −1 at

the origin, and plateaus at a small positive value. The profile is that of a soliton and resembles

that seen in the massless, conformally coupled case with Dirichlet boundary conditions and β = 1

(Figure 7.6 top row). The M(r) profile with minimal coupling (ξ = 0) increases initially away

from the origin before decreasing monotonically with increasing r. The M(r) profiles seen with the
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negative coupling constants (ξ = −1/8, ξ = −1/4) decrease monotonically moving away from the

origin. Only the M(r) profile with ξ = 1/8 exhibits a solitonic shape.

In Figure 7.8, we have a selection of vacuum RSETs (left) obtained using Robin boundary

conditions with a range of Robin parameters ζ, with ν = 3/4. The corresponding plots for the

A(ρ), B(ρ), C(ρ) functions are shown in Figure 7.5. The values of ζ were chosen to give two energy

density profiles which are entirely positive energy (ζ = 51π/100 and ζ = 52π/10) and two entirely

negative (ζ = 10π/100 and ζ = 40π/100). As can be seen, the profiles of the M(r) plots (right) are

very different to those seen in thermal states with Dirichlet boundary conditions, Figure 7.6. All

profiles start at M(r) = −1 as before but the M(r) profiles for the RSETs with negative energy

densities (ζ = 10π/100, 40π/100) decrease monotonically (become progressively more negative) with

increasing r, as we move away from the space-time origin. The M(r) profiles with positive energy

densities (ζ = 51π/100, 52π/100) increase monotonically as we move away from the boundary but

the ranges of the r coordinates are restricted compared to their negative energy counterparts. None

of the M(r) profiles show any evidence of plateau and do not seem to converge to a finite limit as

r → ∞ and, therefore, do not exhibit a solitonic behaviour.

§ 7.6 Mass function at the boundary

In Figure 7.6 (top), it appeared that the mass function profiles for the massless, conformally coupled

scalar field converged to a finite limit as r → ∞. This is consistent with the finding in [95] and

depicts a solitonic behaviour of M(r). We now give additional evidence to support this conclusion.

It can be seen in Figure 7.3 that the ratios of C(ρ)/ tan2(ρ) converge to a temperature-dependent

finite limit Cβ∞ as ρ → π/2. Thus, using the Taylor series expansion of tan2(ρ) near ρ → π/2, we

have

r2 = C(ρ) ∼ Cβ∞

(π
2
− ρ
)−2

+ O
(π

2
− ρ
)0
. (7.33)

In keeping with [95], we make the assumption that near the space-time boundary as ρ → π/2, the

expansion of the ⟨T̃ tt ⟩ component of the RSET takes the form

⟨T̃ tt ⟩ = T∞
(π

2
− ρ
)a

+ O
(π

2
− ρ
)a+1

, (7.34)

for constants T∞ and a. Using (7.31), we can express the derivative of the mass function near the

boundary as r → ∞, ρ→ π/2 to leading order as

dM

dr
∼ −16π

√
Cβ∞ T∞

(π
2
− ρ
)a−1

∼ O(r(1−a)). (7.35)

For M(r) to converge to a finite limit as ρ → π/2 and to avoid a logarithmic behaviour as

r → ∞ we require that a > 2. To determine an approximation for a we perform a log-log plot of

⟨T̃ tt ⟩ in (7.34) with the leading order term in the right hand side of (7.34), displayed in Figure 7.9.

We then use the LinearModelFit function in MATHEMATICA to compute an approximation to the

constant a. To improve the accuracy of the linear model fit we have chosen the range of ρ in
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conformally coupled field (ν = 1/2, ξ = 1/8) with β = 1. We determine the coefficient a using a
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Figure 7.9 to be ρ ∈ [74π/200, 94π/200] as we are really interested in the behaviour of ⟨T̃ tt ⟩ as we

approach the space-time boundary. We find a good approximation between the log-log plot (orange

dots) and the linear model fit (blue line) giving a ∼ 3.6. This supports the conclusion that M(r)

converges to a finite limit as r → ∞ for the massless,conformally coupled scalar field. Performing

the same analysis for higher values of β (lower temperatures) gives similar values of α > 3.

In the case of the minimally coupled scalar field (ν = 1/4, ξ = 0) shown in Figure 7.6 (middle),

the convergence of the M(r) plots to a finite value as r → ∞ is less obvious to the naked eye.

Repeating the analysis as for the massless, conformally coupled case, we find that for β = 1 we have

a ∼ 2.7, suggesting that the M(r) plot does indeed converge. When we increase β (decrease the

temperature) we find that a decreases with increasing β. Thus for β = 3, we have a ∼ 2.2. This is

still above the limit for a logarithmic behaviour suggesting again that for all values of β, the M(r)

plots in Figure 7.6 (middle) converge to some finite limit, demonstrating a solitonic behaviour.

§ 7.7 Conclusions

This chapter contains the concluding work in this thesis. We have computed the backreaction of a

selection of RSETs on the underlying adS3 space-time geometry. In some respects it aims to close

the loop regarding the different themes of research presented in the other chapters. We have used

a selection of RSETs from Chapter 6 as the source term in Einstein’s field equations to compute

the QCM, with the emphasis being on the profiles of the RSETs rather than specifically focusing

on boundary conditions. We have chosen, as the source term, RSETs with different energy density

profiles, including some that are mostly or wholly negative throughout space-time. We have used

two different metric ansatze for our QCMs. The first (7.8) has a similar form to the adS3 metric,

so we can compare the component functions to the corresponding terms in the adS3 metric. The

second metric ansatz (7.23) is that of a static, spherically symmetric metric in Schwarzschild-like

coordinates, whereby we compute the ‘mass’ function. We compare our work with [95], where

the QCM on adS4 was computed using a massless, conformally coupled scalar field with Dirichlet,

Neumann and transparent boundary conditions.

Inserting the QCM ansatz (7.8) into the Einstein equations, we obtain three expressions for the
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metric ansatz functions A(ρ), B(ρ), C(ρ) in terms of the three nonzero components of the RSET. We

use these equations (7.9, 7.10, 7.11), together with the conservation equation (7.12), to obtain ODEs

for the different components of the QCM. As the RSET components used in the ODEs have been

obtained numerically we first use the Interpolation function in MATHEMATICA to convert the data

sets into a form that can be differentiated. The ODEs are solved numerically with MATHEMATICA

and the individual QCM functions are displayed as ratios with the corresponding terms in ads3. For

the three thermal states with Dirichlet boundary conditions, shown in Figures 7.2 – 7.4, we see that

the metric functions have temperature-dependent profiles with the lowest temperature (highest β)

ones most closely resembling their adS3 counterparts.

The behaviour of the QCM metric functions when Robin boundary conditions are used to derive

the vacuum RSETs (Figure 7.8) are quite different to those seen in the thermal states. The B(ρ)

and C(ρ) terms are dependent on the Robin parameter, with the ζ = 10π/100 profile most closely

resembling the adS3 Dirichlet case except towards the boundary. The A(ρ) profiles have little

dependence on the Robin parameter. All plots match their adS3 counterparts at the space-time

origin and all decrease monotonically as they approach the space-time boundary, except for the

C(ρ) profile with ζ = 10π/100, which appears to first increase towards the space-time boundary

before decreasing.

We also use a general ansatz for a static, spherically symmetric metric (7.23) in Schwarzschild-

like coordinates and determine the ‘mass’ functions, with the same RSETs used in Figures 7.3–7.5.

Additionally, we use the RSETs obtained from the scalar field in a thermal state with Neumann

boundary conditions and ν = 1/2, β = 1 with a selection of coupling constants. The M(r) plots

are shown in Figures 7.6 – 7.8. In [95], where a massless, conformally coupled scalar field was

studied in adS4, it was found that the mass functions exhibited solitonic behaviour for all inverse

temperatures β. This observation was supplemented by an additional argument.

For the RSETs examined in this chapter, on a background adS3, we only see a solitonic type of

behaviour for the mass functions with the massless, conformally coupled scalar field and possibly

the minimally coupled field with ν = 1/4, both with Dirichlet boundary conditions (Figure 7.6).

Solitonic behaviour was also noted with the massless, conformally coupled field with Neumann

boundary conditions and β = 1 (Figure 7.7). The M(r) profiles seemed to converge to a finite limit

that was very much temperature-dependent. This was supported by an additional argument. From

(7.31) it can be seen that, in order for the M(r) plots to converge, we require that ⟨T̃ tt ⟩ rapidly

converges to zero as we approach the space-time boundary. It may be that the lack of convergence

seen with some of the M(r) plots is because the RSETs computed in Chapter 6 were obtained for

ρ ∈ [π/200, 94π/200]. Numerical error in the computation of the RSETs prevented us from easily

going closer to the space-time boundary. In keeping with [27, 95], if M(r) converges to a finite

limit, we refer to this limit as the mass of the metric or soliton. When the M(r) profile does not

converge it is not possible to clearly define a notion of coordinate or metric mass and in these cases

the significance of the mass functions remain an open question.

The selection of RSETs chosen in this chapter, as the source terms for the study of the QCMs,

was limited primarily due to time constraints. The intention was to give a flavour of the different

types of QCM solutions possible with the RSETs obtained in Chapter 6. It would be interesting

to give a more comprehensive account of the role played by the coupling constant and boundary

conditions and to what extent we can obtain solitonic type of solutions for the mass functions.
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Furthermore, in the choice of expansion for the C(ρ) function in (7.19), we set C2 = B0 so as

to avoid a conical singularity. It would be interesting to examine the results if we relaxed this

restriction and considered an expansion where C0 ̸= 0. Preliminary results in this area suggest

the possibility of black hole solutions to the QCM. We intend to expand on this in a forthcoming

publication.
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Chapter 8

Conclusions and outlook

In this thesis we have used the framework of quantum field theory in curved space-time to study a

free quantum scalar field Φ̂ propagating on a background classical, curved anti-de Sitter space-time

(adS). We have focused on the numerical computation of expectation values of the scalar field, using

MATHEMATICA, in both three (adS3) and four (adS4) dimensions. The main aims of the thesis are

• To compute the v.e.v.s and t.e.v.s of the renormalised stress energy tensor (RSET) for a

massless, conformally coupled scalar field in adS4 with a range of Robin boundary conditions.

• To compute the v.e.v.s and t.e.v.s of the renormalised vacuum polarisation ⟨Φ̂2⟩ for a scalar

field with general mass and coupling to the background adS3. We have used Dirichlet, Neu-

mann and Robin boundary conditions applied to the scalar field at the space-time boundary.

• To compute the v.e.v.s and t.e.v.s of the RSET for a scalar field with general mass and coupling

in adS3 with a range of Robin boundary conditions.

• To determine the backreaction of a selection of RSETs on the underlying adS3 space-time

geometry and calculate the components of the quantum-corrected metric (QCM).

Anti-de Sitter space-time is a maximally symmetric solution to Einstein’s field equations (1.1)

with a constant negative curvature. The lack of global hyperbolicity necessitates the use of boundary

conditions. Using Hadamard renormalisation, in the covering space of adS3 (CadS3), we have

numerically computed the renormalised vacuum polarisation (VP) of a scalar field with general

mass and coupling for a range of Robin boundary conditions. We have shown that there is an upper

limit for the value of the Robin parameter ζcrit, beyond which our scalar field becomes classically

unstable. We work in Euclidean space where the Green’s functions are unique without the need for

an ‘iϵ′ prescription.

Our motivation in computing the VP was centered on [71] where the VP was calculated for

a massless, conformally coupled scalar field on adS4 using a range of Robin boundary conditions.

In [71], it was found that for all Robin boundary conditions, the VP converged to the Neumann

result at the space-time boundary except Dirichlet which had its own limit. We wanted to see

whether the findings in [71] applied to a scalar field with general mass and curvature coupling.

Our results are displayed in Figures 5.7–5.9 and show that both the v.e.v.s and t.e.v.s of the VP

with Robin boundary conditions do indeed converge towards the Neumann result at the space-time

boundary, except for Dirichlet which has its own limit. This supports the conclusion in [71] that the
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Neumann boundary condition represents the generic behaviour of the field even though Dirichlet

boundary conditions are most commonly studied in the literature.

For the determination of the RSET of a massless, conformally coupled scalar field in adS4, we use

the representation of the Euclidean Green’s functions with Robin boundary conditions from [71]

and given in (3.37). This conveniently allows us to formulate the RSET, with Robin boundary

conditions, as a combination of the RSET with Dirichlet and Neumann boundary conditions (3.46)

together with a regular (or Robin) contribution. The RSET with Dirichlet and Neumann boundary

conditions is obtained from [2]. The Robin contribution to the RSET was computed by applying a

second order differential operator Tµν [35] to the regular contribution GER in (3.37).

Our results for the v.e.v.s and t.e.v.s of the RSET with Robin boundary conditions in adS4 are

displayed in Figure 3.4 and Figures 3.8–3.10. It can be seen that both the v.e.v.s and t.e.v.s of

the RSET with Robin boundary conditions converge to the common v.e.v. seen with Dirichlet and

Neumann boundary conditions (3.19). This is in agreement with the findings in [71] and Chapter

5 for the VP on adS3.

In Chapter 6 we extend the work in Chapter 3 and compute the v.e.v.s and t.e.v.s of the RSET

for a scalar field with general mass and coupling. We work in adS3 as this simplifies the angular

component of the Green’s functions and avoids the use of conical (Mehler) functions. When we

move away from the massless, conformally coupled field, we find that the v.e.v.s with Dirichlet and

Neumann boundary conditions are no longer the same (6.9). This allows us to see whether the

RSETs with Robin boundary conditions converge to the Neumann result.

The v.e.v.s and t.e.v.s of the RSET are computed using the Green’s functions given in (5.83–

5.85) for the vacuum state. Thermal Green’s functions are computed from the vacuum ones by

making the substitution ω → nκ where n ∈ N and κ is related to the temperature of the field by

(3.23). We follow the approach of [35] and determine the regular state-dependent component of the

Hadamard parametrix (1.77) which we use in (6.16).

The results for the v.e.v.s and t.e.v.s with Robin boundary conditions are displayed in Fig-

ures 6.10–6.12 and Figures 6.23, 6.24. These figures support the finding that the v.e.v.s and t.e.v.s

with Robin boundary conditions converge towards the Neumann result as the space-time boundary

is approached. This is in keeping with the results seen with the VP in [71] and Chapter 5 and also

for the RSET for the massless, conformally coupled scalar field in Chapter 3. However the conver-

gence of the RSETs with Robin boundary conditions as the space-time boundary is approached is

quite slow, particularly for the thermal states, which needs to be taking into account when making

our conclusions.

Using a scalar field with general mass and coupling, in vacuum and thermal states, with different

boundary conditions, presents us with an opportunity to change a number of different variables.

As a result we are able to generate many plots to show the behaviour of the RSET when we vary

such parameters as the temperature of the field, the coupling constant ξ and Robin parameter

ζ. This has produced RSETs with some interesting properties, such as negative energy densities

throughout some or all of the space-time. This is seen most clearly when we move away from the

massless, conformally coupled scalar field. We find negative energy densities for both the vacuum

(see for example Figure 6.10) and thermal states (see for example Figure 6.26), using different Robin

boundary conditions and coupling constants.

Quantum states possessing negative energy densities violate the classical weak energy condition
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(WEC) and may not even satisfy some quantum energy inequalities (Section 1.8). How such fields

affect the properties of the quantum-corrected metric when we consider the backreaction of the

RSET was in part the motivation for the research in Chapter 7. This contains the concluding work

in this thesis, and in some respects some of the most significant aspects, as it details the interaction

of the quantum field with the underlying space-time geometry. In studying the backreaction, we

use a selection of the RSETs computed numerically in Chapter 6 as the source term in Einstein’s

field equations (1.2) and compute the components of the quantum-corrected metric (QCM). Our

intention was to give a flavour of the possible types of solutions produced when we vary the field

temperature, boundary conditions and coupling constants. We followed the methodology in [95]

which looked at the backreaction for the massless, conformally coupled scalar field with Dirichlet,

Neumann and transparent boundary conditions on adS4. In [95], the RSETs all possessed positive

energy density profiles throughout space-time. Our focus in Chapter 7 was to chose RSETs with

a mixture of positive and negative energy densities. We chose two metric ansatze for the QCM.

The first (7.8) takes the form of the adS3 metric (2.9) which allows us to directly compare the

component functions of the QCM with those of adS3 (Figures 7.2–7.5). The second metric ansatz

chosen was also that of a general static, spherically symmetric metric but in Schwarzschild-like

coordinates (7.23). Using this metric our attention was focused on the behaviour of the mass

function M(r) (7.28). It was seen in [95] that the mass functions demonstrated a solitonic profile

for all thermal states studied regardless of whether Dirichlet, Neumann or transparent boundary

conditions were used. This is likely to be a result of all the RSETs studied possessing a positive

energy density throughout space-time and converging rapidly to zero as the space-time boundary

is approached.

In Chapter 7, we found a solitonic behaviour of the mass functions for the massless conformally

coupled field with Dirichlet (Figure 7.6 top) and Neumann (Figure 7.7) as well as for the minimally

coupled scalar field with ν = 1/4. These RSETs enjoy positive energy densities throughout space-

time. When the mass function converges to a finite value, we can consider the limit of M(r) as

r → ∞ as the mass of the soliton or coordinate mass. None of the RSETs containing negative

energy densities demonstrated a solitonic profile for the mass function plots and the interpretation

of the mass functions in these cases is an open question.

Throughout his thesis, except for Chapter 3, we have used the parameter ν (4.16), to encode

information about the mass and coupling constant of the scalar field. We have computed the VP

(Chapter 5) and RSET (Chapter 6) using three different values of ν, namely ν = 1/4, 1/2, 3/4,

where ν = 1/2 represents the massless, conformally coupled scalar field. However, each value of ν

can represent a range of values of the mass of the scalar field (m2) and coupling constant ξ as shown

in Figure 4.1. Indeed, when we looked at variations in the coupling constants with fixed ν for the

RSETs in Chapter 6 (see Figure 6.14, for example), the mass of the field also changes in accordance

with (4.16). An attempt to separate the effects of changing the mass and coupling constants was

made to a limited degree in Figures 6.7 and 6.8 for thermal states with Dirichlet and Neumann

boundary conditions. For fixed ξ/m2 we can derive three values of m2/ξ respectively corresponding

to the three values of ν. In future research it would be worthwhile to compute the VP and RSETs

where the mass and coupling constant are treated as independent variables and see to what extent

they individually contribute to some of the exotic RSETs seen in Chapter 6.

It would also be worthwhile computing the QCM with a much wider range of RSETs from
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Chapter 6 as the source term. This would allow us to determine the contributions made by varying

the boundary conditions, temperature and coupling constants in a more comprehensive way. Also

a different choice of metric ansatz can be used where the Taylor expansion of the C(ρ) function is

not constrained by setting C2 = B0. Preliminary work in this area has produced QCMs consistent

with black hole solutions. We plan on presenting a more exhaustive account of the backreaction on

adS3 in a future publication.

Finally, it would be instructive to compute the VP and RSET of a scalar field with general

mass and coupling, with Robin boundary conditions on the BTZ background. The BTZ is a (2+1)-

dimensional black hole solution to Einstein’s field equations (1.2) and is asymptotically of adS3

geometry [9, 10]. We may expect that far from the black hole, renormalised expectation values

would approach those of pure adS. Thus we have focused on the behaviour of the VP and RSET

close to the boundary (Sections 3.8, 5.3). The BTZ metric can be derived by identifying points

in adS3 [9, 10] and the Green’s function for a massless, conformally coupled scalar field on a BTZ

background has be found using the method of images [65, 89]. The renormalised VP and SET

have been computed for a massless, conformally coupled scalar field with transparent [89], Dirichlet

[63, 65] and Neumann [65] boundary conditions. Also, the Green’s functions for the ground state

of a massive scalar field has been constructed for Robin boundary conditions on a rotating BTZ

background [21], but the VP and SET remain to be computed. Once the RSETs for a scalar

field with general mass and coupling on a BTZ background have been computed, these could be

used as source terms in Einstein’s equations to compute the QCM, thus extending the work in

[25, 26, 65, 67, 87]. The effects of RSETs with negative energy densities on the singularities of the

BTZ black hole would be an exciting avenue to explore in future work.
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