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Abstract

We develop a probability-level, manifestly causal formalism for calculations in quan-
tum field theory (QFT). The approach involves an implicit summation over final states,
which makes causality manifest since retarded propagators emerge naturally. This in-
clusive summation over final states may also offer insights into the cancellation of in-
frared (IR) divergences in physical observables within gauge theories, in accordance
with the Bloch-Nordsieck (BN) and Kinoshita-Lee-Nauenberg (KLN) theorems. To
study this, we first conduct particle scattering calculations using conventional meth-
ods, determining the quark—antiquark production cross section at first-order in gluon
corrections, with careful tracking and cancellation of both IR and ultraviolet (UV) di-
vergences. We then apply the causal formalism to analogous processes in scalar field
theory, introducing novel diagrams that represent algebraic terms at the probability
level, akin to Feynman diagrams at the amplitude level. We present a list of rules that
generate all probability-level diagrams for particle scattering processes in which one

is fully inclusive over final states that contain no initial-state particles.

We also investigate the Unruh effect through the lens of the causal formalism. We cal-
culate the transition rate of a uniformly accelerating Unruh-DeWitt (UdW) monopole
detector coupled to a massive scalar field, from both the perspective of an inertial
(Minkowski) observer and an accelerating (Rindler) observer. We confirm that the
two perspectives give the same transition rate, despite the Rindler observer describing
the Minkowski vacuum state as a thermal bath of particles. Numerical results for the
transition rate are presented and explained, highlighting the transient effects caused
by forcing the field to initially be in the Minkowski vacuum state. Finally, we review
the literature regarding the response of an UdW detector on various trajectories in the
spacetime of a (3 + 1)-dimensional Schwarzschild black hole, with a view to extend-

ing the analysis in the future using our causal formalism.
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Lay abstract

Our modern understanding of reality is that it is constructed from various fields, which
pervade throughout the entire universe. Small excitations (bumps of energy) in these
fields can only occur in discrete (quantised) amounts. These quantum excitations are
what we call particles. This picture of reality is mathematically described by quantum

field theory (QFT).

Despite their incredible accuracy and predictivity, our current formulations of QFT
are not perfect. Firstly, the law of cause and effect is at the heart of modern physics:
nothing can travel faster than light, so any events which would require superluminal
travel to affect one another must be causally disconnected. However, this is not al-
ways apparent in QFT calculations. Secondly, the mathematics we use in QFT often
involves infinite terms, which does not make sense until we construct a sensible ob-
servable quantity for which these infinities cancel. The existence of these infinities in

intermediate steps can make calculations difficult, both by hand and by computer.

In this thesis, we introduce a new approach to QFT in which the law of cause and
effect is always obviously obeyed. We also investigate whether this new formalism
may help avoid infinities in intermediate steps of calculations. We apply our approach
to particle scattering and the Unruh effect. The Unruh effect is an effect baked into
QFT that says that an accelerating observer perceives the emptiness of space not as

a vacuum, but as a thermal bath of particles. There is no inconsistency between the
perspectives of a stationary observer, who sees the space as empty, and the acceler-
ating observer; both perspectives are true. The key is that they are defining particles
differently. This leads to the conclusion that the concept of a ‘particle’ is observer-
dependent. This is also true in gravitational fields, leading us to investigate how a de-
tector responds near a black hole—an object which exhibits strong gravitational and
quantum effects. Understanding how gravity and QFT work together is the biggest

unknown question in theoretical physics.
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Chapter 1

Introduction

Quantum field theory (QFT) is the framework that unites quantum mechanics with
the principles of special relativity, offering an elegant yet intricate language to de-
scribe Nature at a fundamental level. In traditional quantum mechanics, particles are
treated as point-like entities whose dynamics are governed by the Schrodinger equa-
tion. QFT, by contrast, treats fields as the primary objects, with particles emerging as
quantised excitations of the fields. Extending the quantum mechanical model to fields
with an infinite number of degrees of freedom is essential for accommodating the rel-
ativistic processes that defy a simple single-particle interpretation, such as particle-

antiparticle pair production and the interactions of virtual particles.

At its core, QFT provides a unified description of fundamental interactions. The com-
putational methods of QFT yield theoretical predictions that agree with experiments
to unprecedented precision [3-5], offering profound insights into the structure of our
universe. The Standard Model [6-8], formulated within the framework of QFT, suc-
cessfully describes the electromagnetic, weak, and strong forces. Moreover, in con-
densed matter systems [9, 10], statistical mechanics [11, 12], and even quantum grav-
ity [13, 14], QFT has proven to be an important tool, offering deep insights into emer-

gent phenomena.

Historically, some of the most significant advancements in QFT have emerged from
studies of gravitational systems. For instance, the analysis of quantum fields in the
curved spacetime near black holes led to the discovery of Hawking radiation [15—
17], which revealed deep connections between QFT, thermodynamics, and general
relativity. Likewise, the Unruh effect [18-22], which predicts that an accelerated ob-
server perceives the vacuum as a thermal bath, reinforces the subtle interplay between
acceleration, quantum fluctuations, and field theory. These breakthroughs not only

underscore QFT’s broad applicability but also motivate further investigation into the

18



response of quantum fields in both flat and curved spacetimes.

A key technical aspect of QFT is the appearance of divergences when performing cal-
culations. Ultraviolet (UV) divergences arise from contributions at arbitrarily high
energies and are handled through renormalisation techniques that redefine parame-
ters and lead to effective field theories valid at low energy scales [23-26]. In contrast,
infrared (IR) divergences occur due to contributions at very low energies, requiring
the careful definition of observables to yield finite predictions [27-29]. These IR di-
vergences pose significant technical challenges, especially in more complex, higher-

order calculations in perturbation theory.

A central pillar of QFT is the principle of causality. In a relativistic context, causality
ensures that effects do not precede their causes. This is mathematically embedded in
QFT through conditions such as micro-causality, where field operators are required
to commute or anticommute at spacelike separations. Despite being built into the ax-
ioms of QFT, causality is often not manifest in perturbative calculations, leading to
conceptual subtleties that continue to challenge our intuitive understanding. This hid-
den nature of causality exemplifies the dual character of QFT; it is both extraordinar-

ily predictive and, in many respects, conceptually incomplete [25, 30, 31].

This thesis is motivated by a desire to elucidate the role of causality and the cancel-
lation of divergences in QFT. To this end, we present a new formalism of QFT, orig-
inally established in Refs. [32—-34], in which causality is made manifest through the
appearance of field commutators and anticommutators. The investigation of causality
in QFT forms an active area of research, with the causal formalism developed in this
thesis seeing use in the field of causal set theory [35], and other studies also attempt-

ing to devise new formalisms of QFT in which causality is manifest [36—39].

Chapter 2 begins with an overview of the relevant background theory required to un-
derstand the content of this thesis. We specifically focus on the details of divergences
in QFT, which sets the stage for the rigorous calculation of a particle-scattering cross
section in Chapter 3. This calculation requires the cancellation of divergences, and
comprehending how these cancellations yield finite, physically measurable observ-
ables is essential for accurate predictions in QFT. The ubiquity of the Feynman prop-
agator, which is not manifestly causal, and the requirement of an inclusive observable
then motivates the development of a new, manifestly causal formalism. This formal-

ism is introduced in Chapter 4, where the Fermi two-atom problem is used to high-
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light the advantage of manifest causality.

Motivated by our scattering calculation, Chapter 5 employs the causal formalism to
compute inclusive transition probabilities in scalar field theory. We present a new set
of rules that generate diagrams at the probability level, akin to Feynman diagrams at
the amplitude level. These diagrams explicitly include the retarded propagator, mean-
ing that causality is evident. Chapter 6 then uses the causal formalism to explore the
Unruh effect, rederiving known results and presenting new numerical results. Chap-
ter 7 serves as a literature review and pedagogical introduction to the recent progress
regarding the response of an Unruh-DeWitt (UdW) detector in the Schwarzschild

spacetime of a black hole. Finally, Chapter 8 presents our conclusions.

The contents of Chapters 5 and 6 are published in Refs. [1] and [2]. Throughout this
thesis, we adopt natural units c =h = kg = G = 1 and the ‘mostly-minus’ metric sig-
nature (+———). Hamiltonians and Lagrangians are denoted by H and L, and Hamil-
tonian and Lagrangian densities are denoted by H and £, such that H = [ d’xH and
L= [dxL.
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Chapter 2

Background

2.1 Scalar Field Theory

Quantum field theory (QFT) arises as a natural framework for unifying quantum me-
chanics with special relativity, providing a consistent description of relativistic quan-
tum particles. Scalar field theory serves as the simplest quantum field theory, describ-
ing spin-0 particles and forming the basis for more complex theories. The goal of
scalar field theory is to construct a quantum description of a classical field and anal-

yse its dynamics.

2.1.1 Quantising the Classical Theory

Consider a real-valued, classical scalar field p = ¢(z) = ¢(x,t) described by the
Lagrangian density [23, 40]

Lo= (d)? (V) — m2¢2) , 2.1.1)

DN —

(0"¢0ud — m*¢?) =

N | =

where 0" = 0/, is the spacetime derivative, ¢(x) = d¢/dt, and m is a parame-
ter of the classical field theory (which will become the mass of the field quanta after
quantisation). In natural units, the Lagrangian density has dimension = 4, and thus

the scalar field, ¢, has dimension = 1.

The Euler-Lagrange equation [41-44],

aLo dL,
B9 = 0, < > , (2.1.2)
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associated with Eq. (2.1.1) immediately yields the Klein-Gordon equation [45, 46],
("0, +m*)¢ = 0. (2.1.3)

This equation governs the free evolution of the field. Using Hamiltonian field the-

ory [23, 47], the Hamiltonian density for this system is given by

Ho = n(2)d(x) — Lo = = (7% + (V¢)? + m?¢?) | (2.1.4)

N | —

where m = 7(z) is the momentum density conjugate to ¢(x), given by

oL, .
()= —— = 0. 2.1.5
(z) 90 0 ( )
If we Fourier expand the classical scalar field,
¢@0i/&pﬂ%(w (2.1.6)
9 - (27'(')3 p7 Y e

the Klein-Gordon equation (Eq. (2.1.3)) becomes

2
o) qz(;ig,t) = — (p* +m?) o(p,t) . (2.1.7)

This is exactly the equation of motion for a simple harmonic oscillator with frequency
w? =p? +m?. (2.1.8)

Eq. (2.1.7) then tells us that that the scalar field in position space is an infinite set of
simple harmonic oscillators, one for each wavenumber, p. The quantisation of the
simple harmonic oscillator is well-known [48-51], and thus we can similarly quantise

the scalar field and its conjugate momentum as [52]

dgp 1 —ip-X ip-X
¢(x):/ 271_)3\/%(611,6 PXt ale®) (2.1.9)

d? . .
m(x) = / (zﬂl;?)(—i)\/g(ape”"X—i—ai,e”"x), (2.1.10)

where a, and alT, are the annihilation and creation operators, respectively, for quanta

—~

(particles) of the scalar field, analogous to those of a quantum harmonic oscillator.

The scalar field, ¢(x), has now been promoted to a quantum operator. The canonical
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quantisation relation relevant to the simple harmonic oscillator, [a, aq = 1, has an

analogous commutation relation for the scalar-field ladder operators,

lap, al,] = (27)°6*(p — p'), [ap, ap] = [a],al] = 0. (2.1.11)

The Hamiltonian density of the system, Eq. (2.1.4), is written in terms of ¢(x) and
7(x), and is hence also an operator. Using Egs. (2.1.9) and (2.1.10), the Hamiltonian

is given by

5 d*p ; 1 ;
HO = d XHO = (27)3(/01) apap + 5 [ap,ap] . (2112)

The second term is proportional to the infinite constant term §(0). This contribution
comes from the sum over all modes of zero-point energies, wp. Since only energy dif-
ferences are experimentally measurable, this term does not contribute to most observ-

ables, and is usually ignored [23, 24, 53].

Before considering interactions in scalar field theory, it is useful to write an expres-
sion for the scalar field as a function of z = (t,x), i.e., in the Heisenberg picture in-

stead of the Schrodinger picture. It can be shown that [23]

p(z) = dp L (ape™"" + ale™™) | (2.1.13)
) @r)3 2w, T P Po=wp’ o

From Eq. (2.1.11), it follows that

[p(x,1), 7(y, t)] = i0°(x — y), (2.1.14)
[9(x,1),d(y, t)] = [7(x,), w(y, )] = 0. (2.1.15)

These are the equal-time commutation relations.

2.1.2 Interactions

So far, free-particle states have been eigenstates of the Hamiltonian, which we call
the free Hamiltonian, H, (or free Lagrangian, L;). We now consider a Lagrangian

density that includes interactions between particles, L;,;, which is treated as a pertur-
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bation on the free Lagrangian density, with the free theory serving as a basis,
L=Lo+Lix ofr H=Ho+ Hin. (2.1.16)

For scalar fields, the theory we consider in this thesis is ‘phi-cubed’ theory [54, 55],

A

§¢3, (2.1.17)

A
Lint - —§¢3 = Hint -

where ) is the coupling constant (of dimension = 1), which must be small for pertur-
bation theory to be valid. The factor of 1/3! is a symmetry factor which corrects for

overcounting, since there are three identical field operators, ¢.

The relationship between the Schrodinger picture field operator, ¢(x, tg), at fixed time,

to, and the Heisenberg picture field operator, ¢(x, t), is
p(x,t) = =) g(x tg)e H—t0) (2.1.18)
We define the interaction picture field operator as
or(x,t) = o=t p(x ) 1Holt=to) (2.1.19)
Similarly, we define the interaction picture Hamiltonian as
H(t) = etfolt=to) e iHo(t=to) — / d’x %ﬁ : (2.1.20)

The relationship between the full Heisenberg field, ¢, and the interaction picture field,
@7, is thus

p(x,t) = eflmt=t) g (x t)e~Himnlt=t0) = UT(t t0) @1 (x,t)U(L, to) (2.1.21)
where we have defined the unitary time-evolution operator as
Ult,ty) = e Hmlt=to) (2.1.22)
The time-evolution operator can be written in terms of H; (and hence ¢;) as

Ult, to) =1+ (—1) /t dtrHy(ty) + (—i)” /t dt, /tl dtoHy(t)Hy(ta) + - - -

to
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t
ET{exp{—i/ dt’HI(t’)}} , (2.1.23)
to

where T indicates time-ordering, such that operators are written from left to right
ordered by the time they are evaluated at, latest to earliest. For the remainder of this

thesis, we work in the interaction picture unless otherwise stated.

2.1.3 Wick’s Theorem

Eq. (2.1.23) involves the time-ordered product of an arbitrary number of field opera-
tors, ¢(z;) = ¢;. This is calculated using Wick’s theorem [56], which expresses the
time-ordered product of field operators in terms of normal-ordered products, N(---),

and Feynman propagators,
F?, = (0°|T{¢x0,}|0?) . (2.1.24)

The Feynman propagator is an important object in QFT, and it will be investigated
further in Section 2.3. The normal-ordering operator moves all creation operators to

the left of annihilation operators [23], e.g.,
N(apajay) = alapay . (2.1.25)

The order of ap and aq is irrelevant, since they commute (Eq. (2.1.11)). Wick’s theo-

rem is stated as follows!':

T{odn- ¢} =N [[[ei+ > Y | FS o]+ | (@126
i=1 =1 y=z+1 z;:z%y

In words, this means write all possible combinations of the product of Feynman prop-
agators and remaining field operators, where all remaining field operators are normal

ordered. For example, for four fields,

T {10231} = N (1090304 + Fiadzds + Flydods + Fiyoats
FF 0104 + Fydrds + Fydr
+EFLFY, + FLFS, + FL ). (2.1.27)

IWick’s theorem is often stated in terms of contractions of two field operators, but Ref. [23] states
that a contraction ‘is exactly the Feynman propagator’.
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Here, the normal ordering N (- - - ) ensures that uncontracted field operators vanish in

vacuum expectation values, since a, [0) = 0, leading to
(O] T{p12¢304} |0) = FLFS, + F4F5, + FY,Fg. (2.1.28)

This result generalises to any number of fields, allowing systematic computation of

correlation functions in perturbation theory.

Wick’s Theorem also holds for higher-spin theories, which are considered in the next
section, so long as the time-ordering and normal-ordering operators are generalised
to included minus signs for interchanges of fermion operators, v, since fermions obey

Fermi-Dirac statistics [23].

2.2 Higher-Spin Theories

2.2.1 The Dirac Equation for Fermions

The Klein-Gordon equation in the previous section only describes spin-0 particles
(i.e., scalar bosons), which means it does not describe the vast majority of particles in
the Standard Model. Spin—% fermions (particles of half-integer spin), such as leptons

and quarks, are described by the Dirac Lagrangian density [57],

Lpirae = V("0 — m)y, (2.2.1)

where v is the fermion field and m is a free parameter (representing the mass of the
quanta of the fermion field, after quantisation). The Dirac gamma matrices [23], v*,

satisfy the Clifford algebra [58, 59],

"7} = 29", (2.2.2)

where g"” is the metric tensor of Minkowski spacetime and I is the identity operator.
The Dirac adjoint spinor is defined as ¢y = 11, since T4 is not a Lorentz scalar
(but 1) is) and 1ty*1) is not a Lorentz vector (but ¢y} is). This Lagrangian den-
sity describes the dynamics of free fermions and serves as the foundation for intro-

ducing their interactions with gauge fields, such as photons and gluons.
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The equation of motion which follows from the Euler-Lagrange equations is then
(iv"0, —m)Y = 0. (2.2.3)

This is the free Dirac equation. The solutions to the Dirac equation describe spin—%
particles with positive and negative energy states, corresponding to particles and an-

tiparticles.

The quantisation of the Dirac field follows from imposing equal-time anticommuta-

tion relations,

{wa(xﬂ t)? wl:r(y’ t)} = 53<p - q) 6ab )
{ta(x,0), (v, 1)} = {0l (x, 1), ¥{(y, 1)} = 0,

where a and b denote the spinor components of v, and ¢, is the Kronecker delta func-

(2.2.4)

tion. Similarly to the scalar field, the mode expansion of the Dirac field operator (and

its Dirac adjoint) is given by

d3p 1 s, s —ipx st ,,8 ip-x
w(x):/(%r)?’ QwPZ(bpupe Pt dy oy ) (2.2.5)

d3 1 —ip-x st —s Jip-x
@D(x):/ﬁﬁz:(df,v;@ P +prup€p ), (2.2.6)

where the operators by and bff are the annihilation and creation operators for particles
of momentum p and spin s, while dj and df,T are the annihilation and creation oper-
ators for antiparticles with the same quantum numbers. The four-component Dirac
spinors u5 = u’(p) and v; = v°(p) are solutions to the Dirac equation associated
with momentum p and spin index s, with their adjoints given by u;, = U;WO and

v, = U;T’}/O. The energy wp, = \/[m ensures that the field satisfies the rela-
tivistic dispersion relation. It follows that the creation and annihilation operators have

the anticommutation relations

{05,651y = {d5, d51} = (27)%6%(p — )0
{o5,05} = {d5, &} = {bfj,b;,*} — {d;*,df,,*} —0.

p’ p’

(2.2.7)

These anticommutation relations mean that (b5")? = (d3')*> = 0, such that a state
cannot be filled twice. This is the Pauli exclusion principle [51, 60]. More generally,
any multiparticle state is antisymmetric under the interchange of two particles, e.g.,

S SIT _ S,T S . . . .
bst by' 10) = —by b5t |0). Consequently, these particles obey Fermi-Dirac statis-
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tics [61-64], not the Bose-Einstein statistics of integer-spin particles [63-66]. If we
instead use commutation relations to quantise the Dirac field, we obtain solutions
that allow violations of the spin-statistics theorem [67], leading to unphysical con-
sequences such as negative probabilities. Thus, the use of anticommutators is a fun-

damental requirement for the consistency of fermionic QFT.

Furthermore, since the fermion field, 1), is quantised using anticommutation relations,
causality is encoded in the anticommutator of fields, rather than the commutator of
fields as in scalar field theory. In other words, the Dirac field operator and its Dirac

adjoint anticommute at spacelike separations.

2.2.2 Gauge Fields: Photons and Gluons

The Dirac Lagrangian is invariant under global gauge transformations, i.e., rotat-

ing the phase of the Dirac field, 1. However, something interesting happens if we
allow gauge transformations to arbitrarily change at different spacetime points (in
other words, we make the gauge transformation spacetime dependent). These types
of transformations are called /ocal gauge transformations, and physics should not de-

pend on these arbitrary choices.

In order to impose that our theory is locally gauge invariant, we must introduce new
spin-1 fields to the Lagrangian. These fields are called gauge fields, and their corre-
sponding spin-1 particles are called gauge bosons. This structure is a key feature of
the Standard Model, where the electromagnetic, weak, and strong forces are all gov-
erned by gauge symmetry [7]. In this section, we introduce two gauge bosons: the
photon and the gluon. The introduction of the photon field leads to quantum electro-
dynamics (QED), and the introduction of the gluon field leads to quantum chromody-
namics (QCD).

Electromagnetic Interactions and the Photon Field

The Dirac equation is invariant under global U (1) phase transformations of the form
1) — e'*1). However, the derivative 0,1 is not invariant under local phase transforma-

tions « = «(x). Requiring invariance under local gauge transformations leads to the
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definition of the covariant derivative,

D,y = (0, +ieA,), (2.2.8)
where e = —|e| is the fundamental electric charge and A, is a gauge field (the photon
field) that transforms as

1
A (z) = Au(x) — —0ua(x). (2.2.9)
e

This ensures gauge invariance under local U(1) transformations. Substituting D), in
place of 0, in the Dirac Lagrangian introduces the interaction term ezﬁy“Auw, de-

scribing the coupling between fermions and the photon.

The kinetic term for the photon field arises from the field strength tensor [23, 25],

F,, = 0,4, —0,A (2.2.10)

v4lp,

leading to the free Lagrangian density for the photon,

1
'Cphoton =

4FWF’“”’. (2.2.11)

This term describes the dynamics of the electromagnetic field and ensures that Maxwell’s

equations emerge from the Euler-Lagrange equations.

Combining the Dirac Lagrangian density (with the covariant derivative) and the free

Lagrangian density of the photon, we get the Lagrangian density for QED?,

_ 1 _
Loep = V("0 — m)y — ZFWFW —eYyr A (2.2.12)

A fundamental result in QED, which follows from gauge invariance, is the Ward-
Takahashi identity [68, 69]. This identity expresses the constraints imposed on Green’s
functions due to gauge symmetry and plays a crucial role in proving renormalisability
(see Section 2.6). In Chapter 3, we explicitly show how ultraviolet divergences can-

cel in a scattering calculation, which is ultimately a consequence of this identity. At

2Strictly, we still have to gauge fix to remove the photon field’s redundant degrees of freedom [23,
54]. For example, a gauge-fixing term of the form — (9" A,,)? /2¢ can be added to the Lagrangian, with
& = 1 defining the Feynman gauge. When calculating cross sections in Chapter 3, we will adopt the
Feynman gauge.
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its core, the Ward-Takahashi identity arises from the Noether current associated with

gauge symmetry.

The Ward-Takahashi identity is a generalisation of the Ward identity, which is a spe-
cial case that applies specifically to on-shell amplitudes. The Ward identity is written

as

ke, M (k) = 0, (2.2.13)

where M* is the matrix element for a given QED process involving an external pho-
ton with momentum k. This equation encapsulates gauge invariance at the level of
scattering amplitudes, ensuring that unphysical longitudinal photon polarisations do

not contribute to observable quantities.

Strong Interactions and the Gluon Field

In QCD, quarks interact through the exchange of gluons, which correspond to an SU (3)
gauge symmetry. The local SU (3) transformation of a quark field, 1), is given by

where 7, j are the quark colour indices which run from 1 to /N, (the number of colours),
and U;;(z) is a spacetime-dependent transformation in the fundamental representation
of SU(3). To preserve gauge invariance, the derivative must be replaced by the co-

variant derivative

D;ﬂﬁz’ = ((9#(5”' - ZgGZ(Ta)Z])wJ . (2215)

Here, G, are the eight gluon fields, and (7);; are the generators of SU(3) satisfying
the algebra
[T, T") =i febeTe, (2.2.16)

where 9 are the structure constants of the SU(3) algebra, and a, b, ¢ are the gluon

colour indices. The gluon field strength tensor is given by [23, 25]
G, = 0.G, — 0.G, + gf“chZGﬁ , (2.2.17)

where the final term encapsulates the self-interaction of gluons due to the non-Abelian

structure of the SU (3) group, which is a characteristic feature of QCD. This leads to
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the free gluon Lagrangian density,

1
Lgluon = —ZG“ Gt , (2.2.18)

j%

which governs the dynamics of the gluon fields.

Thus, in analogy to QED, we arrive at the Lagrangian density for QCD?,

1 _
- ZGZVGZW + eiﬂi’Y’MGZ(TQ)Z‘jwj . (2219)

Laco = ¥i(i7" 0y, 655 — m 8y
The gauge invariance of QCD also leads to identities analogous to the Ward-Takahashi
identity in QED, known as the Slavnov-Taylor identities [71-73], which impose con-

straints on Green’s functions and ensure renormalisability.

In Chapter 3, we will use the results in this section to describe particle scattering pro-
cesses. We will combine QED and QCD, since quarks couple to both photons and

gluons.

2.3 Propagators and Functions

In this section, we investigate multiple invariant commutation and propagation func-
tions in QFT. These definitions will be used throughout this thesis, unless otherwise

stated.

2.3.1 Scalar Field Propagators and Functions

For scalar field theory, the invariant commutation functions are solutions to the ho-
mogenous Klein-Gordon equation with special boundary conditions, where ‘homoge-
neous’ means that there is no source term (the right-hand side of Eq. (2.1.3) remains
zero). The invariant propagation functions are Green’s functions of the Klein-Gordon
equation, which means they are solutions to the inhomogeneous Klein-Gordon equa-

tion with a Dirac delta function as a source term.

3 Again, strictly we should include a term in the Lagrangian to gauge fix the theory, and also in-
troduce Faddeev-Popov ghost fields [70] to ensure unphysical states do not contribute to observable
quantities. For the calculations in this thesis, we do need to consider ghost fields.
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The notable solutions to the homogeneous Klein-Gordon equation are as follows [74]:

Positive Wightman Function:

AY>) = A = (0°|p(x)9(y)|0?) (2.3.1)

3
_/ Pk 1 ity
(27)3 2w

7
ko=wg

Negative Wightman Function:

A = Az — y) = (0°]p(y) ()] 0) (2.3.2)

3
:/ d’k Leﬂ'h(o&—y)
(27)3 2wy

)
ko=wk

Pauli-Jordan Function:

AL = Az —y) = [¢(x),d(y)] (2.3.3)
_/ d’k L( k(o) ik-(a—y) .
(27)3 2wy ko—=wi

Hadamard Function:

AL = A (1 — y) = (0°] { (), p(y) } 0°) (2.3.4)
— ¢’k 1 —ik-(z—y) ik-(z—y)
= / (27‘-)32—%(6 +e ) b
=2(0° p(2)p(y) [07) — AT, ;

where wx, = VK% + m? and m is the mass of the field quanta. The notable Green’s

functions of the Klein-Gordon equation are as follows [74]:

Feynman Propagator:

Fo = F(x —y) = (0°|T{o(x)p(y) }|0?) (2.3.5)
¢’k 1 .
N / (2r)? Q_Wk(@(xo —yo)e Y

+ O(yo — xo)eik'(x_y))
. d*k e—ik~(az—y)
~ | o

» d4k efik-(mfy)
_Z/ (2m) k2 —m? + ie’

32

ko=wk




Retarded Propagator:

Rfy =Rz —vy) = Afy = O(xo — yo)A(x — y) (2.3.6)
= O(x0 — %) [¢(37)> gb(y)}

. 4k k@)

- /CR (2m)* k2 — m?
A ek

- 2/ (2m)* k2 — m? + koie ;

where the contours Cg and Cg are shown in Figs. 2.1 and 2.2, respectively, and ¢ is a

small positive parameter.

[k [k

- wk+.'5
T [ X
% i *—> e I e e e e A
Bk g Wi X
Wy, —1€

Fig. 2.1. The Feynman propagator is equivalently defined by integration along the contour Cr or the
+ie pole prescription (with integration along the real axis), as in Eq. (2.3.5). With the +ie pole
prescription, the poles are at wy — i€ and —wy + €.

i i

Fig. 2.2. The retarded propagator is equivalently defined by integration along the contour Cg or the
+koie pole prescription (with integration along the real axis), as in Eq. (2.3.6). With the +kqie pole

prescription, the poles are at wyx — % and —wg — %

Note that the Feynman and retarded propagators are sometimes defined with an ad-
ditional factor of (i)', which is how they are defined in Section 4.4 and Chapter 6.
Also, the retarded propagator is sometimes defined with sgn (kg )ie in the denominator
instead of kyie, so that € has the same dimensions in the Feynman and retarded propa-

gators.

The Feynman propagator represents the propagation of a virtual particle between
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two points, and appears in the Feynman rules for constructing scattering matrix ele-
ments (see Section 2.5). However, the Feynman propagator does not vanish for space-
like separations [23], so does this mean that particles can propagate at superluminal

speeds?

The key to preserving causality is to ask the question whether a measurement per-
formed at one point can affect a measurement at a spacelike-separated second point.
This is encoded by the commutator Ai’y = [¢,, ¢,], since if this commutator vanishes
then one measurement cannot affect the other. The equal-time commutation relations
for scalar field theory (Eqgs. (2.1.15)) show that the commutator of field operators van-

ishes at equal times, but what about general times? Using Eq. (2.3.1),

[0z, 8] = (0°] [, 9] [07) = (07] 928, [07) — (0°] B |0%)
_ A¢(>)(x —y) — A¢(>)(y — ), 2.3.7

where we have used the fact that the commutator of fields is a c-number (classical
number, as opposed to quantum operator) so we are free to write

(b, D] = <0¢| (G2, Dy |0¢ > Each of the Wightman functions are separately invari-
ant under continuous Lorentz transformations [23]. For spacelike separations, there
exists a continuous Lorentz transformation (x — y) — (y — ). Consequently,
Eq. (2.3.7)—and hence the retarded propagator, Eq. (2.3.6)—vanishes for spacelike

separations.

2.3.2 Higher-Spin Field Propagators

In addition to scalar fields, propagators play a crucial role in the study of spinor, vec-
tor, and gauge fields. Specifically, the Feynman propagators in this section appear in

the Feynman rules for QED and QCD.

For a Dirac field, the Feynman propagator is given by [23]

Sy = Se(z —y) = (0Y|T{&(x)(y) }|0*)

_ z/ d*k (v k, +m)e ==y .
(2m)% k% —m? +ie

(2.3.8)
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The retarded propagator for the Dirac field is defined as [23]

Say = O(wo — y0) (0°[ {t(x), 9 (y)} 10%)

B 2/ d*k (y"k, +m)e k- @=y)
VA

2.3.9
2m)t k2 —m? + koie ( )

where we note the appearance of the anticommutator instead of the commutator, due

to the Fermi-Dirac statistics of the Dirac field.

In QED, the photon field satisfies gauge constraints, leading to different choices of

propagator. In the Feynman gauge, the Feynman propagator is [23]

Di¥ =D/ (x —y) = (0] T{A.(x)A,(y) }|0) (2.3.10)
o dik gwje—ih(ac—y)
= —i / o BT (2.3.11)

In quantum chromodynamics (QCD), the gluon propagator also depends on the choice

of gauge. In the Feynman gauge, the Feynman propagator for a gluon field is [23]

Dy (x = y) = (0| T{ A (2) A} (1) }[0) (2.3.12)
d4k' g e—ik:-(a:—y)
- cab v
-t | G e AW

2.4 The S-Matrix and the LSZ Reduction Formula

The S-matrix, or scattering matrix, is a fundamental object in QFT that encodes the
transition amplitudes between initial and final asymptotic states in a scattering pro-
cess. It provides the theoretical framework for calculating observable quantities such

as cross-sections and decay rates.

The S-matrix is formally defined as the operator that relates the in-state |in) (before

the interaction) to the out-state |out) (after the interaction) [23, 25, 54, 75, 76],

S |in) = |out) . (2.4.1)

In the interaction picture, the S-matrix is the long-time limit of the unitary time-evolution
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operator*, U, ), but with the assumption that states evolve freely in the distant past
and future (i.e., the interaction Hamiltonian vanishes asymptotically). Thus, it is de-

fined as

S=1lmU(t,~t)=T {exp (—i / N d4a:Him(x)> } : (2.4.2)

t—o00 00

where T denotes time-ordering. In this way, the S-matrix does not describe time evo-

lution at intermediate times but rather the overall scattering process.

The transition amplitude between an initial state |¢) and a final state | f) is given by
the S-matrix element

Spi = (f|S5]i) . (2.4.3)

Even in an interacting theory, there is a non-zero probability that the particles do not
interact (e.g., they completely miss each other). To isolate the part of the S-matrix

that is due to interactions, it is conventional to define the T-matrix [23, 25, 54, 77],
S =1+41T, (2.4.4)

where I is the identity operator. The physically relevant quantity for scattering pro-

cesses is therefore the 7T-matrix element,
Ty = (f1T]i), (2.4.5)

which is directly related to the invariant matrix element, M ;, by factoring out momentum-

conserving d-functions:

Ty = (2m)0* (Y pi = Y pr) My (2.4.6)

The invariant matrix element contains all the dynamical information about the inter-
action and is computed using Feynman rules derived from the Lagrangian (see Sec-

tion 2.5).

In order to calculate S-matrix elements, we compute time-ordered correlation func-

tions of fields. One must then use the Lehmann—Symanzik—Zimmermann (LSZ) reduc-

“or, equivalently, a sequence of time-evolution operators, since U (t4,t.) = U(ta, tp)U (tp, te).
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tion formula [23, 78, 79]:

n 22
(q1...9,|S|p1-..pN) = H/d4xkei4k-xk (g% 'mk-i-ze)

N , z'p--y'( ?—m? + ie)
X(l_‘[/dyjej]pi\/z )
% (OT{8(a1) .- b)) .- Sum)}0), A7)

for N initial-state particles of momenta {py, ..., py}, n final-state particles of mo-
menta {qi, ..., g}, and m is the mass of each particle. The quantity 7 is the field-
strength renormalisation constant, defined as the residue of the single-particle pole in
the two-point function of fields [23, 25] (we calculate Z for a specific process in Sec-
tion 3.4.2). In the case where there are different types of external particle (e.g. ¢ and
e”), each external particle contributes a unique factor of \/Z; (e.g. \/Z and v/Z.),
obtained from each of their two-point functions. These renormalisation factors appear
because we are working in bare (as opposed to renormalised) perturbation theory (see

Section 2.6.2).

In words, the LSZ reduction formula says that in order to calculate an S-matrix el-
ement, one must compute the Fourier-transformed time-ordered correlation func-

tion (using the momentum-space Feynman rules in Section 2.5). Then, due to the
factors of p?> — m?, remove all terms in the time-ordered product except those with
poles of the form (p? — m?)~!. These correspond to propagators of on-shell particles,
and the S-matrix is given by the residue of these poles. Thus, the LSZ reduction for-
mula projects one-particle asymptotic states out from time-ordered products of fields,

defining the S-matrix.

It will prove useful to express the LSZ reduction formula directly in terms of Feyn-
man diagrams. To do this, consider the four-point function, shown in Fig. 2.3. The
Feynman diagram has been separated into all possible amputated diagrams (labelled
‘Amp.’) and isolated self-energy corrections to the external legs (patterned circles).
To ‘amputate’ a diagram, start at the tip of the external leg and follow it into the dia-
gram, then ‘cut’ the line at the final possible point in which such a cut separates the

external leg (and any self-contained loop corrections) from the rest of the diagram.

Since Z is defined as the residue of the single-particle pole in the two-point function,

we know that the contribution of the four exact two-point propagators in Fig. 2.3 con-
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Fig. 2.3. Feynman diagram representing the four-point function in scalar field theory. The central
circle labelled ‘Amp.” contains all amputated diagrams. The patterned circles represent the exact scalar
propagator, including corrections to all orders.

tains
1/ 17 17 17

p? —m? +ie p2 —m?2 +iec ¢ — m? +ie ¢3 — m? + ie

: (2.4.8)

where {p1, p2, 1, g2} are the momenta of the four external particles and we have as-
sumed Z and m are equivalent for all particles (i.e., they are all the same type of par-
ticle). These propagator factors exactly cancel with those in Eq. (2.4.7), except for
an overall factor of v/Z for each external particle. In this way, the LSZ reduction for-
mula ‘picks out’ the two-point propagator poles in the time-ordered correlation func-
tion and forces the external particles on-shell. All other contributions from the time-
ordered correlation function are then multiplied by zero (the on-shell propagator fac-

tors in Eq. (2.4.7)).

Thus, by explicitly accounting for the contributions of the two-point propagators, the
LSZ formula can be written in a form which relates the S-matrix elements directly to

amputated Feynman diagrams,

n+2
@ a.lSoip) = (v2)" S 49

D2 Adn

where we have specialised to the case of two initial-state particles, which will be the
case in Chapter 3. Note that any spinor or polarisation factors associated with exter-

nal legs are still to be included.
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2.5 Feynman Rules

In this section, we specify the momentum-space Feynman rules for scalar ¢3 theory,
QED, and QCD. Feynman rules provide a systematic method for computing scatter-
ing amplitudes in quantum field theory [76, 80] . They translate the graphical ele-
ments of Feynman diagrams into mathematical factors, which can be derived from
terms in the interaction Lagrangian. Further details on Feynman diagrams can be

found in most textbooks on QFT [23-25, 54].

2.5.1 Feynman Rules for Scalar Field Theory

For a real scalar field with interaction term %qb?’, the Feynman rules are as follows:

* Internal propagator:

p 1
L 2.5.1
P2 —m?2 + e ( )
¢ Vertex:
= —i\; (2.5.2)
» External leg:
- =1, (2.5.3)

. Impose momentum conservation at each vertex;

* Integrate over each undetermined loop momentum with measure [ d”k/(2m)",

in D dimensions;

* Divide by symmetry factors, S, where necessary.

2.5.2 Feynman Rules for QED

QED describes interactions between electrons, positrons, and photons. Electrons and
positrons are denoted by solid lines with an arrow pointing in the direction of fermion

flow (such that the arrow is parallel to momentum flow for electrons and antiparallel
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to momentum flow for positrons). Photons are denoted by a wiggly line. The Feyn-

man rules are as follows:

* Internal fermion propagator:

D ,
——  _ i'putm)
= 7 254
——p—o p2 . m2 + 2.6 i ( )
* Internal photon propagator:
e —i(gm - DZE)
e = — : (2.5.5)
q° + 1€
* Fermion-photon vertex:
= —jey"; (2.5.6)
* External incoming electron:
RN
» External outgoing electron:
LN
- =1uyp); (2.5.8)
* External incoming positron:
P
e e =0s(p); (2.5.9)
» External outgoing positron:
P
= v5(p); (2.5.10)
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* External incoming photon:

p
sa = (D) ; (2.5.11)
* External outgoing photon:
p
e = (D) ; (2.5.12)

° Impose momentum conservation at each vertex;

* Integrate over each undetermined loop momentum with measure [ d”k/(2m)",

in D dimensions;

where ¢ is the gauge parameter used to gauge fix the theory (in this thesis, we use the
Feynman gauge, ¢ = 1) and €”(p) is the polarisation vector of the external photon.
For internal photon propagators, the uncontracted Lorentz indices label the Lorentz
indices associated with the vertex factors on either side of the propagator. For internal
antifermion propagators, the direction of momentum is antiparallel to the direction of
the fermion flow, and so p,, — —p,, in the propagator factor. When constructing a

matrix element, it is important to follow the arrows denoting the fermion flow.

2.5.3 Feynman Rules for QCD

QCD describes the interactions between quarks (solid lines) and gluons (curly lines).

The Feynman rules relevant to the calculations in Chapter 3 are as follows:

* Quark propagator:

_P, B 06 (Y, +m)

2.5.13
T p? —m? + e ( )
* Gluon propagator:
q ; Sab v
. —10 qq
= e —1 ; 2.5.14
000000999 @ 2+ ie (9 + (£ )q2+i6) ; ( )
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* Quark-gluon vertex:

= 1gy"(T")s5; (2.5.15)

» External leg factors are identical to those in QED, except quarks and gluons

carry colour indices;
* Impose momentum conservation at each vertex;

* Integrate over each undetermined loop momentum with measure [ d”k/(2m)",

in D dimensions;

where ¢, j are the quark colour indices and a, b, ¢ are the gluon colour indices. We
have omitted gluon self-interactions and ghost fields, since they will not be consid-
ered in this thesis. Matrix elements are constructed similarly to those of QED. In
Chapter 3, we consider a process which involves both QED and QCD. In this case,

there is a quark-photon vertex similar to Eq. (2.5.6):

= —iee Y6 ; (2.5.16)

where the 6/ ensures that the two fermions have matching colour and e, is the dimen-
sionless ratio of the quark’s electric charge to e = —|e| (e.g., ¢, = —% for an up quark

and e, = % for a down quark).

2.6 Ultraviolet and Infrared Divergences

Calculations in QFT often involve terms which tend to infinity in the high-energy or
low-energy limits. These divergences are classified as infrared (IR) divergences (for
divergences in the low-energy limit) and ultraviolet (UV) divergences (for divergences
in the high-energy limit). Not only do these divergences have different physical ori-
gins, but they are treated (regularised) in different ways. Despite this, many calcula-

tions ignore the distinction between the two types of divergence.

In this section, we explain the difference between these divergences and examine some

of the divergent integrals that are ubiquitous in QFT. We derive a general solution
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for a divergent integral using dimensional regularisation, which is a technique used
to parameterise the divergences in the intermediate steps of a calculation. In doing
so, we are able to keep track of divergent terms. This is crucial for our calculation
in Chapter 3, where we calculate the first-order gluon corrections to quark-antiquark

production, and show that IR and UV divergences cancel independently.

2.6.1 Infrared Divergences

IR divergences appear in loop integrals with massless virtual particles and in phase-
space integrals with massless real emissions. IR divergences manifest in two primary

ways:

* Soft divergences: These occur when the energy of an internal loop particle or

real emission approaches zero.

* Collinear divergences: These arise when particles are emitted collinearly with

an external leg.

In both of these cases, the process is degenerate with a process in which the parti-
cle does not appear at all. In other words, experimental detectors cannot distinguish
between states differing by arbitrarily soft/collinear particle emissions or by virtual
corrections involving negligible energy transfer. The detectors therefore naturally
sum over these degenerate states [23]. To treat them separately in the mathematics

is therefore unphysical.

However, physical observables, such as cross-sections and decay rates, must be IR fi-
nite, even if individual Feynman diagrams contain divergences. This is ensured by the
Bloch-Nordsieck (BN) theorem [27] (for Abelian gauge theories such as QED) and
the Kinoshita-Lee-Nauenberg (KLN) theorem [28, 29] (for non-Abelian gauge theo-
ries such as QCD). These theorems state that when summing over all degenerate final
states, IR divergences cancel. This cancellation ensures that measurable quantities re-

main well-defined.

This cancellation can be formally expressed, at the level of cross sections, as

Ophysical = Ovirtual + Oreals (261)
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where the IR divergences present in oy, are precisely cancelled by those in oey.

We will see this explicit cancellation of IR divergences in Chapter 3.

2.6.2 Ultraviolet Divergences and Renormalisation

UV divergences arise from momentum integrals extending to arbitrarily high energy
scales, since we do not know the true, fundamental theory of Nature at these high en-
ergies. If left untreated, these divergences would render predictions meaningless. The
procedure by which such infinities are systematically removed is called renormalisa-

tion, which leads to finite, physically meaningful predictions.

There are enough details of renormalisation to write a textbook (e.g., Ref. [26]), but
all of the subtleties and systematics of renormalisation are not required for this thesis.
Instead, this section serves as a brief introduction to renormalisation (as in Ref. [77])

and an explanation of how it will be used in Chapter 3.

So far, quantities such as the mass and coupling constant have appeared as free pa-
rameters of a Lagrangian, able to take on any value. In interacting field theories, these
initial (bare) parameters receive corrections from increasing orders of particle inter-
actions. In order to align these theories with reality, we take measurements to deter-
mine the physical values of the parameters®. We can then directly use the physical
(renormalised) parameters in our theory instead of the radiatively corrected bare pa-
rameters. This is the basic idea of renormalisation, and it is required even if there are
no UV divergences [24, 77]. If the corrections to the bare parameters involve UV di-
vergences, then changing variables to the renormalised parameters offers a set of fi-

nite parameters, often making calculations more tractable.

But how can we use QFT to make predictions at all if we do not know the fundamen-
tal theory at all energies? By the Heisenberg uncertainty principle, large violations of
energy conservation can only occur for very short time scales, At ~ 1/AFE, mean-
ing that high-energy effects must appear local (confined to short distances) for ex-
periments at accessible energy levels. Local interactions are described by interac-
tion terms of the Lagrangian, so these high-energy effects will result in shifts to the
parameters of the interaction Lagrangian (e.g., mass and coupling constants). This

justifies the procedure of including these high-energy corrections in the parameters

>These parameters are not observables, and thus cannot be directly measured. Instead, they are in-
ferred from observables.
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of the interaction Lagrangian. We only observe the physical, renormalised parame-
ters, which combine the unphysical, bare parameters with the high-energy corrections

(renormalisation factors).

For example, consider a Lagrangian density containing bare fields and parameters,

denoted by a subscript B,

1 A
_ = M¢B g — —mB¢2 B¢B (2.6.2)

To express the theory in terms of renormalised quantities, we introduce renormalisa-
tion factors,

Z1>\R

1 1
L= 52:0,0r0"0r = 5 ZominSr — —5— Ok (2.6.3)

where ¢, mp, Ag are the renormalised field, mass, and coupling, which are finite and
measurable. The renormalisation factors Z; are chosen to absorb divergences appear-

ing in loop corrections, ensuring that physical observables remain finite.

Rewriting this, we separate the Lagrangian density into the renormalised Lagrangian

density, Lz, and a counterterm Lagrangian density, L,
L=Lr+ L, (2.6.4)

where

/\
Lp==: mR O pr — —chbR g (2.6.5)
and

1 1 1
Lo = 5(Z2 = 1)0u0r0"r — 5(Zo = D)mpex, — 5(21 ~DArdl.  (2:66)

The renormalisation constants are always chosen to explicitly cancel the divergences
introduced by loop corrections, ensuring finite results order by order in perturbation

theory.

The factor Z, is exactly the same field-strength renormalisation, /Z, that appears in
the LSZ reduction formula (Eq. (2.4.9)) [23]. It ensures that physical states are prop-
erly normalised, preventing divergences from propagating into S-matrix elements.
Consequently, we can either work with renormalised parameters and explicit coun-

terterms (renormalised perturbation theory) or bare parameters, with renormalisation
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factors appearing in the LSZ reduction formula (bare perturbation theory). The two
approaches are exactly equivalent. In Chapter 3, we work with bare parameters and
explicitly see how the UV divergences from loop corrections cancel when the LSZ

formula is applied.

2.6.3 Feynman Parameterisation

Throughout Section 2.6.4 and Chapter 3, momentum integrals will involve a product
of propagators. Feynman parametrisation is a technique used to combine denomina-
tors of propagators into a single quadratic polynomial in the momentum variable [23,
25, 80]. The remaining momentum integral is then spherically symmetric, allowing

analytic integration without difficulty. The general identity is given by

n

HD%:/Oldxl"./oldx"(S(l_imi)%’ (2.6.7)

R
=1 i=1 =11

where x4, - - -, x,, are auxiliary parameters to be integrated over the range O to 1. For

example, for two propagator denominators,

1 1 1 1 1 1
E:/0 dg;/o dy5(1—x—y)m:/o dx[xA+(1—a:)B]2'
(2.6.8)

2.6.4 Divergent Integrals

Before we consider a calculation which involves divergences (Chapter 3), we should
examine the divergent integrals which will arise in such calculations. We will evalu-

ate integrals of the form,

B de (k.2>a
J(D, o, 3,0%) = / S (2.6.9)

in D = 4 + 2¢ spacetime dimensions, with |¢| < 1. The reason we evaluate these
integrals in D dimensions is to regulate UV (k — oo) and IR (k¢ — 0) divergences.
These divergences will occur when D = 4, so we can temporarily parameterise the

divergences with ¢, before taking e — 0 at the end of the calculation.

UV divergences can be regulated by slightly decreasing the dimensionality of the in-
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tegral (i.e. e,y < 0), and IR divergences can be regulated by slightly increasing the
dimensionality of the integral (i.e. e > 0). This is dimensional regularisation. Typi-
cally, the calculation for R, = o(ee™ — ¢q)/o(ete” — ptp~) is done with a sin-
gle dimensional regularisation parameter, ¢, which regulates both IR and UV diver-
gences. Whilst this can be made to give the correct result, it is disingenuous to how
dimensional regularisation truly works. In Chapter 3, we treat the two types of diver-
gences separately, and find that the distinct types of divergence cancel independently

of each other.

Evaluating the Integral

It is worth performing the integral in Eq. (2.6.9). First, we transform from the usual,
Lorentzian 4-momentum, £*, to the Euclidean 4-momentum, /{:g, with a Wick rota-

tion [81],

k= (k° k) = (iK%, kg) (2.6.10)
=k = (K°)? - k* = —(k%)* — k3 = —k%, (2.6.11)
dik® = idk% = dPk = idPkg . (2.6.12)

This Wick rotation is shown in Fig. 2.4. To understand why we can Wick rotate, con-
sider the closed contour on the left of Fig. 2.4. The integration along this contour
must vanish due to the residue theorem, since there are no enclosed poles. Since the
integral along the curved parts of the contour must also be zero (the integrand in

Eq. (2.6.9) vanishes for |kZ| — o00), the integral along the real and imaginary axes
must be equal and opposite. This highlights the importance of the pole prescription of

the Feynman propagator (as defined in Eq. (2.3.5) and shown in Fig. 2.1).

We can now write Eq. (2.6.9) as

oy _ . [ 4%kp (=1)*(kH)®
J(D, o, B,a”) —2/ 2D (=2 — a?)7

» o de (k‘2 )a
=i(—1) ﬁ/ (%)i & fcﬂ)/ﬁ’ (2.6.13)

where we have safely taken ¢ — 0 since the denominator is always positive and does
not lead to pole ambiguities (i.e., taking ¢ — 0 no longer moves the poles onto the

contour of integration). In these coordinates, the integral is spherically symmetric
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Fig. 2.4. Left: The integral along this contour vanishes due to the residue theorem, since there are no

enclosed poles. Since the integral along the curved parts of the contour must also be zero, the integral

along the real and imaginary axes must be equal and opposite. Right: The Wick rotation of the

integration contour between Lorentzian 4-momentum coordinates, k*, to Euclidean 4-momentum

coordinates, k. The rotation is 90° anticlockwise in the complex plane, which is permitted due to the
position of the poles

and thus

J(D, 0, B, a%) = D 6/dQ / k] kgl Pt —LEET
y &6y Uy — D E E (|k |+CL2)
’]{ ’2a+D 1
<4w>D/2r<D/2>/o Weel gy 2614)

where [dQp = 27P/2/T'(D/2) is the ‘surface area’ of a D-dimensional unit sphere
and the Gamma function, I'(z), is defined as [82-85]

F(z):/ t*"te7tdt , Re{z} >0.
0

(2.6.15)
We can evaluate the remaining integral with a change of variable
2
a
such that
‘kli‘m u=20 (2.6.17)
E|—00
|klilm u=1 (2.6.18)
r|—0
a? 1/2
|kg| = <E(1 — u)) (2.6.19)
—2a°|kg| 1 BN i
du = Wdu@y = dlkg| = —5 du (1) 2(a=?) —] . 2620)
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Therefore, Eq. (2.6.14) can be written as

(1) )
(4m)PPT(D]2)

1
J(D,a,B,a?) = / duuP o= PR2=11 — )t P2 (2,6.21)
0

where the limits of integration have been swapped, picking up a minus sign. Finally,

we apply the Euler Beta function, defined as [82, 84, 85]
1
B(m,n) = / duv™ M1 —u)" ! = Ttm) (2.6.22)
0

The final expression for Eq. (2.6.9) is

i T(8 —a— D/2)[(a + D/2)

J(D ?) = P2 (_g?)oh . (2623
( ,Oé,ﬂ,a) (47T)D/2(a) ( a) F(B)F(D/2) ( )
The Gamma function, ['(z), has simple poles at = = 0, —1,—2, ..., which will lead
to divergences. It can be Laurent expanded [86, 87] as
1
['(z) = S e + O(2), (2.6.24)

where v is the Euler-Mascheroni constant [84, 85, 88], and the expansion is only
valid in the region z > O with z € Rand |z] < 1. Sinceey,y < Oand e, > 0,

the only valid expansions of the Gamma function in € are

() = — = —yp+ O(ey)  and (2.6.25)

Euv

F(‘glR) = i —YE + 0(5111)- (2.6.26)

IR

Another source of divergences in Eq. (2.6.23) are indeterminations of the type 0°,
which may arise from the (a?)*~#*P/2 term. This will result in both UV and IR di-

vergences. We will treat this type of divergence in Section 3.4.2.

It should be noted that we haven’t considered tensor integrals (Eq. (2.6.9) is a scalar

integral). Tensor integrals can be written in terms of the scalar integral as [89],

Z—J(D,a+1,8,d%). (2.6.27)

/ de, (k,Q)akyku B g,uz/
(2m)P (k? —a? +i€e)? D

Any integral with an odd power of £* in the numerator will be zero by symmetry.
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Example: UV Divergence

Consider the integral,

o / d7k K (2.6.28)
W= 0P (2 i) ((k+p)? — m2 +ie) 0

then Feynman parameterise and shift the integration variable,

de kH
s d
uv / x/ [(k + px)? — a2 + i€]?

D B et
/dx / d k k w (2.6.29)

— a? + ie)?

Now we note that any integral of this form with an odd power of k* in the numerator

is zero by symmetry, i.e.

Pk (k2)mke
=0 2.6.30
/ CrP - +idn (2.6.30)
and thus,
de —xpt ! 9
ISV—/ dx/ _a2+2,6]2:—p”/0 drxJ(D,0,2,a%)
1 D/2-2
- WI‘(Q - D/2)/ da:x(—pr(l —x)+ m%) : (2.6.31)
0

where we have used Eq. (2.6.23) to write the integral in terms of Gamma functions.
Taking D = 4 at this point would cause a divergence due to I'(0). One may also think
there will be a divergence of the form 0° in the integrand when z = 0, but the extra
factor of z in the integrand makes sure this converges (note that if p> = m? = 0 then
this will indeed result in an indetermination and hence further divergences—both UV

and IR—as we will see in Section 3.4.2).

So the only divergence in Eq. (2.6.31)isdue to I'(8 — o — D/2) = I'(0). We can
understand the nature of this divergence by examining Eq. (2.6.21). For D = 4, the
only possible divergence would come from the v*~*~P/2=! term when f—a—D/2 =
0 (as in this example) and v = 0. From Eq. (2.6.17) we know that « = 0 corresponds
to |kg| — oo = |k| — oo. Thus, a divergence dueto f — o — D/2 = 0 is an UV

divergence.
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Example: IR Divergence

Consider the integral,

Pk ]
Iir = / (2m)P (k2 +ie) ((k + p1)? +ie) (k + pa)? + i€) (2.6.32)

where p? = p2 = 0. We can guess intuitively that there may be some problems as

k — 0 because the integrand becomes (for ¢ — 0),

1
k2(2k - p1)(2k - p2)

(2.6.33)

which exhibits two types of IR divergences:

1. k2=0 “soft divergence”

2. k-pr=0o0rk-p; =0 “collinear divergence”

This is not enough to prove that there are IR divergences (k? — 0 also seems prob-
lematic for Eq. (2.6.28), but we have shown that it is not), so let us evaluate Eq. (2.6.32)

and see what happens. First, we apply Feynman parameterisation,

de 2
In= [ dz | 4 2.6.34
® / x/ y/ [(k + pray — psr(1 — y))2 — a2 + i3’ ( )

where a? = —2(p; - p2)2?y(1 —1y). Then we shift variables k — k — p1xy+pox(1—y)

and recognise that we have an integral in the form of Eq. (2.6.9),

D
IIR—/dx/ dy/ dk _afﬂe _2/ dx/ dyzJ(D,0,3,a2) .

(2.6.35)

Using Eq. (2.6.23) to write this in terms of Gamma functions, we get
— 1 1
WF(S — D/2)(_2pl . p2)D/2—3/ dx .CIZ'D_S/ dy yD/2—3(1 - y)D/2—3 ‘
(4777 : 0
(2.6.36)

If one were to take D = 4 at this point, there would be divergences from the = and y

IIR =

integrals in three regions of the integral space:
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Examining Eq. (2.6.34), we can see what each of these regions physically correspond
to. The first region (x = 0) results in the denominator of the integrand becoming

kS. Clearly, the integral will diverge for k& = 0. The second region (y = 0) gives a
denominator k*(k* + 6k - p;), which diverges fork = Oork - p; = 0 Ak — 0. The
third region (y = 1) gives a denominator k*(k* — 6k - py), which diverges for k = 0 or
k-p2, =0 Ak — 0. These are exactly the soft and collinear divergences we expected.

These are the only divergences present, so I is IR divergent and not UV divergent.

Thus, to successfully evaluate /g, we must work in D = 4 + 2¢,; dimensions, with
er > 0in order to regulate these IR divergences. Using the Euler Beta function

(Eq. (2.6.22)), it is then straightforward to arrive at the result,

i ]. _2p1 * p2 R F(]. - €IR) 2
I = r . 2.6.37
R (4r)2 2ps - ps ( A ) T(1+ 2ey) (ew) ( )

The structure of the IR poles can then be seen when one expands the Gamma func-

tions using

1 1
I(ew) = — — 76 + —=(7° + 675)ew + O(ex’), (2.6.38)

Er 12

1
I(1Fewr)=1%vger + E(H + 677 )ew” + O(en’), (2.6.39)

2

(f)® =1+ egln f + é7;—“‘(111 2 (2.6.40)
In(—1) = In(e’™) = —ir, (2.6.41)

being careful to include the O(e?) terms when necessary as they will multiply with
the €, 2 terms from I'%(,) to give constants. In Eq. (2.6.41), we have taken In(—1) =
—17r as a matter of convention in line with the Sokhotski-Plemelj theorem [90, 91],

since In(—1) = —im + 2inw,Vn € Z.

Summary of UV and IR Divergences

Integrals in the form of Eq. (2.6.9) can exhibit UV and IR divergences.

* When f — a — D/2 = 0, this corresponds to k& — oo and hence these are UV
divergences, and must be regulated with a small negative dimension ¢, such

that D = 4 + 2¢y,.
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* When the divergences arise from the integration of the Feynman parameters, this
corresponds to £ — 0 and hence are IR divergences (both soft and collinear),

and must be regulated with a small positive dimension £ such that D = 4+ 2¢y;.

* In the massless limit, > = 0 and there will be an indetermination of the form 0°.
This will result in both UV and IR divergences and will be treated in analysis of

the self-energy diagram in Section 3.4.2.

Loop Integrals

We now collect and evaluate the integrals which will arise in Chapter 3, so that we
can simply refer back to them when needed. The full derivation of the integrals can

be found in Ref. [89].

[ dPk 1
= / (2m)P (k2 +i€) ((k + q1)* + i€) (k — ¢2)? + ie)

2.6.42
_ ¢ 1 (=2q- ¢\ ™ T(1 - ew) 2 (ew) ( ’
C (4n)22q1 - g dm I'(1+ 2ex) "
o, = / dPk K+
27 ) @m)P (k2 +ie) (k + q)? + i) (k — q)? + ie)
(2.6.42b)
_ ( no M) 7 1 —2% ;o)) EIRF(l -+ 5IR)F(1 — €IR)F(€ )
BT R g\ T2+ 22 "
o / dPk k?
3= D (12 1 2 4 — )2 14
(2m)P (K2 + ie) ((1k +q1)? +ie) ((k — g2)? + ie) (2.6.42¢)
—1 .
- (47)2 (2q1 - g2)™" [é_ —2- W}
uv
O = / dPk krEY
- T + i€ +q1)? + e — q2)? + e
! (2m)P (k? +i€) ((k + ¢1)* +i€) (K — q2)* + i€)
= g )5‘”{ S
T4 @ g T
@' ( )1 o F e (2.6.42d)
+ q1 - 42 Er
(47)2 2q1 - qo 4t (3 + 2¢ep)
x [(qqu +h )T (2 + ew)T(ew) — (dh'ds + a7 gh)T* (1 + &)
where
1 1
2 = - + v — In(4m7). (2.6.43)
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and we have used

(2q1 - @)™ ~ 1+ ey In(2q1 - @2) . (2.6.44)
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Chapter 3

Traditional Particle Scattering

In this chapter, we will calculate cross sections for electron-positron annihilation,
given by [23, 25, 54],

2

1
olete” =7 = X) = Q—S/dPS | ME", (3.0.1)

where v* denotes a virtual photon, X indicates any final-state particles, s = (p;+p2)?
is the Mandelstam variable [92] for the square of the centre-of-mass energy (where p;
and p, are the 4-momenta of the electron and positron), dPS is the measure for the

152 is the sum of invariant matrix elements associated

final-state phase space, and M;
with all relevant Feynman diagrams, with corrections from the Lehmann—Symanzik—Zim-

mermann (LSZ) reduction formula (see Section 2.4).

The main goal of this chapter is to calculate the cross section for quark-antiquark pro-
duction to first order in gluon corrections, i.e., up to (9(64 92), where e is the electro-
magnetic coupling constant and g is the strong coupling constant. The calculation is
fully inclusive over the final state, except demanding that it contains one quark and
one antiquark. This is denoted e e — v* — ¢q X, where X either represents noth-

ing or the real emission of a gluon (up to O(e*g?)).

This calculation demonstrates the cancellation of infrared (IR) and ultraviolet (UV)
divergences, but is often performed without full rigour, with IR and UV divergences
either artificially cancelled against each other or treated together in renormalisation.
In this chapter, we keep these divergences separate: UV divergences cancel among
themselves due to the equality of the field-strength and vertex renormalisation con-
stants, while IR divergences cancel due to the degeneracy of the process

e“et — 4* — qqg with the tree-level process e et — ~* — ¢q, in the soft (low-

energy) or collinear limits.
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3.1 Lagrangian and Feynman Diagrams

The total Lagrangian density for a system consisting of electrons, muons, quarks,

photons, and gluons is given by (see Section 2.2)

T i 7 1 v 1 a 14
L= l; <¢l(271 8;1 - ml>¢l> + ¢q(17ualt - mq)¢q o ZFMVFM B ZGWGQ:

it
+ 3 (et A ) — eqetin A+ gdi Ga(T™) 1y

l=e,m
7

Lint
3.1.1)

where L is the free Lagrangian density and Ly, includes the interaction terms. We
only consider one flavour of quark then sum over quark flavours at the end of our cal-

culations.

The free Lagrangian density, £, describes the kinetic and mass terms for the elec-
tron, muon, quark, photon, and gluon fields. The terms J}e (M“@u — m.), and
@Em(mﬂaﬂ — Mm)Ynm describe the free Dirac fields for the electron and muon, with
their respective masses m,. and m,. The term @Eé(iﬁ“@u — mq)w; describes the free
Dirac field for a single quark flavour with mass m, and colour index ¢. The terms

— 3 Fu P and —1G%, G are the kinetic terms for the photon field, A,,, and the
gluon field, GZ.

The interaction terms, L., describe how the fermions couple to the gauge fields. They
are: The electron-photon interaction term —eth.y* A,1,, where e = —|e| is the funda-
mental electric charge; the muon-photon interaction term —el/_meﬂAﬂwm, identical in
form to the electron’s interaction; the quark-photon interaction term —eqezﬂéy“ANW,
where e, is the dimensionless ratio of the quark’s electric charge to e = —|e|; the

a

quark-gluon interaction term gip:y*G%(T®)"1)7, where g is the strong coupling con-

stant, and 7" are the SU(3) generators in the fundamental representation.

In Section 3.2, we calculate the cross section for muon-antimuon production,

o(e"et — 4* — p~u™). This process involves no quarks and hence no corrections
from quantum chromodynamics (QCD). In Section 3.3, we adjust the muon-antimuon
cross section to give the tree-level result for the quark-antiquark production cross sec-

tion. Since the coupling of the quarks to gluons is stronger than that of quarks to pho-
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tons (i.e., |g| > |e|) [93], the largest first-order corrections to the tree-level quark-
antiquark production cross section are gluon corrections. Accordingly, Section 3.4

calculates o(e"e™ — v* — q7 X) to O(e'g?).

Using the LSZ reduction formula from Section 2.4, the S-matrix for the process

e"et — v* — ¢q is given by
(quqa| S [p1p2) = Z. Z, Z (amputated diagrams) (3.1.2)

where {p1, p2, ¢1, g2} are the 4-momenta of the electron, positron, quark and anti-
quark respectively, Z, is the electron (or positron) field-strength renormalisation, and
Z, is the quark (or antiquark) field-strength renormalisation constant. Thus, the total,

LSZ-corrected invariant matrix element is given by

MG =2.2, > My, (3.1.3)
amputated
where My, are the amputated correlation amplitudes (defined in Section 2.4) con-
necting an electron-positron pair to a quark-antiquark pair, calculated directly from

Feynman diagrams using the Feynman rules in Section 2.5.

e

Fig. 3.2. Feynman diagram for the gluon vertex correction to quark-antiquark production.

The relevant amputated Feynman diagrams are the tree-level diagram, tfrfe shown
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in Fig. 3.1, and the vertex correction, /\/lVerteX shown in Fig. 3.2. The tree-level dia-
gram is O(e?) and the vertex correction is O(e%g?). The electron field-strength renor-
malisation constant, Z,., equals 1 to first order in the electromagnetic coupling, e, and
since we are not considering any higher order corrections in e, we can ignore this
constant. The quark field-strength renormalisation constant, Z, = Z, can be writ-
tenas Z = 1 + 0Z, where 67 includes the O(g?) corrections. Higher orders will not

be considered in this chapter. Thus, up to order O(e%g?),

MLSZ — ( tree + Mvertex)
Mtree + YA tree \J’f;rtex 4+ (314)

where - - - indicates higher order terms. Taking the modulus squared,

|MLSZ’2 ’Mtree 2 +92567 |Mtree 2 + MvertexMtreeT + MtreeMvertexT
|Mtree 2 +9267 IMtree 2 + QRe{MvertexMtreeT} . (3.1.5)

Since the only relevant correction from the LSZ formula is the term 2 62 |/\/ltree 2
this term will be referred to as the LSZ correction term, and we drop the superscript

‘LSZ’ for the total invariant matrix element.

We will find that Eq. (3.1.5) is IR divergent. This is because we have not considered
all relevant contributions. To calculate the inclusive cross section

olete™ — v* — q7 X) to O(e*g?), we must consider the lowest-order 2-to-3 cross
section involving the real emission of a gluon, o,.. = o(ete™ — v* — ¢gg). In the
soft (low-energy) or collinear limit, this process is degenerate with the 2-to-2 process,
since neither the 2-to-2 cross section nor the soft/collinear real emission can be mea-
sured individually by a real detector; only their sum is physically observable. This is
in line with the Kinoshita-Lee-Nauenberg (KLN) theorem [28, 29], which ensures the
cancellation of infrared divergences in physical observables in QCD. The cross sec-
tion we calculate is therefore that which is associated with the probability of either of

these processes occurring.

The lowest-order contributions from the real-emission process, M-, are shown in
Fig. 3.3. Since | M5 |* is already O(e*g?), we do not consider corrections from field-
strength renormalisation constants in the LSZ formula, which contribute at higher or-

ders. Due to the three-particle final state, we sum this contribution as a distinguish-
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able process (i.e. we add at the cross section level, not the amplitude level). Thus, the

total, first-order cross section we wish to calculate is

01 = 04 + Ore. , (316)

where 0,; = o(e"e™ — " — ¢q) is calculated using the matrix element in

Eq. (3.1.5). This first-order cross section is both UV-finite and IR-finite.

q2

Fig. 3.3. Feynman diagrams for the real emission of a gluon in quark-antiquark production.

3.2 Treelevel e"e~ — u™u~ cross section

Fig. 3.4. Tree-level Feynman diagram for muon-antimuon production from an electron-positron pair.

3.2.1 Calculating the Matrix Element

Before considering the production of a quark-antiquark pair, we first consider a slightly
more simple process: muon-antimuon production. The tree-level cross section for
muon-antimuon production, oo(e*e” — v* — pt ), is described by the Feynman
diagram in Fig. 3.4. We consider this process since there are no hadrons or quarks, so

we do not have to consider QCD corrections, and there are no ¢-channel or u-channel
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contributions, unlike electron-positron production. In the full Standard Model, there
is a similar process mediated by a Z boson instead of a photon, but we can make this
contribution small by assuming we are far from the Z boson’s rest energy. This means
that this calculation will give useful results for the tree-level, Standard Model contri-

bution.

We calculate the matrix element in D dimensions so that the results can be used when
we employ dimensional regularisation later in this chapter. In D dimensions, it is
conventional [25] to take

ez e, (3.2.1)

where i is an arbitrary parameter of mass dimension 1. This ensures that the cou-

pling, e, remains dimensionless.

Using the Feynman rules for QED (Section 2.5.2), the matrix element, M ¢;, associ-

ated with Fig. 3.4 is expressed as

—ig
k? + ie

ur(ql)(—iuﬁev”)v”(qz)] :

(3.2.2)

iMyi = [USI(pz)(—wujev“)us(pl)

where we have chosen the Feynman gauge for the internal photon propagator. Taking
the modulus squared of this expression, we get

(My” = |28 ] [wD>e2@s’<p2><w>us<pl>us<p1><vﬂ>vs’<p2>]

N J/
-~

Initial-state particles, Lue

x [/L“D)GQ%‘L’"(ql)(’V")v“(qz)ﬁ’"'(qa)(v")ur(ql)], (3.2.3)

N J/

TV ~
Final-state particles, H¥“

where ¢ — 0 is trivial due to the lack of loops. It is useful to label the initial-state
term as L*? and the final-state term as H"° (L stands for leptons, as the initial-state
particles will always be an electron and a positron, the H stands of hadrons, as the
final-state particles will later be a quark-antiquark pair, and the tilde is to indicate that

the particle spins are yet to be summed over).

If incoming electron and positron beams are unpolarised, we average over the spins

states s and s’. Conversely, muon detectors are usually blind to polarisation, so we
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sum over spin states 7 and r’. Together, this leads to

1 1 1
3z Mal = 2 IMaf = Mal . G24

spins

Summing over spin states of the particle spinors gives [23],
Zu =ptm Y vCEVp) =p-m, (3.2.5)
where the slashed notation denotes a contraction between the Dirac gamma matrices,

~v*, and the 4-momentum, such that P= Yipu.

Let’s focus on L*? for now. If we write the components of Lme using spinor index no-

tation, we can rearrange the v spinor at the end to the beginning,

P — Z P —

L= D)6
Zvd p2)0; (p2) Vs (P1) T (P1) ey

(4-D) 2
Ju e 3.2.6
= T(pZ - me)da ’ng (pl + me)bc ’7£d ( )
((4=D) 2
— Ttr[(;zﬁ2 —me)y"(p, + me)v’]

where the definition of the trace, tr[- - -], has been applied in the final line [23, 47, 94].
This trace of D-dimensional gamma matrices can be calculated using gamma matrix

identities [23, 25, 47] or computationally. The result is

LM = ILL(4_D)€2 (pg P+pepy — g (p1pa+ mg)) : (3.2.7)

As H"? is of the same form for this diagram, the result is similar, but for a factor of 4

since the spins are summed over, not averaged,
=Y B =4 (T + @ — 97 (- +my)) . (32.8)

Writing Eq. (3.2.3) as
1
Myils = 5095 L H (3.2.9)
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and substituting in Egs. (3.2.7) and (3.2.8),

2 4u2(4—D)€4

(Myily = |2 )2 @) + 2001 @) (P2 @) + (D = 4)(p1 - p2) (01 @)

+ (D = 2)(q1 - 2)mZ + (D — 2)(p1 - p2)m, + Dmimil :

(3.2.10)

where we have used g,,g"” = D. Taking the high-energy limit such that the masses

of the electron and muon are negligible compared to their energies, we find,

) 472(4=D) ¢4

’Mfi T T A 2(p1- @) (P2 q2) +2(p1 - @2) (P2 - @) + (D — 4)(p1 - p2) (a1 - (&)] .

(3.2.11)

We can evaluate this expression in the centre-of-mass frame and then integrate over
final-state momenta. However, this would involve explicit angular dependence, mak-
ing the integration complicated in D dimensions. So, before we continue, we shall

introduce a simplification that will be used throughout this chapter.

3.2.2 Simplifying the Interactions to Decays

The calculation of a general cross section o(ete™ — +* — X)) can be simplified
to the calculation of a decay rate I'(v* — X') multiplied by a factor common to all
interactions with the same initial state. This will be shown in D dimensions. This is
useful because the expressions will be less algebraically complex, less repetitive, and

not involve angular dependence (making the phase-space integral easier) [23, 25].

A cross section is given by Eq. (3.0.1),

1
olete” =7 = X) = % /dPS ‘Mﬁ‘z (3.2.12)
s
From Eq. (3.2.9), we see that
2 1 up Iyvo 1 vo
(Myi|§ = o L HYT = 2Ly HY (3.2.13)
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The phase-space integral involves only the final-state trace, giving
/dPS H". (3.2.14)

This will integrate over all parameters of the final state except for Lorentz invariant
scalars and the (D-dimensional) 4-vector £*, which hence must characterise the final
state. Since!

b H" = H"k, =0, (3.2.15)

Eq. (3.2.14) must have the form,

/dPS H" = (g7 - k:f) H, (3.2.16)

where H is a scalar. Combining Eq. (3.2.13) and Eq. (3.2.16), we find,

2 1 vo kYK
/dPsM/lﬁ]Z = Lo (97 =5 ) H
1 (3.2.17)
= ELVUQVU : H,
where we have used L,,k” = 0. Now consider separately contracting each of the
traces L, and H,,,
uv po uv po kpko'
(9 LW) - [ dPS (9 Hpa) = (9 LIW) 9 (9/90 - ?) -H
= (9" L) (D _ 1) CH (3.2.18)
=(D-1)(¢"Lu)-H.
Combining Egs. (3.2.17) and (3.2.18) to eliminate H, we find,
2 1 v loa
/dPS Myi|§ = m(g” L) ~/dPS (9" H,y) - (3.2.19)

This result states that rather than needing to calculate the total matrix element squared,
one can calculate and contract the initial-state and final-state traces separately. This

is very useful as the factor of gL, will be the same for all processes we consider

IRef. [23] claims this is true based on general principles. This is related to fermion current conser-
vation, not the Ward identity (since the photon is not an external particle).
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(since they all involve the same initial-state particles),

9" Ly = p*21e2g" (pa,, p1, + P2y D1y — G (01 - P2 + 7))

2—D
_2=D)

2

(3.2.20)

where s = 2p; - po and the masses have been taken to zero. This means that we can
factor g*” L,,,, out of all diagrams, and it will cancel when we calculate the ratio of
cross sections with the same initial particles. Thus, we need only compute the trace
of the final state particles. This is equivalent to considering a decay from a virtual

photon, v*, to the same final particles (although this interaction is unphysical). This
7
A\

Fig. 3.5. The “decay” of a virtual photon to a quark-antiquark pair.

q

q

interaction (pictured in Fig. 3.5) has the decay rate [23, 25, 54]

2

, (3.2.21)

. 1

with the squared matrix element given by (using the Feynman rules in Section 2.5)

‘Mfm*

2 * — —r r’ —r' o\, T * TTpO

= €6, [u“ DI (q1) (7)o" (42)0" (g2) (17 )u (ql)] = €pe, H" .
(3.2.22)

To relate this to g?” H ,,, we can use the relation for summing over photon polarisa-

tions [23],

Y eNer(A) =~ (gpa +(n— 1)2’;”) , (3.2.23)

A
where A = =1 is the helicity of the photon, %, is the 4-momentum of the incoming
virtual photon, and 7 is an arbitrary gauge parameter (n = 1 is the Feynman gauge,
1 = 0 is the Landau gauge [95]). We choose the Feynman gauge for consistency with
Eq. (3.2.2), but any choice of gauge will give the following result due to Eq. (3.2.15).

Once we sum over photon helicities (as well as the spins of the final-state particles),
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we get,

2 g g
(Mine|s = —gpoH” = —g" H,q (3.2.24)
and hence, from Eq. (3.2.21),
My — X) = \/_ dPS ¢ H,, . (3.2.25)

Combining Eqgs. (3.0.1), (3.2.19), (3.2.20), and (3.2.25),

(4 D) 2 9 D
o(ete =" X) = 4826 ED 13 / dPS g7 H,, (3.2.26)
(4-D) 2
i Ple (D 2) s
T X). 2.27

These equations allow us to calculate the relevant cross sections in this chapter via

simpler decay rates.

3.2.3 Integrating over the Two-Particle Phase Space

From Eq. (3.2.26) we see that, for muon-antimuon or quark-antiquark production, we

need to calculate

/dP82 9”7 H po(ree) 5 (3.2.28)

where dPS, indicates the two-particle phase space and H j,(ree) NOW denotes the tree-

level final-state trace. Using Eq. (3.2.8),
9”7 Hpotireey = 411122 = D) (q1 - ¢2) = 2(2 = D)ul*~P)e?s. (3.2.29)

Returning to Eq. (3.2.26), we find,

24-D)¢t (2 — D)2

tem syt sty =B /dPS. 3.2.30

oo(ete v =t 5 (D1 2 ( )
With no angular dependence, the phase space integral is no longer too complicated.
For two massless particles, the integrated two-particle phase space in D dimensions

is commonly expressed in one of two equivalent ways [25, 89],

/dP52 - ()" \/Er((zz;— 0/2) ~ %(i)% (3:2.31)
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where I'(2) is the Gamma function defined by Eq. (2.6.15). Thus,

+

p2=Det s >D24 (D—2)*T(D/2—1)

e o) = (i (D—1) T(D—2)

oo(e 167s

(3.2.32)

This is a D-dimensional expression for the tree-level contribution to this interaction.
Although this is finite for D = 4, the D-dimensional corrections will be required

when the tree-level diagram interferes with one-loop diagrams. Taking D = 4,

et Ao

oolete” = putu™) = s = 3;"‘ , (3.2.33)

where the fine structure constant, o, is defined as,
oy = — . (3.2.34)

From here on out, it is understood that the mediating particle in all processes in this

chapter is a virtual photon, so it is not written explicitly.

3.3 Tree level e ¢~ — ¢ cross section

The cross section for quark-antiquark production, o(ete™ — ¢q), has a tree-level
contribution, og(ete™ — ¢q), where the corresponding Feynman diagram is shown in
Fig. 3.1. We can calculate oy(ee™ — ¢q) in a very similar way to

oo(ete™ — ptp™). One will arrive at exactly the same answer as Eq. (3.2.33), ex-
cept with an additional factor of eg, the squared ratio between quark charge and muon
(electron) charge. There is also a colour factor, N., which arises from summing over

the free colour indices in the vertex factors, i.e., 9;;0;; = N. (see Eq. (2.5.16)),

2
) dra (33.1)

_ 2
Otree-level = 00 — (N c€ 352
cm

q

where NNV, is the number of colours. Calculating the ratio of Eq. (3.3.1) and Eq. (3.2.33),

oolete” — qq) 2
R, = = N_.e:.
1= go(etem — ptu) K

(3.3.2)

Summing over all quarks with mass satisfying 4m3 < s and assuming all quarks
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hadronise with unit probability, one arrives at the well-known tree-level result,

Ry = oo(ete™ — hadrons) _ N, Zeg

. 333
oo(ete™ = ptp~) ! 639

q

3.4 First Order QCD Corrections to c"e™ — ¢ X

In this section, we calculate the ratio of the cross sections of ete™ — ¢g X and

ete” — T~ to first order in QCD corrections, which is denoted,

olete” = q7 X)

R, = .
T o(eter = ptpn)

(34.1)

These first-order QCD corrections involve gluons coupling to the quark and anti-
quark. The interactions involve no weak bosons, and we take the incoming and out-
going particles to be massless. We initially ignore colour factors and indices, but con-

sider their effects at the end of the calculation.

3.4.1 Vertex Correction

Fig. 3.6. Feynman diagrams representing the product of the virtual vertex correction decay term with
the conjugate of the tree-level diagram. This contribution is O (62 92). The trace follows the fermion
lines around the loop formed by combining the amplitude with the complex amplitude.

As in Eq. (3.1.5), the O(e*g?) contribution involving the vertex correction comes
from the cross term of the vertex correction amplitude interfering with the tree-level
amplitude, shown diagrammatically in Fig. 3.6. Taking the trace around the fermion

loop and using Eq. (3.2.19), we find

1
dPS (M M) = e (9" L / dPS (g7 He™) . (3.4.2
/ Mfz Mfz 9 (D—l)]{?4(g u) (g po ) ( )
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where H(;; ..,» which is the only thing we need to calculate, is given by,

dPk 1 ks, ks

P :_2-2222(4D)/ 3 N 1 a'9g

(vertex) e,e g i (27T)D k% T e Japs + (5 )kg T e
" 1

(k3 —m2 +ie) (k¥ — m2 + ie)

X tr [(C/l +mg) Y (Ko + mg)y” (K + mq)’yﬁ(q/? - mqu]
(3.4.3)

where g is the strong coupling constant, e4e is the coupling for the photon to the quark/an-
tiquark, ¢ is the gluon gauge parameter, and a factor of 2 is included due to an identi-

cal contribution from the conjugate diagram (as in Eq. (3.1.5)). Since we are evalu-

ating the integral in D dimensions, the strong coupling constants have been rescaled

by explicitly writing an extra factor of ;=2 per coupling, in order to maintain their

usual dimensions. We can use conservation of momentum to make the following sub-

stitutions,

Ky =g + K, K=¢ -k , K'=¢ 4+ (3.4.4)
For simplicity, we will work in the massless limit (m. = m, = 0), hence,

pi=ps=q¢ =q5=0, (3.4.5)

=2 -¢p=s. (3.4.6)
Calculating the trace computationally, contracting with g,,, and adopting the Feyn-
man gauge (£ = 1), we get

po 2 2 2 2(4-D) dPks
gﬂUH(vertex) = 22€q6 g u (27T)D (D - 2)

1
. [(k;% +i€) ((q1 + ks)? + €) (g0 — ks)? + >1
X [16(% cq2)(q1 - k3) — 16(q1 - 2)(qo - k3) — 16(q1 - ¢o)?

+16(q1 - k3)(g2 - ks) +4(D — 4)(q1 - CI2)/€§}

= — 2ie2e?g?ptéD) / ﬂ(D —2)x
- q g M (27T)D
{85((11 - k3) — 8s(qy - k3) — 48 + 16(qy - k3)(qo - k3) + 2(D — 4)51{;?}}
(k3 4 ie) ((qn + k3)? +ie) (g2 — k)2 + ie) '

(3.4.7)
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We can write this using Eqs. (2.6.42),

GpoH o) = — 2ie§e292u2(4_D)(D —2)x

(vertex) ~—

[85((]1# — qZU«>C§,IR — 45201711{ + 16Q1MQ2MC§,II}R + 2S(D — 4)03,IR] .

(3.4.8)
Now we substitute in the final expressions for the C' integrals,
gPUH([igrtex) = 2i€2€292ﬁ02(47D)(D - 2) X
1 1 —2611 “ (2 5"‘1“(1 — €1R)F(]— + 51R)

8s(2q1 - r

[ Q0 ) e g ( dr ) M2 t2e) o

o 482 7’ 1 _2Q1 ) oR F(l - EIR) F2<€1R)

(47)2 2q1 - g2 A [(1 + 2ey)

—1 1
4 . — (2 . guv _ 3 _ 4
+4(q Q2)(47r)2( Q- G2) LUV m]
i 1 (_2q1 . q2>€[R F(l - gIR)

— 16
(47)% 2q1 - @2 A ['(3 4 2eR)

(Ql . QQ>2F2<1 + €IR)

—1

1
+ dsepy—(2q1 - g2)°Y L -2 - mH

(4mr)? oy
__9;.2,2 2 2(4-D)(1y _ i (s L1 — )1+ ep)
Hac g P [85 (4#) ['(2 + 2ew)

(4m)? L(Ew)

i =5\ T(1—er)
‘“@WGQ T 25 (W

—1 1 ]
+ 2s s°UV [ -3 - m}

Euv

i s\ (1 — )
—4 — —=I(1
° (47)? (47r) (3 + 2ep) (1+&w)

—1 1 )
+ 4ssuvwsaw [ — —2— mH

= — 8isele’g” [2 (4%2 (1) (%> (ﬁyla(l + ex) (1 — er)
( PA+el(ew)  Tew)  TA+ am)>

(2 + 2eR) L(142eg)  T(3+ 2ep)

—i s\ [/ 1\ 1 ,
) () [ e ro

where, in the final equation, D has been taken to 4 4 2¢; or 4 + 2¢, for the IR-

?

(3.4.9)

divergent or UV-divergent terms, respectively. Since Eq. (3.1.5) involves the real part
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of the vertex-tree cross term, we keep only the real parts of (—1)“® and exclude the
im term (in other words, the i will cancel between MM and MU M),

Thus,

. 168626292 7T2€ 2 s E€IR 1 EIR
ol == etz (1= 5=+ 0 ) (%) () @ +ewri=20

(2r(1+aIR)F(€m) I (ew) _F2(1+8m>>

(2 + 2eR) [(142eg)  T'(3+ 2¢ep)

+88€?]€2g2 s\ / 1\ 1 N
(4m)?  \ pt 4w Euy e

Before integrating over the two-particle phase space, we must account for the renor-

(3.4.10)

malisation factors arising from the residue of the fermion two-point function, as the

LSZ reduction formula demands.

3.4.2 LSZ Correction

ks
/\
W
q - P, : > -
EEE—— _—> —_—>

Fig. 3.7. Feynman diagram representing the self-energy correction of a fermion. This is the (’)(92)
contribution to the two-point correlation function, which we denote as X,.

We now consider the ‘correction term’ arising from the LSZ reduction formula, which
is the second term in Eq. (3.1.5). This is just 2 6Z multiplied by the tree-level con-
tribution. The field strength renormalisation constant, Z = 1 4 07, is defined as
the O(g?) part of the residue of the single-particle pole in the two-point function of
fields [23, 25, 89] (see Section 2.4). Therefore, to calculate Z, we must calculate the
first-order (in g?) contribution to the two-point correlation function, 4. This contri-

bution is shown in Fig. 3.7 and, using Feynman rules, is given by

Pk G+ B +m
» _ 2 4—D/ 3 o 9 B

ks k
(gaﬁ(g—l) k§“+3;€>] . (34.11

X
{k% + 1€
Taking the massless limit and adopting the Feynman gauge (¢ = 1), this expression

70



simplifies to

. _ dPk G + K 1
_ __.2,4-D 3 _«
Zzg(q/l> =—gp / (27T)D7 (Ch n k3>2 + Z.E’Ya |:]{?§ T Z€:| . (3412)

There is no trace to evaluate, since we are not multiplying by a conjugate amplitude.
Instead, we use the D dimensional gamma matrix identity [25, 89], 7#+"v, = (2 —

D)~, such that

dPk 2—D)(q +
iBy(qh) = —g*pu* ™" / > 2~ D)y /%) —. (3.4.13)
2m)P (g1 + k3)? + i€) (k3 + i)
With Feynman parameterisation (Section 2.6.3), we can write this as
d"ks [ (2—D)(¢h + #5)
o(qh) = —¢ 4—D/ : / d 3.4.14
% (gh) gH 2m)P J, g (ks + 2q1)? — a® + ie]?’ ( )
where a®* = —¢iz(1 — z). Shifting the integration variable k3 — k3 — zq;, and

remembering that the term with an odd power of k3 in the numerator will vanish [89],

we find

iN(qh) = —g*ut P2 - D)q/l/o dz (1 —2)J(D,0,2,a*)

= —g’u"P(2- D)gh mr(z -D /2)(_q§)D/22F(D/I§()£(?/1 ? -1
(3.4.15)

where we have used Eq. (2.6.23) then evaluated the x integral using the Euler Beta
function (Eq. (2.6.22)). If one were to take ¢; = 0and D = 4 at this point, there

would be an indetermination of the form 0°. In order to regularise this, we use

/Oo 42 n = (g2 (_%> for Re{n} <0,

@
o 4 . (3.4.16)
/_q% ?x_” = (—¢>)™" (E) for Re{n} >0,
and therefore
2\D/2—2 -1 > dw D/2—2
(@)D= [ S
o (3.4.17)

:[/S d_JCgCD/22_|_/oo dﬁxD/221’
2 s T
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where we have cut the total integration region at s, the characteristic energy scale of
the process, in order to to separately integrate in the IR and UV regions of momen-
tum. When ¢ — 0, the first integral is only convergent if D/2 — 2 > 0, so we take
D = 4 4 2¢y since € > 0. Similarly, the second integral is only convergent when

D/2 —2 < 0, s0 we take D = 4 + 2¢,y since £y < 0. The result is then

£ £
SIR SUV

(—>)P?2(2-D/2)7 = (3.4.18)

€IR 5UV

Returning to Eq. (3.4.15) and taking D = 4 + 2¢, or D = 4 + 2¢y, as required, we
get,

iSy(gh) = —g°u* P (2 - D)%Wm _ Dﬁ)F(mﬁgS?ﬁ —1)

95(D—4)/2 25(P—4/2
W i e
D—-4 |,_, 12 D—4 D=4+2eyy
2ig* g
- (4m)?
5\ e L2+ ep)T(14ex)[ 1
1 = 4 - o
X (( ‘|‘€IR) (/1,2) ( ﬂ') ( €IR) F(?) + 25112) Er
s\ —euy F2+ew)l(I+ew)| 1
(1 - 4r) T - Cov
( -+ 5uv) (M2> ( 7'(') ( 5UV> F(g + 25UV) Euv

_ Zj:’)/lz ((/%)m (%)m(l + (v — Dew+...) ER]
()" ()" G- et 1)

s 2
19 % ( S )8IR 1 ( S )€Uv 1

= — — —1+..|—(— — —1+...
(47)? ( 4 p? [6"{ E * 4 p? Euv e +

(3.4.19)

where the iterative property of the Gamma function has been used to write
(2—-D/2)I'(2 — D/2) = I'(3 — D/2). This expression exhibits both UV and IR

divergences.

It can be shown that the residue of this self-energy term is given by [23, 25]

—1
dx s
Z=(14+=2 O ]
k=0 dk,

3.4.20
af, -
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Thus,

b
5ZEZ—1:—&
dgi
2
g s \¢wr| 1 s \euw | 1
= — — —14+...] = — —1+...0].
(47f)2<<47w2> LIR+7E " ] <47w2> LUV+7E " D

(3.4.21)

We can now calculate the full LSZ correction term using the tree-level hadronic trace

(Eq. (3.2.29) multiplied by €?),

o ry(tree)
207 g" H' = —

42— D)ele’g’u* s << s )€IR [ 1

— —14+...
(471')2 47T/L2 ER e * }

()" | = -1+
A p? Euv e o
8e2g?s S \ER 1
= 1 — —1+...
(4rr)? <<47w4) (1+ &) [aR T }
(—S >£Uv(1+ ) ! + 1+
_ cw) | — — .
dmpt e | F

~ 8e?g’s ( s >am 1 P ( s )fUV 1 P
= (47T)2 471-,u4 e YE 47‘_#4 or YE .

(3.4.22)

We can define the hadronic trace first-order in virtual corrections as the sum of this

LSZ term and the vertex correction in Eq. (3.4.10),

o ry(virtual) — po ry(vertex) o r7(tree)
gp Hpo'lr a _gp Hpoere +25Rgp Hp;ee

168626292 7T251R2 s €IR
= — (4;_)2 (1 - 5 + O(€IR4)) < ) (]. + E,‘IR)F(l — €IR>

4t

(2F(1 telen) e T2 +em>)
T(2+2)  D(1+2e,) T(3+2ep)

+8$636292< s )em 1 P
(47T)2 47T,LL4 ERr BT

(3.4.23)

where all UV divergent terms have cancelled.

This cancellation of UV-divergent terms might initially seem like a fortunate coinci-
dence. However, it can be shown that, to all orders of perturbation theory, the field-

strength renormalisation factor, Z (often denoted Z5), exactly cancels the vertex cor-
rection, which is captured by another renormalisation constant, Z;. More succinctly,

71 = Z5[23, 25, 54]. This is a consequence of the Slavnov-Taylor identities [72, 73,
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96], which are the non-Abelian generalisations of the Ward-Takahashi identity [68,
69].

3.4.3 Integrating over the Two-Particle Phase Space

The next step is to integrate over the two-particle phase-space, which (for an inte-
grand which is not dependent on the centre-of-mass scattering angle and the particles

are massless) is given by Eq. (3.2.31), which can be written in terms of ; as

1 /s \ew D(1+ )
PS, = —(—) ———, 4.24
/ aps: = o (47r) T(2 + 2e0) (3.4.24)

Since Eq. (3.4.10) does not depend on the centre-of-mass scattering angle, we can

combine it with Eq. (3.4.24) to give

95e2e2? 2 R w2er?\ T(1 + &)
dPS, g, H — — —Ca 1) (1 — —" ST~ en
/ 2 Ypo L yiral 71.(477.)2 ((477-)2#4) ( te ) < 2 F(Q + 251}2) ( : )

(r(1+em)r(5m) T(cy) _r2(1+5m))

(2 + 2¢ep) D1+ 2eg)  T(34 2ep)
N sezeg? 52 Tl +eg) [1 N
T \ @2t ) T2+ 200) low | F
862€2g2 82 €IR (1 +e ) 92 3
q R 2
=— -+ — -8 @) )
7(4m)? ((47r)2,u4) (2 + 2eR) ( ER2 + Er T (EIR))

(3.4.25)

From Eq. (3.2.26), the cross section contribution from the virtual correction terms is

thus
2,.4,2 9 - )
Uvirtual(€+€_ — qg) — €9 S (1 + €IR)
2m(4m)2s \ (4m)2us (34 2e)T(2 + 2e) (3.426)
2 3 4.
(- 25+ 2 -semr0).
Er Er

This cross section has IR divergences. In order to arrive at a result which is IR finite,

we must consider the effect of the real emission of gluons.

3.4.4 Real Emission

As previously explained, in order to calculate the inclusive cross section for quark-

antiquark production to O(e*g?), we must also consider the process that involves the
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Fig. 3.8. Feynman diagrams representing the real-emission decay process, with the gluon emitted from
either final-state particle. These contributions are summed and then squared, such that they are
o (62 gQ). The trace follows the fermion lines around the loop formed by combining the amplitude with
the complex amplitude.

real emission of a gluon. The term involving the real emission of a gluon will need to
be treated differently when integrating over the phase space, as there are three final-
state particles. It is the IR divergences that arise during this process which cancel

with the IR divergences in Eq. (3.4.26).

First, let us calculate the hadronic trace associated with the Feynman diagrams in
Fig. 3.8. After summing then squaring these diagrams, one can write the result as the

sum of four traces (the squares of each diagram plus the two cross terms).

43,93
HPO — _ o20242,,2(4-D) g (6 — 1) e
e g I Jap + (€ )q§+ie

[tr [(q + g5+ my)y “(0/1 + m)y (g + b+ ma)r* (g —ma)r’]
((q1 + q3)> = m2 + i€) ((q1 + g3)? — m2 — ic)
tr [(C]/l + mq) U(% +¢5+ mq) a(% - mq)'yﬁ(% +g¢5+ mq)’Yp} B
((q2 + q3)? = m2 + i€) ((g2 + q3)? — m2 — ic)
tr[(%+mq) (%“‘%"’mq) 0(% m) (%‘*’%"’"mq)’w}_
((q1 + q3)? = m2 + i€) ((g2 + q3)? — m2 — ic)
r [(gh + g5 +mg)7*(gh +mg)77 (o + g5+ mg)7" (¢ — mg)7]
(@ + q3)* — m2 —i€) ((q2 + g3)* — m2 + ie)
(3.4.27)

where we have used the same polarisation summation for the gluon helicities as we
did with the photon helicities in Eq. (3.2.23). Notice the minus sign in front of the fi-
nal two terms (the cross terms). This is due to one internal fermion propagator having
momentum in the opposite direction to the fermion flow, so this internal propagator
factor has a negative sign. We can evaluate these traces computationally in D dimen-

sions, contract with g,,, take the massless limit, and adopt the Feynman gauge, result-
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ing in

9opHEZ = —epe?g? 2= P)
8(D —2)*(q1 - q3)(q2 - 43) 8(D —2)*(q1 - q3)(q2 - q3)
((q1 +a3)* +i€) (1 +g3)* —i€)  ((g2 + q3)* +i€) ((q2 + g3)* — ie)
N 8(D —2)2(q1- ¢2)* +2(q1 - @) (1 - g5+ @2 - g3) + (D — 4)(q1 - 43)(q2 - g3)
((q1 + q3)* +i€) (g2 + g3)* — ie€)
" 8(D—2)2(q1 - 2)* +2(q1- @)1 - @3+ a2 - q3) + (D —4)(q1 - 43) (g2 - 43)
((q1 + q3)* —i€) ((q2 + g3)? + ie€)

Y

(3.4.28)

where we have taken g2 = 0. We will now rewrite this expression in terms of dimen-

sionless energy fractions,
~ 2q; -k

z; . i=1,2,3. (3.4.29)
S

Conservation of momentum, ¢; + ¢ + q3 = k, then implies that

Thus, we can write Lorentz invariants of the form

(1 + @) =20 g3 = (k— q)* = s(1 — 2),
(4 q3) =2q2-q5 = (k— @) = s(1 — zy), (3.4.31)
(1 + @) =2q1- ¢ = (k — q3)* = 5(1 — x3).

This change of basis will not only simplify our expression in Eq. (3.4.28), but prove
very useful when we come to examine the phase-space integral of these real-emission

processes. Substituting Egs. (3.4.31) into Eq. (3.4.28), we find,

Yo =
_ €3€2g2ﬂ2(4_D) 2(D —2)*(1 — 1) i 2(D —2)*(1 — x5)
(1 —x9) (1 —1)

. 4D —2) (2(1 —23)? 4 2(1 — 25) (1= 2) + (1 — 21)) + (D — 4)(1 — a)(1 — xl))]

(1 — 33'2) (1 — .1'1)
(3.4.32)
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JopHre = —€e°g7 10

where we have taken ¢ — 0, which is permitted since the energy of the real emission
is fixed and we will only integrate over its 3-momentum (i.e. there is no loop integral,
and hence no ¢° integral). We use the conservation of momentum, Eq. (3.4.30), to

eliminate x3 from Eq. (3.4.32),

2 2 2 2(4—D) 2(D_2)2<1_$1> +2(D_2)2(1_952>
(1-%‘2) (1—.7)1)
N 4D =2)(2(z1 + 22— 1)+ (D —4)(1 — 1) (1 — 22))
(].—.%2) (].—1'1)
__262@2g2u2(4‘D)(D—2) B o .2 B _ oy 2
— - e (D= 21 2 o)+ (D - DL - 200+ )

+4l‘1 +4$2 —4+ 2(D - 4)(1 — T1 — T2 +ZL’11’2)>

_ 26?]6292M2(4_D)(D _
(]_ — I1)<1 — ZL‘Q)

— 2(2? + 22 + 4179 — 871 — ST + 8))

2
) (D(w% + 25 + 27129 — 471 — 43 + 4)

22 4 23 + ep(T1 + 29 — 2)?

:_82222(4—D)1 ’
qu g H ( +€IR) (1 _ .Z'l)(l _ 1'2)

(3.4.33)

where we have set D = 4 + 2¢, with ¢, > 0. We choose to use the positive, IR
dimension, €, because we can see that the above expression diverges at x; = 1 or
o = 1 (and therefore so will the cross section after integrating over the phase space).
Using Eqgs. (3.4.31), these two limits correspond to ¢; - g3 = Oand ¢3 - g3 = 0,

respectively. In the massless limit,

q; - q3 — wiwg(l — COS 023) , 1= 1, 2 (3434)

where wj is the energy of the quark (¢ = 1) or antiquark (¢ = 2), w, is the energy of
the gluon, and cos ;3 is the relative angle between the quark/antiquark and the gluon.
Thus, equating this quantity to zero in the massless limit requires the gluon to have no
energy or for it to be collinear with the quark/antiquark. These two cases are exactly
the soft IR divergence and collinear IR divergence described in Section 2.6, hence we

must regulate the phase-space integral with a small positive dimension, &.

Now that we have calculated the hadronic trace, we need to integrate over the three-

particle phase space. Here, the expression required to integrate the three-particle phase
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space in D = 4 + 2¢ dimensions for the real emission is [95]

s 47\ —2er 1
dPS.. :—( > _—
/ T 16(2m)3 (2 + 2ey)

(3.4.35)
/ d[El/ d{EQ 1 — 5(71)(]_ — [L’Q)(CL’l —+ x9 — 1)]

€IR

Combining Egs. (3.4.33) and (3.4.35),

/ dPS,. g, HP — 6262925u2<4‘D) <4W)‘2€‘RM
re. Jopll e = F(z + 2€IR>

IR

/dxl/ ey (1= )L~ 22) (a1 + 22— 1))

3+ i+ aR(xl + x9 — 2)2
(1 —a1)(1 — x9)

(3.4.36)

To evaluate this integral, we perform a change of variables z; = x and 5 = 1 — vz,

6262928M2(4_D) g2 EIR (1 + EIR)
2(2m)3 (4m)2 ) T(2+ 2¢ep)

/dx/ dvx (1 - z)vz (1—1))} .

z? —|—1—2vx+vx + er(z(1 —v) — 1)?

/dPS re. gapr_g_ - -

vr(l —z)
B 6262928M2(47D) p: IR (1 + EIR) (3.437)
N 2(27)3 (4m)2 ) T(2+ 2¢eR)

/ dx/ d’U €IR 5]Rx251R+1(1_U)5IR

X [(1 + er) (x_l(l — )t +our(l - x)_1>

+2 (1 —wv)(1 —2)t + ng} :

Writing the integral as factors of 2", v™, (1 — x)", and (1 — v)", we can use the Euler

Beta function (Eq. (2.6.22)) to find,

/dPS G, HP? = — e2e?g?sp*=L) (1 +ew)
re. Yopllye, 2( )3 (471') F<2+251R>

[2(1 +er)T(er)T(er + 1) (er + 2)

(3.4.38)
'(3er + 3)

2 (e)T(er +2)  2exI3(1 + eg)
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Carefully expanding the Gamma functions leads to the result,

6262928M2(4—D) 52 EIR (1 +€1R) 2 3 19 2
2/ T

dPS .. g,,H" = — I A
/ e Jopiire. 2(2m)3 (4m (2 + 2ep) T

Er2 ERr 2

(3.4.39)

From Eq. (3.2.26), we arrive at the cross section for quark-antiquark production with

the real emission of a gluon,

626492M3(4_D) 82 EIR (1 + €]R)2
e (€7€” = qgy) = ( )
2/

4(2m)3s (4m 3+ 2ep)(2 4 2ep)

2 3 19 9
[51R2 - 5_m + 7 — 77+ O(&m)] .

(3.4.40)

3.4.5 Total Cross Section
Finally, we can combine Eqgs. (3.4.26) and (3.4.40) to get,

oi(ete” = q7 X) = ovimaleTe™ = qq) + 0re(eTe™ — qqg)

636492 s2 eI (1 + 51R)2
er—0 27 (47)2s \ (47)2u8 ) (3 + 2e5)[(2 + 2ey)

2 3 2 3 19
20 s (22 B e o
|:( 5IR2+51R +7T)+(51R2 ER 2 7T> <€IR):|

6264 2 2 EIR 1 2 3
= lim a© 9 i ( + glR) -+ O(glR)
er—0 27 (47)2s \ (47)2u8 ) (3 4+ 2e5) (2 + 2e) | 2

626492 52 EIR 1
= li a = O IR
anir—I}O 27 (4m)%s <(47T)2M6) {2 + 0l )}

_ ege4g2
(47)3s
_ egagmas
S 9
(3.4.41)
where
¢
= . (3.4.42)
47
Thus, the first order contribution to the cross section is
e2a? o RYor e
— g em s 2T0%s 3.4.43
o1 S AN, ’ ( )
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where o is the tree-level cross section, given in Eq. (3.3.1). The final step is to ac-
count for the colour factor for this process, which up until now has been entirely ig-
nored. The colour factor is the number of colours, V., multiplied by SU(3) invariant,

Cr = 4/3 [23]. Thus, o7 becomes

o= 222, (3.4.44)

such that, up to first order,

A

olete™ — qgX) = og (1 n ?> . (3.4.45)

Taking the ratio of this cross section and the tree-level muon-antimuon production

cross section (Eq. (3.2.33)), we arrive at the result:

tem o qGX
R, = ol = aaX) Nee2(1+22). (3.4.46)
olete — ptp~) ? T
Summing over quark flavours, we get
o(ete™ — hadrons) ) Qg
R= — Ny e (14 %), 3447
olete™ — ptp~) ijeq + T ( )

3.5 Summary

In this chapter, we calculated the ratio of the cross sections for quark-antiquark pro-
duction and muon-antimuon production, up to first order in gluon corrections

(Eq. (3.4.46)). This calculation exhibits both UV and IR divergences, making it a
good example to showcase how both types of divergences are typically dealt with in

traditional quantum field theory (QFT).

We defined a cross section first-order in virtual corrections as the vertex correction
cross section, corrected using the LSZ reduction formula. This cross section was no
longer UV divergent, since the UV divergences in the vertex and LSZ terms exactly

cancelled—a consequence of the Slavnov-Taylor identities.

The virtual corrections cross section was still IR divergent, since the process
e~ et — ggg was not accounted for. This process is degenerate with the 2-to-2 cross

section in the limit of the gluon becoming soft or collinear. To this end, we summed
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the cross section for this process and the first-order 2-to-2 cross section and the IR

divergences cancelled, as expected from the KLN theorem.

Similar calculations become more complicated for higher-order corrections or differ-
ent scattering processes. For example, even the first-order photon corrections to the
muon-antimuon production cross section from Section 3.2 involve further technical
considerations, since one must also account for vacuum polarisation (the quark-loop

correction to the virtual photon, 7*).

With this in mind, it would be useful to develop a formulation of QFT which intrin-
sically sums over final states of certain Hilbert spaces (i.e., certain particles). This
inclusive summation may inherently account for degenerate final states, such as the
soft/collinear real emission of a gluon, helping to cancel IR divergences. In Chap-
ters 4—6, we present and utilise a new, manifestly causal formalism for calculations
in QFT, which allows for the immediate summation over final states. Chapter 5 ap-
plies this formalism to particle scattering in scalar field theory, and we see that the
real-emission terms are not separable from the vertex and self-energy (analogous to
LSZ corrections) diagrams. Optimistically, this may imply the cancellation of IR di-

vergences when applied to gauge theories.
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Chapter 4

Manifestly Causal QFT

In relativistic quantum field theories (QFTs), causality is encoded in the vanishing of
the commutator (or anticommutator) of field operators. However, as we saw in Chap-
ter 3, calculations are usually performed in a manner in which causality is not mani-
fest, due to the ubiquity of the Feynman propagator as opposed to the retarded propa-
gator (which is manifestly causal). Furthermore, Bogoliubov’s Condition of Causal-
ity [97] shows that causality is manifest and meaningful only at the probability level.
For example, in scattering calculations, the S-matrix does not directly demonstrate
causality because it represents only the transition amplitude, not the full probabilis-
tic outcome of a process. This distinction underscores the importance of observable

probabilities over amplitudes when discussing physical principles like causality.

With this in mind, a manifestly causal, probability-level formalism for calculations in
QFT was developed [32-34] by applying a generalisation [98] of the Baker-Campbell-
Hausdorff (BCH) lemma [74, 99—-104] to the transition probability, naturally expressed
in terms of commutators of fields. This formalism has proven interesting in the stud-

ies of particle scattering [1] (Chapter 5), the Unruh effect [2] (Chapter 6), semi-inclusive
observables [105], and causal set theory [35].

In this chapter, we introduce and develop this manifestly causal formalism, building
a general toolbox for use on more specific problems later (Chapters 5 and 6). Sec-
tion 4.4 describes the Fermi two-atom problem, highlighting the incorrect, acausal
conclusion one might reach if naively applying traditional QFT techniques, and sub-

sequently applies the manifestly causal formalism, following Refs. [33, 106].
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4.1 Defining the Probability

Suppose that a system is initially (¢ = t;,) described by a density operator py and that
a measurement outcome is described by an effect operator £. In general, £ is an el-
ement of a Positive Operator-Valued Measure, which is a generalisation of projection
operators [107, 108]. The probability of the measurement outcome, P, is then given
by

P = tr(Ep), 4.1.1)

where

Pt = Ut,tin £0 U;r’tm (412)

is the density operator at time ¢ and

1 t
Uit =T {CXP <; / dt’ Hint(t/>> } 4.1.3)
tin

is the unitary evolution operator (T indicates time ordering) for a given interaction
Hamiltonian, H;y(¢'). From Eq. (4.1.1), the probability of the measurement outcome

for a pure initial state, py = |¢) (|, can be written as

]P> — <7/ ‘ UtT,tm E Ut,tin

z> . 4.1.4)

In the case of an exclusive final state, | f), the effect operator, £, becomes a projection

operator,
E=|f){fl, (4.1.5)
meaning the probability is given by

P = G| UL 1) Uit 1) = | (Uit li) | (4.1.6)

This is the usual expression for the probability of an initial state, |7), evolving into a

f)-

final state,

Rather than calculating the amplitude and squaring, we can instead work directly with
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the expression in Eq. (4.1.4). We do so using the BCH lemma [74, 99-104],

1

1
[A,[4.0]] + &

e?0e™ =0 +[A,0] + 50

A A0+ @l

where O and A are two operators, which leads to [98]

UtT,t,-n OUy, =0

(1)/ dty [O, Hin(t1)]
(1)2/ dtl/ dts [[0, Hin(t1)], Him(12)] +

(1) /dﬁ/ dt, - - / dt;
[+ [0, Hind(t), Hin(t2)] -+, Hin(t5)]

(4.1.8)

where we are working in the interaction picture. Thus, the probability can be written

as
00 t
P :Z/ dtdty ... dt}©w. ; (i| F i), (4.1.9)
j=0 */ tin
L it >t >t ...
where Oy, = , (4.1.10)
0, otherwise
Fo =E, (4.1.11)
1
and  F; = [Fin Hi(#)] 4.1.12)

In general, &/ may be written as the sum of the effect operators of each final state,

which themselves are products of Hermitian operators in different Hilbert spaces, i.e.,

E = ZHEH), (4.1.13)

where the superscripts indicate the Hilbert spaces of each operator, and {x} is the set
of final states. If all final states of a particular Hilbert space are summed over, then

the effect operator in that Hilbert space is the identity operator, £ = I If this is
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done for all Hilbert spaces, then the calculation is completely inclusive and calculates
the probability of ‘anything at all” happening. It is trivial to see from Eq. (4.1.4) that

this probability is 1, as expected.

In this thesis, we apply this formalism exclusively to Hamiltonians involving up to
three distinct Hilbert spaces, and therefore the effect operator will include only a sin-

gle product of, at most, three Hermitian operators,
E =EXEYE?, (4.1.14)

where X, Y, and Z denote the three Hilbert spaces.

It should be noted that Eq. (4.1.1) applies for a mixed initial state as well, and so this
formalism does not rely on a pure initial state. This generalisation may prove useful
for studies in which mixed initial states are common, such as in the field of relativistic
quantum information (RQI) [109, 110]. In this thesis, we only consider pure initial

states.

4.2 Calculating the 7; Operators

The operator F; corresponds to an interaction of order j, that is to say there are j ver-
tices in the interaction at probability level. One can see from Eq. (4.1.12) that F; will
contain a series of nested commutators of products of Hermitian operators in differ-

ent Hilbert spaces (originating from the Hamiltonian). The first task is to separate the
Hilbert spaces, writing F; in terms of nested commutators/anticommutators that each

contain Hermitian operators from the same Hilbert space.

We shall consider an interaction Hamiltonian that is the sum of two products of two
operators, selected from three Hilbert spaces, such that one of the Hilbert spaces in

shared between the terms,

J

Hin(t)) = / &’x; (gvAF B} + 924X CY) (4.2.1)

where A%, AX are operators in Hilbert space X, BY is an operator in Hilbert space

Y, C? is an operator in Hilbert space Z, and ¢y and g are two different constants.

We choose this Hamiltonian since it is a generalisation of all of the Hamiltonians
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considered later in this thesis. For the Fermi two-atom problem considered in Sec-
tion 4.4, AX and AX are the same operator but evaluated at different points in space,
and the constants are the same (gy = gz = 1). Chapter 5 considers particle scattering
interactions, where the constants are different (as they represent couplings between

different fields) but AX = A*X. Chapter 6 considers the Unruh effect using a Hamilto-

nian of this form with only one term, i.e., gz = 0.

We can now calculate F; using Eq. (4.1.12) and substituting in F( (Eq. (4.1.11)) and

the interaction Hamiltonian (4.2.1), giving

(4

1
Fl = /d3X1 - |:E, gYAAlXB%/ -+ gZA{(CHZ}
. 4.2.2)
— [ @i S [BYEVEY e AYBY g CY)
7

where we have used Eq. (4.1.14) for our effect operator, £/. We can use the following

commutation relation to expand this commutator:

[AXBY o B8] = %[AX,QX] {BY,p"} + %{Ax,ax} [BY,BY], (4.2.3)

where AX and oX (BY and 3Y) are different operators in the same Hilbert space, X

(Y). Eq. (4.2.2) now becomes

Fi= /d3x1 (% [EX, gy AX]{EY, BY }EZ + %{EX,gYA{(}[EY,BﬂEZ

1 1
+ 5 B g2 AY| EY{EZ, O} + - {B¥, g, AY}EY B%,c7]).
(4.2.4)

We now define the useful notation:

Hilbert space X': £ = %[E.‘.‘j,gyA?], SEY = {E.‘.'.‘, gyAi(},
1
€ = l€n92AT] &l = {E0 9247}, (429)
Hilbert space Y:  EY, = %[EY, B, EY, ={E",B},
Hilbert space Z:  E%, = %[Eﬁ, crl, E?, ={E?,C}, (4.2.6)

where £ = E*X. The use of £ instead of E for Hilbert space X is to highlight the

difference in its structure. The presence of two different operators, AX and A~ from
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Hilbert space X in each term of the interaction Hamiltonian (Eq. (4.2.1)) means that
the £ operators will be nested (anti)commutators of both operators, and we should
keep track of this using the superscript indices. Furthermore, should the constants
gy and g be different, the superscript indices of £ also tell us the number of each

constant the overall term is multiplied by.

Using the above notation, we can write Eq. (4.2.4) as
1
F = / d'xi 5 (6 EY B + &) EY B + 6/ BV Ef + /B EY) . (427)
One can condense this expression by introducing underdot notation [33], where, e.g.,

E & =E & +E &,
ELE)Y =ENENY + ENEN + ELELY + ENEYY. (4.2.8)

Ey Ef &% = EY Ef &" + By B &7 + Ey E{ &% + By B[ &7,

which encodes a sum over all possible permutations of commutation/anticommuta-
tion pairs. An index with underdots must be underlined once, and only once, across
the operators from different Hilbert spaces. This reflects how Eq. (4.2.3) involves one
term with a commutator and anticommutator, and then another term with the types of

commutators flipped. We then sum over the possibilities.

Through repeated use of Eq. (4.1.12), one can find expressions for higher order F;

operators. In summary,

Fo = EYE?E, (4.2.9)
1
Fi= / d*x; 5(15{ E?El + EYE{EY) (4.2.10)

1
Fo = / d’x1 d’x; 7 (ELE?EY, + EYEJE)Y + EY ELEL)Y + EYELE)

(4.2.11)

)—l

Fs = / H “x0) g (Bl B €y + Bl B €y + BBy ) + EYERE5Y)

(4.2.12)

etc.

We have, once again, reduced the expressions, this time by using parentheses around
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some of the indices. The parentheses indicate a summation over all permutations of
those indices which result in unique terms (remembering that the time indices are

time-ordered within each operator). For example, we need not consider EY, EZEYAY
[eXe] o LXX ]

as this is not unique to E EZ Efggy. The superscript letter indices on the £ operators
will shuffle such that they w111 always remain aligned with the subscript number index
corresponding to the £ operator which also carries that number index. An example of
expanding the parentheses is given below, using the second term in Eq. (4.2.12):

E(HEZS(}’;Z EZ€123 EZ€123 5123 . (4.2.13)

We are now suitably equipped to write the general formula for F,,

/H 3%, ZEU o B 5(” ﬁafl Zg). (4.2.14)

Despite its appearance, the above equation is fairly straightforward. In words, it is
simply the sum of all distinct products of operators of the form 2" E* EP£- with
every index {1,...,n} appearing once on an E operator and once on an £ operator.
For the subscript indices 7 . . . j, if ¢« > 7 then this set is the empty set, resulting in a
factor of E with no indices (the original effect operator for that Hilbert space). Like-

wise, if n = 0, then there is no integral over space.

4.3 Calculating Expectation Values

Returning to Eq. (4.1.9), the next step after calculating ; is to calculate the expec-
tation value of this operator, given the initial state of the system, |i). Of course, one
could expand the nested commutators in J;, but this would result in similar expres-
sions as if one were to use the traditional QFT methods. For example, if one were to
consider the probability of an electron-positron pair annihilating to a muon-antimuon
or quark-antiquark pair, the expressions would return to exactly the same expressions

as in Chapter 3.

The method for evaluating expectation values depends on the specific process un-
der consideration, including the choice of initial state and the Hermitian operators in

the effect operator and Hamiltonian. However, in any case, one should endeavour to
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utilise this new commutator form of the probability, in an attempt to gain further in-
sight. As we shall see, working directly with commutators can result in a manifestly

causal result, something which the traditional QFT method cannot claim.

4.4 Fermi Two-Atom Problem

Armed with the arsenal of general equations from the previous sections, we can turn
our attention to a specific quantum system. To start, we will consider two atoms (a
‘source’ atom, S, and a ‘detector’ atom, D) in a scalar field, ¢. The full analysis of
this system using the causal formalism of this chapter is performed in Ref. [33], with
different types of measurements. Rather than repeating this, we shall describe the
system and highlight the main results for a local measurement. This will allow us to
quickly jump to the main conclusion; we shall see that this new method obtains mani-

festly causal results.

There are three Hilbert spaces for this closed system: J# = 5 x P x 7.
We shall only consider interactions between the atoms and the fields, not field self-

interactions. The full Hamiltonian is then
H = Hy+ Hy = HS + HP + H} + H5 + HP?¢ (4.4.1)

where the superscripts indicate the Hilbert spaces (or product of Hilbert spaces) where
the operators act. The atoms S and D are static and interact with the field at the fixed,
spatial points x° and x”, so the distance between the atoms is R = |x” — x%|. Under
the free Hamiltonian, Hy, each atom X € {S, D} has a complete set of bound states,
{|nX)}, with eigenvalues given by Hy [nX) = QX |nX). The atoms interact with the
field via transition moments, y2x . which are taken to be monopole moments in this

toy model. Thus, the full interaction-picture Hamiltonian is

H =505 %) (0] + Y08 1n°) (02| + [ &x (30007 + 4V + b ?)

J/

Hy
i D
+Zumn ) [m®) (n¥] g(x +Zumn Gty |mP) (0P| $(x",¢)) |

Hir:(t/-)

J

(4.4.2)
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where Q= QX — QX

Suppose we wanted to calculate the probability that the detector atom, D, transitions
from its ground state to an excited state due to the absorption of a field quantum, given
that the source atom, S, transitions from an excited state to its ground state via the
emission of a field quantum. Using the traditional QFT approach, this probability,

Prermi» is given by
: 2
Prermi = | (f| Uro i) [> = [(9°¢"0%| Upo [p°g"0%) |, (4.4.3)
where |g*) denotes the ground state of each atom, |p®) denotes the source atom be-

0%)

denotes the vacuum state of the ¢ field, and the unitary time evolution operator, U, o,

ing in an excited state, q”? ) denotes the detector atom being in an excited state,
is given by Eq. (4.1.3). Perturbatively expanding U, , and using the interaction Hamil-

tonian in Eq. (4.4.2), the lowest order contribution is

2

t t
]P)Fermi = / dtl / dt? /@qp luli] eiggptl eiﬂfgb AfQD(F) + - ) (444)
0 0

where the Feynman propagator, Aff (F), is defined by
Ay = (01T {9705} 10%) . (44.5)

where ngJX = ¢(x¥,t'). Fort < R, Eq. (4.4.4) is non-zero, since the Feynman propa-
gator does not vanish for spacelike separations. This is known as the Fermi two-atom
problem!, since it seems to imply that source atom can affect the detector atom de-

spite being causally disconnected.

This is not that case. The key to resolving this issue is to realise that the measurement
on the detector atom should be a local measurement. The measurement only deter-
mines the state of atom D; it does not measure atom .S or the state of the field. It is
no surprise that such an impossible simultaneous ‘measurement’ would be acausal.
This means that Pg.,; is the probability of just one of several processes that should
be considered. What should actually vanish for spacelike separations is the sum of the

probabilities for all processes that depend on the state of .S.

'Fermi actually claimed that the result was zero for spacelike separations [111], since he erro-
neously approximated an integral over positive frequencies by one over both positive and negative fre-
quencies [112].
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This underscores the importance of developing a formalism in which causality is ex-
plicit. It also highlights the advantage of our formalism in its ability to inclusively
sum over all final states in certain Hilbert spaces. We now tackle the Fermi problem

using our manifestly causal framework.

If we define

M*(t)) = Z,uin et |mX) (nX|,  for X € {S,D}, (4.4.6)
then one can write the interaction Hamiltonian in the form

Hi(t}) = M(t)) ¢ + MP () 7 . (4.4.7)
As MX (t:) and qﬁf are both Hermitian operators, the interaction Hamiltonian is of
the same form as Eq. (4.2.1), with: the constants gy = gz = 1;.5# operators
X _ 458 X _ D. xS S (4. D D
A% = ¢7 and A* = ¢7; > operators M>(t}); and 7" operators M~ (t}). The
field operators are evaluated at a specific point, so there is no need for an integral over

space. We can use Eq. (4.2.14), once we define the initial and final states.

We would like to determine the sensitivity of the detector atom to changes in the ini-

tial state of the source atom, so it makes sense to consider the initial density matrix,

po = lip) (ip| + (1 =) lig) (ig| , (4.4.8)

where
i) = [p°) ® |g") @ 10%) = [p° g” 09) |, (4.4.9)
lig) = 19%) @ |g7”) @ [0%) = |g° " 0%) . (4.4.10)

Accordingly, the state |4,,) corresponds to an excited source atom, whilst |i,) corre-
sponds to a ground state source atom; both |i,) and |i,) specify that the detector atom
is in its ground state and the field has no excitations. Eq. (4.4.8) therefore means that
the system is in a mixed state between atom S being in an excited state or ground
state. The amount of mixing between either possibility is defined by the constant pa-

rameter, 7.

As stated previously, we are considering a local measurement. This means that our
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measurement only determines the state of atom D), and we must leave the states of
atom S and the field unspecified. This information is encoded entirely in an effect op-

erator of the form
E = Z In% ¢ ) (n® ¢ | = 17 |¢P) (¢P|1¢, (4.4.11)

where all possible states of atom S and the field have been summed over to give the

identity operator, I, in their respective Hilbert spaces.

We can now use Eqgs. (4.1.9) and (4.1.12) to compute the probabilities that we mea-
sure this final state, given that atom S is either excited or in its ground state. We ex-
pect signals between atom S and atom D to travel slower than the speed of light, and
so it is variations to the initial state (Eq. (4.4.8)), controlled by ~, which we expect to

be causal. Consequently, we define the sensitivity of the detector as

Opg = 3—3 =P, -P,, (4.4.12)
where, using Eq. (4.4.8),
P=~P,+(1—-7)P,, (4.4.13)
and, using Eq. (4.1.9),
00 ¢
Ppg =Y /0 dhdty ... At O i (ipg | Fj |ipg) (4.4.14)
=0

for initial time ¢;, = 0. Defining the detector sensitivity in this way means that any
contributions which are independent of changes to the initial state (such as those due
to vacuum fluctuations) will cancel. The first non-zero contribution to o, arises at

fourth order [33]:

(ol Falip) > (056°0%) i (ERES,ERRS + ERESERD + BOESERT ) 1°9°0%)
— 3 (R ((B5) (EBR5S) + (B5) (€B25S) )
+ & (EB) ((B5) (ER5) + (BS) (€BR%))
+ &5 (BR) (ES) (EP) + 35 (BD) (S (ERP) (4419)

= 23

{ cos Qgt’u ( sin antg4 AiS(H) + cos antQA AiS(R)) A%S(R)
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+ cos QD t12 ( sin QS t34 A SEH) + cos QS t34 ADS( )> A%S(R)
+ cos QD t13 (5111 QS 1 tog A S 4 cos QS oy A3D4$(R)> AIDQS(R)

+ sin Q2 t23<cos QD A5 b 4 sin Q0 t, Agf(R)>AgS(R)} .

(4.4.16)

where t;; = t; —t/ and the symbol D indicates we have only kept the terms which will
be non-zero upon calculating o,,, = P, — IP,. The retarded propagator (Aij(R)) and
the Hadamard function (AEY(H)) are defined as follows:

1
AT =000 S[6. 41 10) . (@417

1

1]

AT = (0] {6X, 0¥} |0) (4.4.18)

Between Eqgs. (4.4.15) and (4.4.16), the expectation values have been evaluated; de-

tails on how these have been computed can be found in Appendices A and B of Ref. [33].

The revelation of this method is that every term in Eq. (4.4.16) contains a retarded

propagator, A DS®)

,with0 < t; < t; < t. This implies that every term in o, van-
ishes when ¢ < R. Whilst the above expressions are fixed order, this statement holds
for all orders [33]. This is entirely consistent with the demands of causality: measure-
ments of the state of the detector atom are completely insensitive to changes in the
initial state of the source atom, for times less than the time it would take for light (in-
formation) to travel between the two atoms. Thus, this new method of QFT calcula-

tions gives manifestly causal results for local measurements.
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Chapter 5

Manifestly Causal Particle Scattering

5.1 Introduction

In this chapter, we apply the manifestly causal formalism explained in Chapter 4 to
particle scattering processes. We consider inclusive final states where we demand
only that there are no initial-state particles in the final state. Since all of the expres-
sions are at the probability level, they are algebraically more complicated than in the
usual amplitude-level approach. Therefore, we work with simpler scalar field theo-
ries, which offer an instructive analogy to gauge theories such as quantum electrody-
namics (QED) and quantum chromodynamics (QCD). The result is a new probability-
level, diagrammatic method for calculating scattering probabilities in which the re-
tarded propagator plays a key role, making causality explicit. The work in this chapter

was published in Ref. [1].

The appearance of retarded propagators may offer a novel window on infrared (IR)
divergences, which arise in part due to low-energy (soft) massless particles having ar-
bitrarily large wavelengths that have effects over infinite separations. As explained in
Section 2.3, retarded propagators are zero for spacelike separations and carry a dis-
tinct analytic structure compared to the Feynman propagator, and this approach may
help quell these infinite-distance contributions. The Bloch-Nordsieck (BN) [27] and
the Kinoshita-Lee-Nauenberg (KLN) [28, 29] theorems ensure that, while individual
amplitudes may diverge, physical observables (like cross sections and decay rates) re-
main finite when real and virtual emissions are properly summed, as we saw in Chap-
ter 3. Our formalism allows one to sum implicitly over all relevant final states from
the beginning of the calculation and thereby explore the IR behaviour from a new an-

gle.

An example of a typical gauge theory process of interest is electron-positron (e*e™)
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pair annihilation to a quark-antiquark (gq) pair, mediated by a photon (), with gluon
(g) corrections to the final state. The Feynman diagram for this process is pictured
on the right of Fig. 5.1. This process is studied in detail, using the traditional quan-
tum field theory (QFT) approach, in Chapter 3. A scalar analogue of this process is
VY — x — ¢¢ with h corrections to the final state, where v, x, ¢, and h are all
real scalar fields, as pictured on the left of Fig. 5.1. In this chapter, we first consider
the decay process x — X (Sections 5.3 and 5.4), where X represents a general fi-
nal state, before turning to the annihilation process 1¢) — X (Section 5.5). For both
processes, we are fully inclusive over final states, except for demanding that the final
state contains no initial-state particles. The work in this chapter allows us to demon-
strate how our new formalism plays out in a simple example, without the technical

complications of spinor and gauge structure.

Section 5.2 defines a new diagrammatic method and outlines the general rules for
generating the set of diagrams relevant to any scalar field scattering process for which
the final state contains anything except initial-state particles. Sections 5.3-5.5 con-
tain algebraic derivations of the complete sets of relevant diagrams without using the
rules. We observe that distinct final states are intrinsically summed over and are not
separable in our results, and the retarded self-energy [113, 114] emerges naturally.
The calculations look complicated in the intermediate steps, but they reduce consid-
erably. This suggests the existence of a more fundamental set of rules. Section 5.6

concludes.

k4 ¢7 et 9

Fig. 5.1. Examples of traditional, amplitude-level diagrams for the processes of interest. Right: The
gauge theory process e“ et — v — ¢g, with gluon (g) corrections. Left: An analogous toy-model in
which v, x, ¢ and h are all real scalar fields.

5.2 Diagrams and Rules

Here, we present a set of rules akin to Feynman rules, but applicable at the probabil-

ity level. Let us first explain the notation used in the diagrams. For a diagram which
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contributes to (F,,), where (---) = (i|---|i):

* Times run from ¢,, (earliest) on the left to ¢; (latest) on the right and are denoted

by dots.
* Lines between two dots represent propagators.

* Lines only connected to one dot represent plane waves from the initial state at

t — —oo (these are drawn vertically).
* Feynman propagators are denoted by black lines in all Hilbert spaces.
* Retarded propagators are denoted by red lines in all Hilbert spaces.

* Plane waves highlighted in yellow carry momentum p out of the diagram (i.e.,
carry momentum —p into the vertex), and unhighlighted plane waves carry mo-

mentum p into the diagram.

For the scalar field theories considered, we indicate ¢)-space contributions with dotted
lines, y-space contributions with dashed lines, ¢-space contributions with solid lines,

and h-space contributions with wiggly lines, as pictured in Fig. 5.1.

We can now describe the rules which can be used to construct a diagram that con-
tributes to (F,,). The following rules apply for a calculation which demands that there
are no initial-state particles in the final state and which is fully inclusive over all other
Hilbert spaces (i.e., % = I in all Hilbert spaces, except for the Hilbert space of the
initial-state fields, in which E”4 = |0) (0]). The rules are conjectured based on ex-

plicit calculations in Sections 5.3-5.5. The rules are:

1. Draw n time points, which will later become vertices.

2. Connect one initial state (regardless of the number of field quanta) to ¢; (the lat-

est time)'.
3. Connect the other initial state to any other time.

4. Ensure each vertex which is not connected to an initial state is connected to a

later vertex by a retarded propagator of any field.

I'This assumes that the Hilbert space associated with the initial state only has particles in the initial
state, i.e., the calculation is to O (gf) in the coupling constant associated with the initial state Hilbert
space, g;.
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5. Connect the remaining vertices with retarded or Feynman propagators, using the

interaction vertices from the interaction Hamiltonian.

6. If the two initial states are connected by a chain of retarded propagators (where
each point on the chain connects to a later time), then momentum p must flow
into the ¢, initial state and out of the other initial state. Otherwise, choose either

momentum flow.
We highlight that, as a consequence of Rule 4, every vertex is connected to at least
one of the initial states by a chain of retarded propagators.
The pre-factor for a diagram which contributes to IP through (F,,) can be calculated
as follows:
* x1/2w; for each initial particle of energy wj in the initial state |i)

» xSg; for each vertex, where g; is the associated coupling constant and S is the

symmetry factor if particles are indistinguishable

* X(—1)(—1%)" (these factors come from the incoming plane waves and the total

number of commutators in the effect operators)
* x(—1) for each retarded propagator
* x1/2 for each loop of retarded propagators between two (and only two) vertices

* x1/2 for each loop of Feynman propagators between two (and only two) ver-

tices

* x1/2 for each instance of a Feynman propagator connected to the same vertex at

each end (Feynman propagator tadpole)

* Integration over time-ordered spacetime points, [ d*z; ...d*z,01s. ., where

©12..,, is defined by Eq. (4.1.10)

The total probability, [P, is calculated by the summation of all possible diagrams. The
total number of unique diagrams in Sections 5.3-5.5 matches the number determined
using these rules, serving as a cross-check for their validity. To illustrate how to con-

struct a diagram, three examples are given in Fig. 5.2.
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Fig. 5.2. Examples of generating a diagram using the rules. Each step corresponds to each rule
number. Feynman propagators are denoted by black lines and retarded propagators are denoted by red
lines with an arrow pointing from the earlier time to the later time. Top: A diagram for the tree-level
contribution to x — ¢¢. Step 4 is redundant since there are no non-initial-state vertices. The
pre-factor for this diagram is 2g>2< /2wp. This specific diagram is generated in Section 5.3, and can be
seen in Fig. 5.4 (the final diagram). Middle: A diagram for a first-order & correction to x — ¢¢. The
pre-factor for this diagram is 1692 g7 /2wp. This specific diagram is generated in Section 5.4, and can
be seen in Fig. 5.9 (4th line from the top, 2nd diagram from the right). Bottom: A diagram for the
annihilation process to )¢ — X. The pre-factor for this diagram is 16g>2< g3 /2wy, wp, - This specific
diagram is generated in Section 5.5, and can be seen in Fig. 5.11 (7th line from the top, 1st diagram
from the left).

5.3 Inclusive Decay: Lowest Order

To calculate the decay probability of a particle of a scalar field, x, consider the inter-

action Hamiltonian,

Hin(t;) = /dng (gx®5x; + gnd3hy) (5.3.1)

where ¢; = ¢(x;) and h; = h(x;) are scalar fields, and g, and g, are coupling con-
stants. This interaction Hamiltonian, like all other interaction Hamiltonians in this
chapter, is of the exact form of Eq. (4.2.1), and therefore we can use the causal for-
malism described in Chapter 4. Since x only couples to ¢?, the decay y — ¢¢ is the
only lowest-order process which can occur. The scalar field, h, will be used in Sec-

tion 5.4 to investigate higher-order corrections. The traditional, amplitude-level Feyn-

b

b

Fig. 5.3. The traditional tree-level Feynman diagram for the process xy — ¢¢.
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man diagram for the lowest-order process is shown in Fig. 5.3.

The initial state is encoded in an initial density operator
po = 0" pX0?) (0" pX 0?] . (5.3.2)

This means that the system initially has one  particle, of momentum p, and no other
field excitations. For the final state, we consider any number of excitations in the ¢

and h fields and no excitations in the x field. This is encoded in an effect operator

E =" In"0%a®) (n" 0¥’ = T* |0) (0| I,
e (5.3.3)
i'e" Eh = ]Ih ) EX = |OX> <OX‘ ) E¢ = ]I¢7 )

where we have used the completeness of states to sum over all states in the ¢ and h
Hilbert spaces, resulting in identity operators. It is in this way that inclusive observ-

ables take a straightforward form at the probability level.

This set-up allows us to use the rules in Section 5.2, but we first calculate the transi-

tion probability directly. The result can then be used to verify the rules.

If we wanted to completely reproduce the expressions of the traditional scattering
calculation, we would set E" = |0%) (0"| (at O(g})), EX = [0X) (0X|, and E¢ =
162, 49) (¢°, ¢S). The probability would then factorise into amplitude and conjugate

amplitude, as in Chapter 3.

Returning to the effect operator in Eq. (5.3.3), we now define the notation analogous

to Eq. (4.2.5) and (4.2.6):

1
Hilbertspace ¢: €77 := ~[E7, i), € = {E7 gt}
i k
1
Ex=<l€nadi], &= {0}, (34
1
Hilbert space h:  E", == —[E" hy], E", = {E" h},
i k
1
Hilbert space x: EX, = <[EX, xx, EY = {EX, x+}, (5.3.5)

~

where & = E?. The general formula for F,, is given by Eq. (4.2.14),

F,=2" / [T (@%) 3 Bl By €GN, (5.3.6)
k=1 a=0
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This expression has been written in a condensed form using the underdot notation de-

fined in Eq. (4.2.8) and the parentheses notation defined in Eq. (4.2.13).

The lowest order non-zero contribution to P is from F5. Using Eq. (5.3.6),

1
Fa=7 / Ixidx; (Ely BYEY + B EY €1 + B} BY €Y + E" B )

oo o

(5.3.7)

Due to our choices of the initial density operator, pg, and the effect operator, £, only
the final term contributes once we take the expectation value of 5, as in Eq. (4.1.9).
The first subscript index of £ must be underlined, since a commutator with £ = 1¢

would vanish. Thus, the only contribution from Eq. (5.3.7) is
1 3¢. 3 X exx
1
- < / dx, dx, <EX EX + B, SXX) . (5.3.8)
Therefore,

(17200 = § [ e (MBS 19 0°1€5 10°) + (M B 9%) 0°1€5 10%))

(5.3.9)

1
4

Evaluating the y-space expectation value first gives

(P B2 [p¥) = (0] a(p) By a <>|o>
( )1 . )H|OX> <0X|7X1],X2] a'(p)|0)

(_) B el x 09) (0] xaal () [0

.| =

—_

]

+ 12 (0] a(p) x2|0%) (0X| x1 a’(p) [0) ,  (5.3.10)

where we have introduced the following compact notation for commutators and anti-

commutators:

[A,B], = AB+nBA = (1+n)AB —1[A, B]
A B] ifn=—1,
_ [4,B] ify (5.3.11)
{A,B} ifn=+1,
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such that 7, = 1for £, and 7, = —1 for £,. Using the mode expansion of the x
field,

< X| E | > 1 (3712)/2/ d3k1 e’ik1-x1 d3k2 e—ik2~a€2
b i (27)3/ 2wy ) (27)3y/ 2w,

x (0] a(p) a’ (k1) 0%) (0] a(ks) a' (p) |0)

+ 12 [same as above but with 1 <> 2]

G2 @ik, &’k
— zkl-:vl 2 7ik2~1’2 53 _ k 53 k _
( ) o —_2w2 e (p 1)0°(ka — p)

+ 12 [same as above but with 1 <+ 2]

1 (8—m2)/2 1 ) ) ) )
= (—) 2— (—€Zp4x1 e T2 + T2 P2 e—zp':m) s (5312)
7 wp

where w; = pd, wy = pY, and w; = wy = wp = /P? —i—m?< is the energy of the

incoming particle.

Now consider the ¢-space expectation value,

e = (O g o [{re) e o

1 (1762)/2 2 2 2
_ z(-_) g2 (0°] [62, 03] 10°) ,

2

(5.3.13)

where e = —1),. The effect operator being the identity operator has resulted in the
commutator of products of fields. On this occasion, the commutator is simple, but
Eq. (4.1.12) shows that this will result in nested commutators when we consider higher

orders. To evaluate these, we use Eq. (23) from Ref. [115],

k1 kn—1 =1
———
(5.3.14)
where )
k= Z k; (5.3.15)
=1

and the indices within the underbrace (~—~) are not all simultaneously zero.

Using Egs. (5.3.11) and (5.3.14),

1) (1—e2)/2
wlegr = (1) 22 010+ e
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— 292 &2 (0] (A0 6702 03]

- jlatroaleE(a]) 00

(1—e2)/2
_ (_) {2 g2 (14 e2) (0°] 6363 [0%)

— 842 e A%, (0%] 12 |0?) + 445 € (A‘fz)ﬂ . (5.3.16)

where we have introduced the Pauli-Jordan function, Aﬁy (Eq. (2.3.3)). Substituting
Eqgs. (5.3.12) and (5.3.16) into Eq. (5.3.9), we have
(i] Fo li) = @ /d3X d*x L(—e””” e P P o)
? 442 A 2w,

(4(0°] 6263 10%) — 8 A (0°] 6162 0°) +4 A3,
1

+ _(_elp-ftl eI T2 4 T2 e*lp-xl)
2wp

(8 Ay (0%] 109 [0%) — 4A%2)>

2
= [t (e e 0]t 0
Wp

+ T e <<0¢| ¢%¢§ ’0¢> - 4Af2 <0¢| P12 ’0¢> +2 (Aqlbz)2>) :

(5.3.17)

Since Eq. (4.1.9) includes ©,, we can write
O12 (07] @' 05" |0%) = O15 (07| T{g7 95} [07) (5.3.18)

where n and m are positive integers, and use Wick’s Theorem (see Section 2.1.3) to
obtain

.7:2_2

/ d'zyd e, O, (ap'ﬂ e (F{\Ffy + 2 FLFY)

+ P e m (FﬁFgg +2FLFY — AR +2 (Rf2)2>> , (53.19)

where we have introduced the Feynman propagator (Eq. (2.3.5)), ny, and the re-
tarded propagator (Eq. (2.3.6)), Rﬁy. Eq. (5.3.19) is expressed diagrammatically in
Fig. 5.4. These are exactly the diagrams which would be generated using the rules in

Section 5.2.
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Fig. 5.4. A diagrammatic representation of the tree-level decay probability (Eq. (5.3.19)).

Since

O Ffy = O AlY, (5.3.20)
O Rfy = 013 Af, = 0, (A% - A7) | (5321)

where the Wightman functions, Aig(f) and A%f), are defined in Eqgs. (2.3.1) and (2.3.2),

we can rewrite Eq. (5.3.19) as

2g>2( 4 4 ip-xy —ip-x #(>) 2 ipxTy —IipT (<) 2
]P)jzgz— d[L‘ld xg@lg € le 2<A12 ) +e ‘e 1<A12 ) .

2wp

(5.3.22)

We have ignored the FY, ', terms since these contributions are not allowed kinemat-
ically (alternatively, we could have chosen E¢ = ¢ — |09) (0?| such that these con-
tributions would cancel). The part of the integrand after the ©-function is symmetric
under the exchange of ¢; <+ 5, so we can replace the ©-function with (1/2!). By sub-
stituting in the momentum-integral representations of the Wightman functions, the

decay probability can then be expressed as

2¢2 d3q; 1 d®qy 1 2
P,_y=—X Mp—q — 27m)8 . 5.3.23
7j=2 2(.Up / (271')3 2wa / (27T)3 2&](12 |: (p q1 QQ)} ( 7T) ( )

This is the usual tree-level probability for scalar particle decay, integrated over all fi-

nal state momenta [54].

5.4 Inclusive Decay: First Order

In this section, we will generate diagrams which represent the first-order i correc-

tions to the decay probability in Section 5.3. As such, the Hamiltonian, initial state,
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b b b

Fig. 5.5. The Feynman diagrams for the process x — ¢¢ with first-order / corrections.

and effect operator remain the same as Section 5.3. Some examples of the traditional,

amplitude-level Feynman diagrams for this process are shown in Fig. 5.5.

To calculate these corrections, we require
1 ,
Fu = 16 /d3x d3X2 d3 X3 d? Xy Z E E;C_H ) 5((};}; ;C—I;IX)il) . (5.4.1)
The relevant term is of order O (g,% gi), which is the a = 2 term,

|
F= = g | O dx dx ExiE, By, 5({‘2’@ . (5.4.2)

For clarity and simplicity, we will write a term with a general permutation of indices
as

Eh EX L) (5.4.3)

OO XX XY

Since E" = 1" and E? = I, the first index of the ¢-space and h-space operators must

be underlined (a commutator with the identity operator is zero):

B} By EL. (5.4.4)

Now that the index ‘1’ is underlined on the ¢-space operator, it cannot be underlined
on either of the other operators. This means that 7 # 1. However, the index 1 must be

the first index of an operator, so k = 1:
Eh B 5}’;5“ . (5.4.5)

In total, there will always be four non-underlined indices. From Eqgs. (5.3.4) and (5.3.5),

we know that each non-underlined index results in a factor of 1/4. Since (1/i)* = 1,
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we will simply ignore these factors of 7 in this section. Expanding Eq. (5.4.5) gives

h mx e(hhxx) h X xhhx X Xhhx X exhhx h x exhhx
E Eu 51234 = E23 Ey 51234 E14 51234 E14 51234 + Eg;) E14 51234
h x exhxh h x exhxh h x exhxh h mx exhhx
+ E24 Eiy 51234 + E24 E13 51234 + E24 Efy 51234 + E24 E13 51234
h X oxxhh h X xxhh h X xxhh h X xxhh
+ B3y B Essy + B3y B E15sy + Ezy By E155y + Egy By Ei5sy

(5.4.6)

Taking the expectation value of this expression, we can evaluate term-by-term and

one Hilbert space at a time. The expectation value of the h-space operator is straight-

forward:
h| h |k h h h h h
(0" Ely0") = (0"} H]I ,hi},hj]kj 07) =2 (0" [hi, ], 107) . (5.47)
This is either proportional to a Pauli-Jordan function (\; = —1) or a Hadamard func-

tion (\; = +1) (Eq. (2.3.4)). We can evaluate the expectation value of the x-space

operator as we did in Section 5.3, giving
1 pw1 —ip- ipxy —ip-
(p X|E Ip¥) = 2—(—6””“6 DIy P TP (5.4.8)
The ¢-space operator in Eq. (5.4.5) is more complicated. It can be written as

Eizgs = €130 52 (5.4.9)

€4

where the Hilbert spaces are no longer denoted, and we understand that there will be

an overall factor of g gi. We shall therefore first consider

13 = [5127¢§] =(1+e3) 1205 — 3 [512@3} : (5.4.10)

€3

where we have temporarily ignored coupling constants, and use Egs. (5.3.14) and

(5.3.16) to get

glg§ =2 (1 + 63) ( (1 + 62) Qb% ng §b§ - 4€2A12¢1¢2¢§ + 26y <A12)2¢§>
+ 4eq (—2 AT ((1 + €)1 qb% P3 — 2201209 ¢3>
— 2 Ay <(1 + )¢ P2 P53 — 2201201 ¢3>

+ 4A 13003 <(1 + €) Al35 — €2A12>
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+ (14 €2)(A13)? 93 — (1 + €2)(Ags)? ¢%) ) (5.4.11)

where A, = A¢ Substituting this into Eq. (5.4.9) and using Eq. (5.3.14),

Ei234 = 9}2193( {2 (1+€4) ((1 + €3) {(1 +€2) ¢F 5 95 OF — 428012 Py 2 O3 B
+ 2€5 (A12)* 65 Qﬁ}

+ 2¢4 {—2 AT ((1 + €2) @1 B3 O3¢5 — 2 €2 Ajo 2 B3 Qﬁ)

-2 A23((1 + €2) ¢F 2 3 ¢ — 2 €2 A1g 1 3 ¢421>
+ 4 A3 Ags ((1 + €2) P1 P2 O — €2 Ao @21)

+ (1 + e2)(A13)* 03 07 + (1 + €2) (Aa3) ¢>1¢4>

+4dey (-2 Aqy {(1 + €3) ((1 + €2) b1 @5 3 s — 2 €2 Aya P B3 ¢4

+2¢€3 (—(1 + €2) A1z ¢3 B3 Pa
-2 Agg((]_ + 62) gbl ¢2 ¢3 ¢4 — €2 AIQ ¢3 ¢4)
+2(1+ €2) A1 Aoz s dy + (1 + €2) (Aa3)” 61 ¢4>}
—2Ay [(1 + €3) ((1 + €2) BT 2 3 s — 2 €2 A1o 1 B3 ¢4>

+2¢€3 (—(1 + €2) Nog ¢ B3 Pa
— 2A13((1 + €9) D1 P2 P3Py — €2 A12 3 ¢4)

+2(1+ €2) A1z Doz ¢1 s + (1 + €2) (A13)* o ¢4>]

— 24y [(1 + ) (14 €2) 6 6 6 61 — 42 Atz 61 62 95 04
+2€ (A12)” 03 ¢4)

+ 2e€3 <—A13((1 +€2) ¢1 O3 s — 2€2 A1z by ¢4)

— Ay((1+ €2) 6 62 64 — 262 A1z 6 m))}
+ 4N, Ay {(1 + €3) <(1 + €2) P1 P2 O3 — €2 A2 ¢§)
26 (1+ €) (~ A1 62 65 — Aas 1 65 + Aug A23)}
#4800 0|1+ ) (14 ) 616301 - 260 Aua 62
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+ 63(‘(1 +€2) Az ) — 2 Ags (14 €2) b1 2 — €3 Am))]
+4 Aoy Aszy {(1 + €3) <(1 + ) ¢ 23 —2€2 A1a ¢y 9253)
+ €3 (—(1 + 62) Agg QZS% - 2A13((1 + 62) 9251 ¢2 — €9 A12)>:|

+ (An)® (L4 €2) [ (1 + €3) d5 95 4 2 €3 <—2 Aoz ¢y P3 + (A23)2>

(B (14 ) (L4 e0) 67 65 4+ 2€a( =2 M0 61 6 + (A1)’

+ (Asa)? (1 +€3)

(1+e2) ¢ 05 + 26 <—2 A1y ¢y ¢ + (A12)2> ) } :

(5.4.12)

Using Eqgs. (5.4.7), (5.4.8), and (5.4.12), we can evaluate the expectation value of
each of the terms in Eq. (5.4.6) (see Appendix A). Note that for any given expecta-
tion value, terms with an odd number of As have a relative minus sign to those with
an even number, owing to the minus sign before the commutator in Eq. (5.3.14). This

is reflected in the pre-factor rules in Section 5.2.

Since

Oij..n (07 415 - 0 |0%) = Oy (07| T{ih; . .. ¢} [07) , (5.4.13)

we can use Wick’s theorem to express products of fields as Feynman propagators.
Each expectation value in Eq. (5.4.5) is shown algebraically in Appendix A (unsim-

plified). To convert these expectation values to probabilities, we simply use Eq. (4.1.9).

The diagrams can be grouped into different categories based on the topology of the
diagram. The diagrams within each category are the same up to the exchange of times.

The categories are:
* Disconnected — One of the initial state xs produces a ¢ loop. The rest of the
diagram is entirely disconnected to this initial state.
* Tadpoles — The A propagator produces a ¢ loop.

* Oscillations — The initial state ys convert into the i propagator via a loop of

two ¢ propagators.
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e Vertex — The h propagator connects across the h¢? vertex, connecting two dif-

ferent ¢ ‘legs’ of the diagram.

* Self-Energies — The h propagator connects the same ¢ ‘leg’ of the diagram

with itself.

Disconnected and tadpole diagrams will vanish upon considering correct momen-
tum conservation. Oscillations can be made to have arbitrarily small contributions by
varying the mass of the h-field compared to the mass of the y-field. In the analogous
gauge theory process, v — q¢q¢ — g — qq, oscillation diagrams equal zero due to

colour conservation.

Figs. 5.6-5.10 show the results diagrammatically. The A-field Hadamard function has
been rewritten in terms of Feynman and retarded propagators using Eq. (2.3.4) and
the time-ordering ©-function. Duplicate diagrams either sum or cancel, reducing the
total number of terms. These are exactly the diagrams which would be generated had

we used the rules in Section 5.2.

P o J-A"x, dix, dt, d'y, Bs _‘,LUP ‘jt ‘j; X
One R*

209,89 B LGN -5/ +E7) 08T iy

LA LI R @Y 7y 4 GT) 0a] T

T R?

EN 9 @A @R TR k) wieyd TR 10 A0
WS TG @Y G AT TR 16

SN 9 W@ BN QT T T G

Toree R

HOEN @ Ty

) %}Ak@u@k%a

g @u@u@ " g

Fig. 5.6. Probability-level diagrammatic representation of disconnected diagrams.
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Fig. 5.7. Probability-level diagrammatic representation of tadpole diagrams.
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Fig. 5.8. Probability-level diagrammatic representation of oscillation diagrams.
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Fig. 5.9. Probability-level diagrammatic representation of vertex diagrams.
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Fig. 5.10. Probability-level diagrammatic representation of self-energy diagrams.

Note that there are no distinct ‘real emission’ diagrams, pictured in the centre of Fig. 5.5,
due to the inclusivity of the effect operator. Instead, these contributions are contained
within the ‘vertex’ and ‘self-energy’ diagrams. Since IR divergences appear in the
traditional approach as an artifact of separating vertex, self-energy, and real emission
terms, one might be optimistic that the inclusivity of this approach may lead to inher-

ent cancellation of IR divergences.

The total decay probability can be calculated as in Section 5.3. However, scalar ¢*
theory is severely IR divergent in four dimensions [55], and attempting to evaluate
the integrals will not serve a useful purpose. Instead, this section provides a proof-
of-concept for future calculations in gauge theories (QED and QCD), in which we

expect to find similar rules and diagrams, and the theory has a better-defined IR limit.
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5.5 Inclusive Annihilation: First Order

We now consider an annihilation process between two particles described by the in-

teraction Hamiltonian
Hin(tj) = /d3xj (gu¥3x; + 9695X5) (5.5.1)
where 1; = 1(z;) is another real scalar field. The relevant initial density matrix is
po = 10X pips 07) (0¥ pipy 0] (55.2)

i.e., the system initially has two v particles, of momentum p; and p,, and no other

field excitations. We choose the effect operator

E =Y "|n*0Ya?) (n¥ 0¥ a?| = ¥ [0¥) (0¥] I,
e (5.5.3)
ie, EX=1IX, EY=10")(0Y], E°=1I°,

such that we consider all possible final states with zero quanta of the v-field.

Since the structure of the Hamiltonian differs slightly to the decay studied in Sec-

tions 5.3 and 5.4, our notation is now

1
Hilbert space x: S;f = Z[S;_'_',gka], 5;" = {&", Gy Xk}
1
=<l goxnl, &= {7 goxi}, (5.5.4)
Hilbert space 1: EY, == [EY,47], Ewk ={E¥ ¥;},

Hilbert space ¢: E¢k == [EX, gzﬁﬂ, E¢,§ = {E¢, qbi}, (5.5.5)

and £ = EX.

The lowest-order contributions come from the process 11y — ¥, contained within
JF5, which are trivial and uninteresting. Instead, we consider the next order of con-
tributions, which come from F,. Specifically, we isolate and examine the O ( gi gi)
contributions, which correspond to the a = 2 term in Fy,

S f
FiT =15 | Exndedx dxE, By £ (5.5.6)
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Similar to the first-order / corrections to the inclusive decay in Section 5.4, the in-
clusive effect operators £ = IX and E¢ = I result in the only non-zero terms in

Eq. (5.5.6) having the general form
EY, Ef &6 . (5.5.7)

As in Section 5.4, there will always be four non-underlined indices. Due to Egs. (5.5.4)
and (5.5.5), this will always result in a factor of (1/i)* = 1, so these factors of 7 will

be ignored for the rest of this section.

The expectation value of the v)-space operator is

|P1p2>
n;j

(el B o) = ol | [10°) 0%, 03] 02

4
Giomn) Gaogs] |

+ n;ePr et e_’pl'xle_’m'“) ) (5.5.8)

_eipl'ﬂcl eipz'm e—ipl'ﬂfj e—iPQ'ﬂcj

The expectation value of the ¢-space operator is

01 B 10) = 0f {6t 02| 10p =201 ekt 0

)

=2(1+X;) (0] 6767 |0) — 8 N A (0] e [0) +4 N (A7) (5.5.9)

To find the y-space effect operator, we start with a lower order and build up using
Eq. (5.3.14) (temporarily ignoring the coupling constants g,, and g, in £;2 and &3,

and reinstating them in &;234),

512 = [{I*, x1} ,XQ]EQ = Q[Xl, Xz]ez =2(1+e)xix2— 26 A% (5.5.10)

13 = [5127 XsL =(1+e)li2x3 — €3 [5127 X3]

3

(1+e€3) (2 (14 €e2)x1Xx2X3 — 2 €2A¥2X3) —2e3(1+€) (A¥3X2 + A§3X1)
(5.5.11)

= 0395 [E123: xa] ., = 9595 (1 + €4)E193 X4 — 97,95 € [5129, X4}

PN
o
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= 9395 (1 + 1) <2 (1+€3) ((1 + €2)X1X2X3X4 — €2A>1<2X3X4>
—2(1+e)es <A¥3X2X4 + A%<:3><1X4>)
— 29595 € ((1 + e2)AY ((1 + €3)X2X3 — 63A§3>
+ (1 + 62)A§4<(1 + €3)X1X3 — €3A¥3>

+(1+ 63)A§4<(1 + €2)X1X2 — @Ai‘z)) . (5.5.12)
The sum of operators over all non-zero permutations of time indices is

P (Yoo
EW%@M)f%E%w+%E&%MﬂME%MEMH%T
+ By B3, EI + EYy B3, EL® + EYy E3) EL® + EYy B3 E15?
+ By B3y Elnl? + By By EL” + BV Egy EYY + BV Egy €1y
(5.5.13)

From Eq. (5.5.12), we have

g = gle? =0, (5.5.14)

so Eq. (5.5.13) becomes

P ¢ Y(pdp) _ b VYoo P VYoo P ¢¢1/1¢ TZJ ¢ oYPYd
E; E34)51234 E12E Eisa +Ele 1 E1934 +E13E Eiaga + Ei3 Eoy &gy

+ By B9, Elnt? + B BESy Eli” (5.5.15)

Using our equations for each Hilbert space and substituting into Eq. (4.1.9), we find

49395
(2wP1 ) (2wp2 )

< 1p1-T1 1P2 Tig —ip1- T20= 1p2-T2 + eip1-962 eipz-me*ipl-m e*ipz-m)

P=— / d*ry d*wy dies day O1os4

(2 51 (P34) — (A&))
< B (x2xa) +2A% (x1x4) — AL AR — A¥3A§4>

+ < ip1-T1 Zp2 Tl lp1'5026—ip2'962 + eip1'502 eip2~3326—ip1'501€—ip2'501>

((0302) — 288, (ds0) + (A2)?) (AXAY + AlAY,)

+ <€ip1'x1 eip2~561 e—ip1‘5636—ip2'963 + eipr:vs eip2~a?36—ip1~1‘1 e—ipz'x1>
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(288, (600) — (A2°) (24 (s xa) — A%,

+ <€ipl‘901 eipz-m e—iprme—ip?xs 4 eip1-563 eip2~9936—ip1-501 e—ip2-561>

((0303) — 222, (Ban) + (A2)°) (A%AY,)

+ <€iP1'I1 eip2'1‘1 e*ip1-w4e*ip2'x4 4 eip1'564 eip2~9346*ip1'501 e*ipz'u’m)

(285 (620) — (A%)°) (2% (s xa) — A AY,)

+ <eip1~x1eipg-x1€7ip1-x4efip2~x4 _ eipl-a:4€ip2-x4€fip1~x167ip2-:01)
(255 (200) — (A5)°) (AzzAga)) , (55.16)

where (. ..) is shorthand for (0%]...]0%) or (0X|...|0X). Due to the appearance of
O1934 (from Eq. (4.1.9)), we can interpret the product of fields as the time-ordered
product, and thus use Wick’s theorem (as in Eq. (5.4.13)). This results in Feynman
propagators. Eq. (5.5.16) is shown diagrammatically in Fig. 5.11, after simplification.
Again, the diagrams are exactly those which would be generated using the rules in

Section 5.2.

The disconnected diagrams can be ignored since they are not kinematically allowed
for positive, non-zero initial momenta. All of the remaining diagrams have the topol-
ogy shown in Fig. 5.12, differing by their time-orderings and combinations of Feyn-
man and retarded propagators. Since our approach is inclusive over final states, these
diagrams include two annihilation processes: the 2-to-2 process ¥y — x — ¢¢
and the 2-to-1 process y1) — x with a ¢ self-energy loop. The Feynman diagrams
for these processes are shown in Fig. 5.13. Note that the diagrams in Fig. 5.11 do not
neatly separate into 2-to-2 and 2-to-1 diagrams, highlighting the intrinsic inclusivity

of the result.

The diagrams in Fig. 5.11 can be simplified by introducing the retarded self-energy [113,

114],
95

R _
ny_2

278 RS, - (RS,)] (5.5.17)

reflecting the manifest causality of this approach. This simplification suggests the ex-
istence of more fundamental rules than those given in Section 5.2, i.e., rules involving

manifestly causal objects such as the retarded self-energy.

The diagrams can be simplified further by realising that all possible time orderings

are present, since the retarded propagators vanish when the arguments are not time-
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Fig. 5.11. Probability-level diagrammatic representation of the annihilation process expressed in
Eq. (5.5.16). Terms are sorted by the number of retarded propagators for each field.

Fig. 5.12. The topology of all of the diagrams in Fig. 5.11.
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Fig. 5.13. Feynman diagrams (and conjugate diagrams) for the two annihilation processes. The curved
line separates an amplitude from a conjugate amplitude. These are the annihilation processes which

are encoded in the diagrams in Fig. 5.11. Left: Y1) — x — ¢¢. Right: 1) — x with a ¢ self-energy
loop. The conjugate of this diagram also contributes.

ordered (see Eq. (2.3.6)). Consequently, the time-ordered integral can be replaced by
an integral over all times, and we need only keep one of each unique diagram. This
process is shown in Fig. 5.14, and is proven analytically in Appendix B for the dia-

grams with a loop of Feynman propagators (a similar procedure has been used for all

diagrams).

thi.'lk"'l’lbxs‘r*‘uensw x [ ‘:.._: i * C\;, * "*)1] = J'al“x,l'*le"xld"xw """’"‘

- Al'ag ,11,11 I'xyll'xw ,...._.>1

Jdl‘z. L A, d¥x, B,y < { ‘:'__f

J'd“il A“le"xzo\‘*x* e|15!+ x { Q/’— : = Jd“xl "\k"z »"3‘1‘*‘%

Jd"x. Lo i A, sy [‘:.-J ‘ - JAL‘- L M, A, v\.__:/ _

Ja&, Yoo Ao A%, B aay ¥ { w = Ja&, Y do b, L7,

L L 3 R,
J'A il Jiz "13A X" en)lp x !" )_! = Jakil Akj_z “1349&“_ gw\ﬂ—‘)-!

Fig. 5.14. Simplification of the annihilation diagrams. Note the absence of time-ordering on the
right-hand side. The retarded self-energy, given by Eq. (5.5.17), is denoted by a red line with a solid
red circle in the middle.

The diagrams resulting from these simplifications are shown in Fig. 5.15. Further
simplification using propagator identities is possible, but we choose to keep the result

solely in terms of Feynman and retarded propagators to highlight the causal structure.
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Fig. 5.15. The simplified result for the fully inclusive annihilation probability. The retarded
self-energy, given by Eq. (5.5.17), is denoted by a red line with a solid red circle in the middle.

5.6 Summary

We have applied a novel, probability-level QFT formalism to scalar field scattering
processes in which causality is manifest. In scalar field theory, causality is encoded

in the commutator of fields, which appear as a result of applying the Baker-Campbell-
Hausdorff lemma to the transition probability. This formalism results in new probability-
level diagrams, and we have presented the rules to generate the complete set of all di-
agrams for a scattering process which is fully inclusive over final states that do not
contain initial-state particles. We have used the algebraic formalism to calculate the
total probabilities for particle decay and the annihilation of two particles, both at fixed
order. These results align with those expected from a traditional calculation and cor-

roborate the general diagrammatic rules.

Since the diagrams correspond to the probability directly and involve retarded prop-
agators, causality is manifest. The appearance of other causal structures, such as the
retarded self-energy, suggests the existence of a more fundamental set of rules in terms
of these causal objects. In particular, there may be a link between these rules and the
Kobes-Semenoff unitary cutting rules [116, 117] in a similar fashion to the discussion

in Ref. [32].

The diagrammatic method developed in this chapter will generalise to gauge theories
such as QED and QCD. In these theories, individual contributions are IR-divergent
but finite once regularised and combined, as shown in Chapter 3. Our probability-
level method results in retarded propagators appearing in loops, and ‘real emission’
contributions are accounted for in the ‘self-energy’ and ‘vertex’ terms. We hope that
these features may help avoid the IR divergences in gauge theories by satisfying the

BN and KLN theorems implicitly.

Future work should include understanding how the rules are adapted for semi-inclusive
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effect operators, such as those discussed in Ref. [105]. Moreover, it remains to estab-
lish how manifestly causal probabilities can be extracted from causal n-point func-

tions by means of an LSZ-like reduction procedure.
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Chapter 6

The Unruh Effect

The trajectories of uniformly accelerating observers (Rindler observers) are restricted
to a region of Minkowski spacetime (the Rindler wedge), and they are causally dis-
connected from another region of Minkowski spacetime (the opposite Rindler wedge).
The mode expansion of a quantum field employed by a Rindler observer is differ-

ent from that employed by a Minkowski observer. Thus, accelerated and inertial ob-
servers may disagree on the particle content of a field. Remarkably, a Rindler ob-
server would associate a thermal bath of Rindler particles to the no-particle (vacuum)

Minkowski state. This is the Unruh effect [18-21].

The Unruh effect is a direct mathematical consequence of quantum field theory. To
probe the physics of the Unruh effect, localised particle detector models were devel-
oped and applied for a uniformly accelerating path [18, 21, 118]. The conclusion is
that the detector’s non-zero response rate per unit proper time along the detector’s tra-
jectory as measured by a Minkowski observer (who, using inertial measuring appa-
ratus, otherwise experiences a vacuum) is identical to that measured by a Rindler ob-
server (who experiences a thermal heat bath). The effect can be understood as a con-
sequence of the presence of a horizon, which appears between the Rindler wedge and
the rest of the universe. Therefore, similar methods to those used to study the Unruh
effect can be used to study horizons in curved spacetimes [119, 120], reproducing the
thermal properties of black holes [15, 16, 121, 122] and de Sitter space [123]. The
mathematical relationship between Minkowski and Rindler coordinates (explained in
Section 6.1) is very similar to that between Schwarzschild and Kruskal coordinates
for black holes (defined in Chapter 7). A significant difference is that Hawking ra-
diation from a black hole is detectable at infinity, since Schwarzschild coordinates
become inertial at large distances. Close to the horizon, an observer at a fixed radial
position would detect thermal effects that a free-falling observer would not [18, 124,

125], and this can be attributed to the acceleration required to maintain constant ra-
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dial position. There are also key similarities between the rotational Unruh effect and
rotating black holes [126, 127]. Consequently, the Unruh effect offers an excellent av-
enue into understanding important features of quantum field theory (QFT) that are

also relevant to Hawking radiation and black holes.

These key features of quantum field theory are explored further in the field of rela-
tivistic quantum information (RQI), which focuses on the relationship between rela-
tivistic quantum field theories and quantum information [109, 110]. This has resulted
in important applications of the Unruh effect and the Unruh-DeWitt (UdW) detector,
such as entanglement harvesting [128—135], entanglement degradation [136-140],
corrections to quantum teleportation fidelity [141-143], quantum energy telepor-
tation [144], curvature measurement [ 145, 146], and avoiding difficulties with field

measurements [147-150].

This chapter starts with a review of the foundational theory of the Unruh effect in
Section 6.1. In Section 6.2, the transition rate of a uniformly accelerated UdW monopole
detector is calculated using the general, probabilistic method described in Chapter 4.
This verifies that this causal method gives the correct results whilst also laying the
foundations for its use in more complicated scenarios involving the Unruh effect. The
transition rate is calculated for a measurement a finite time after preparing the initial
state. Specifying the field to initially be in the Minkowski vacuum state causes tran-
sients, which decay as the measurement time increases, and these transients are in-
vestigated. In Section 6.3, the same transition rate is calculated from the perspective
of an accelerating Rindler observer. The result is the same, including the finite-time
transient effects. The corresponding transition rate for an inertial detector in a bath
of Minkowski particles is calculated in Section 6.4, and it is shown that this is dif-
ferent, except for the massless case. Section 6.5 presents new numerical results, and

Section 6.7 concludes. This chapter is adapted from Ref. [2].

6.1 Background

We review the concepts which are key to understanding the Unruh effect, including
Rindler spacetime, the Minkowski vacuum state as viewed from a Rindler observer’s
perspective, the model of the UdW detector, and an accelerated UdW detector’s tran-

sition rate. A thorough review of the Unruh effect is given in Ref. [22].
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6.1.1 Rindler Spacetime

Consider four-dimensional Minkowski spacetime which has the line element [151—
153],
ds? = dt* — d2® — dy? — dz? = dudv — dy® — d2?, (6.1.1)

where the null coordinates, u, v, are defined by

u=t—ux,
(6.1.2)
v=t+x.

To describe the physics as seen by a uniformly accelerating observer, we introduce
Rindler coordinates (7, £) [154] which are adapted to observers undergoing constant
proper acceleration in Minkowski spacetime. The transformation between Minkowski

coordinates (¢, x) and Rindler coordinates is given by:
t=a'e® sinhan, z=a e coshan, y=y, z2==z. (6.1.3)

where « is a positive constant and —oo < (1,£) < oo. In terms of the null coordi-

nates, the equivalent coordinate transformation is

(6.1.4)

This coordinate transformation is very similar to the coordinate transform between
Schwarzschild and Kruskal coordinates (Eq. (7.3.4)) commonly used when studying
black holes. This highlights the intrinsic link between the Unruh effect and black hole
physics, which is studied in Chapter 7.

In terms of these new coordinates, the line element is
ds? = € (dn? — d&®%) — dy® — dz* = e***dudv — dy® — d2°. (6.1.5)

These coordinates only cover the x > || quadrant of Minkowski space. This quad-
rant is called the right Rindler wedge, pictured in Fig. 6.1. On this spacetime dia-
gram, lines of constant 7 are straight and lines of constant £ are hyperbolae (since

12 — 2 = a~2e?%¢ = constant). These hyperbolae thus represent the world lines
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Fig. 6.1. The spacetime diagram of Rindler space. The future (H ") and past (H ~) horizons separate
Minkowski spacetime into four quadrants: the right Rindler wedge (R), the left Rindler wedge (L), the
future wedge (F), and the past wedge (P).

for uniformly accelerated observers.

The proper acceleration of an observer at fixed £ is given by
proper acceleration = ae™ (6.1.6)
and the observer’s proper time is given by
proper time = 7 = €%%1). (6.1.7)

In this chapter, we consider a detector with Rindler coordinate & = 0 such that the

proper acceleration is o and the proper time 7 = 7, without loss of generality.

A second Rindler wedge can be constructed with similar coordinate transformations
but with additional minus signs. These different Rindler coordinates cover a different
quadrant of Minkowski spacetime known as the left Rindler wedge. The surfaces

x = |t| (or equivalently £ = —oo, or u = v = 0 in null coordinates) form a boundary
that separates the right (R) and left (L) Rindler wedges from the rest of Minkowski
space. These null surfaces, H+ and H~, constitute event horizons from the perspec-
tive of an observer in either wedge. This means that an observer in R cannot com-
municate with an observer in L, and vice versa. This causal structure is pictured in
Fig. 6.1 and can be understood in terms of the light cones in Minkowski space. Any
signal sent from within R travels at 45° on a spacetime diagram, and thus can never

reach L. This implies that an accelerating observer in R is permanently causally dis-
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connected from L. This causal disconnection plays a crucial role in the emergence of

the Unruh effect, as will be shown in the next section.

6.1.2 The Minkowski Vacuum as a Thermal State

To understand how the Minkowski vacuum appears to an accelerating observer, we
decompose a scalar field ¢(z) in terms of Rindler modes. The usual decomposition in

Minkowski space is (see Section 2.1):
() = /d?’k <akuk + aiuiﬁ) , (6.1.8)

where vy are the plane wave solutions to the Klein-Gordon equation and ax and al
are annihilation and creation operators, respectively, which defined the Minkowski

Fock basis and the Minkowski vacuum state, ax |Op) = 0.

In Rindler coordinates, the field ¢(x) can instead be decomposed as [22, 155]
o) = [ e (ot + bl + b+ 0. (6.1.9)

where v and v are solutions to the Klein-Gordon equation that are well-defined

in the right and left Rindler wedges, respectively. These modes can be analytically
continued into regions P and F such that Eq. (6.1.9) defines the scalar field across

all of Minkowski spacetime [156, 157]. Further details of these modes can be found
in Ref. [151]. The annihilation and creation operators, bl? /L and bf / LT, define a new
Fock basis and a different vacuum state, b |Og) = bf |0g) = 0. This vacuum state
is known as the Rindler vacuum. The definition of a different Fock basis means that
the concept of particles is dependent on the basis modes which are used to decom-
pose the field. Any given state will have a different number of Minkowski particles
and Rindler particles. This even applies to the Minkowski vacuum state, in which an
inertial (Minkowski) observer detects no particles. For a Rindler observer at constant
acceleration, «, in the right (left) Rindler wedge, the expectation value of the Rindler

number operator in the Minkowski vacuum state is given by [22, 151]

1

R(L)t; R(L
(Ol 0 0w) = 5

(6.1.10)

where w = v/ k? + m2. This is the number of ‘particles’ a Rindler observer would
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detect in mode Kk, if particles are defined using the Rindler basis modes. This result is

exactly the Planck spectrum for a thermal bath of particles (bosons) at temperature

v=—, (6.1.11)
2

which is known as the Unruh temperature. Thus, the Minkowski vacuum state ap-

pears as a thermal bath of particles to an observer at constant acceleration.

This can also be understood by realising that the Minkowski vacuum state, |Oy), can

be expressed in terms of Rindler Fock states as [22]:

|0M> = H <\/1 — e—2mwi/a Z e—ﬂ'wm/a’niﬁ) ® ’ni,L>> ‘ (6.1.12)
n; =0

7

A Rindler observer in the right Rindler wedge, for example, is causally disconnected
from the left Rindler wedge due to the horizons, and thus can only probe the right
Rindler wedge. The Minkowski vacuum state is therefore described by the density

matrix which is obtained by tracing out the left Rindler states,

PR = H ((1 . e—27rwi/0z) Z 6—27rwni/04 |ni7R>(ni7R|> . (6113)

7 ng =0

This is the density matrix for a thermal bath of particles at T = Ty;.

6.1.3 Unruh-DeWitt Detectors

In order to place the mathematics of the Unruh effect on physical grounding, Unruh
introduced two different detector models [18]. The first is a small box containing

a non-relativistic particle which satisfies the Schrodinger equation with two energy
states. The second is a fully relativistic detector model, involving a second scalar field
for the field of interest to couple to, via a third scalar field. DeWitt then introduced
the detector model [118] that is most commonly used today in literature regarding the
Unruh effect, which consists of a two-level point-like monopole and is known as an
UdW detector. Its two energy levels are denoted by |17) for the ground state and |27)
for the excited state. This is a simple model which still captures the essential features
of a detector’s interaction with a field. The point-like nature of this detector leads to

divergences, but these divergences can either be made to cancel by defining certain
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observables or explicitly regulated with integral cut-offs or spatial smearing func-

tions [158-160].

The interaction Hamiltonian of an UdW detector coupled to a scalar field ¢(z) is
given by
Hin = AX(T)MP(7)$(x"(7), 7), (6.1.14)

where \ is the coupling constant (which is set to 1 hereafter), x(7) is a switching
function controlling the interaction duration, M ”(7) is the detector’s monopole mo-
ment, and x” is the detector trajectory. The detector’s excitation rate from its ground
state to its excited state is explicitly calculated in the next section (for an uniformly

accelerated detector) using the manifestly causal formalism described in Chapter 4.

6.2 Excitation rate of an accelerated detector

6.2.1 Calculating the Transition Rate

We consider a point-like ‘atom’, D, which plays the role of a two-state, UdW detec-
tor. The atom interacts with a neutral scalar field ¢(x, t), of mass m, where x and ¢
are coordinates in an inertial frame, and it is accelerated with a constant proper accel-

eration, «, such that its position is given by

1 1
xP = (—coshcw, 0, 0) = (—\/1 +a2t?2, 0, 0) , (6.2.1)
0

«

and the proper time of the atom is

boar booar 1
T = — = ————— = —arcsinhat. 6.2.2
| e~ v (622
The system is described by states living in a product of the Hilbert spaces of the atom
and the field: 5# = 5P x 3. For the Hamiltonian, we take H (t) = Ho(t)+ Hiy(t),
where H(t) = HP(t) + H{(t). Under the free part of the Hamiltonian, Hy, the atom

has a complete set of states {|17) ,|2”)} (one ground state |1”) and one excited state

|2PY), with HP [nP) = Q,, [nP), n = 1,2. In the inertial frame, we assume that the
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interaction-picture Hamiltonian is given by

2
Ho = 3 77 () n®) (n”] + /d3x (3@0) + 5(Vo)? + tm?e?),

n=1
(6.2.3a)
Hy = MP(t)¢(xP,t), (6.2.3b)
where )
MP(t) =77 () > i €T [mP) (0P (6.2.4)

m,n=1
represents a monopole interaction. Comparing to Eq. (4.4.6), we see that this detector
is a two-level variant of the detector considered in Section 4.4. For future reference,

we define ;1 = 19 = p3; and Q = Qy — 5. We will also assume that z,,, = 0 Vn, so

that the interaction always involves transitions between the states.

Suppose that the system is initially (f = 0) described by a density matrix p, and that
the measurement outcome is described by an effect operator £. In general, E' is an
element of a Positive Operator-Valued Measure, and it may be written as a sum over

products of Hermitian operators:
E =) E}yoE,. (6.2.5)

The superscripts D and ¢ denote the Hilbert space in which the operators act and «
denotes different configurations of final states. The probability of the measurement
outcome, P, is then given by

P = Tr(Ep), (6.2.6)

where

pi = Unopo Ul 6.2.7)

is the density operator at time ¢ and

1 t
Uo = Texp (—/ dt’ Him(t’)) (6.2.8)

tJo

is the unitary evolution operator (T indicates time ordering). Note that evolving the

initial state from ¢’ = 0tot’ = tis mathematically equivalent to evolving it from
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t = —oo to t’ = oo but with a top-hat switching function (defined in Eq. (6.1.14)),

1 for0<t' <t,
x(t) = (6.2.9)

0 otherwise.

We consider the case where the initial density operator is po = [17,0%,) (1°,0%,],

in which |0f4> denotes the Minkowski vacuum state, and the effect operator is £/ =

|2P) (2P| @ 1. This effect operator describes a set of final states in which the atom is
excited and the final state of the field is anything at all. Fixing the field in the Minkowski
vacuum state, |0}") at an instant in time (¢ = 0) is somewhat arbitrary and will result

in transient effects.

We are interested in the excitation rate of the atom, I'(1 — 2). The master equation

for the probability of finding the detector in the excited state is given by

dP(2:t
ét’ ) _ I(1—2)P(1;t) — I'(2 = 1)P(2;t), (6.2.10)
where
B dP(2;1) 9
ri—2) = — (1 + Oyl )), 6.2.11)
and
P(2;t) = (17,05,| UL E Upp [17,0%,) . (6.2.12)

Following the formalism described in Chapter 4, we use a generalisation of the Baker-
Campbell-Hausdorff lemma to commute the operator £ through the time-evolution

operator, which gives

P(2;t) = i/t dt,dt, . ..dt; O, ; (17,09, F; |17,0%,) | (6.2.13)
j=0"0
where
Fo = FE,
Fj = %[]:j—la Hin(t;)] (6.2.14)
and ©;;,.. = 1ift; > t; > t; ... and zero otherwise. Using the notation
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o = o(xP,t;), MP = MP(t;) and x7 = x”(t;), we may write

F = %[;j_l, Mqugf], (6.2.15)

Eq. (6.2.13) includes contributions from all perturbative orders.

Thus far, we have introduced a general method for calculating observable probabil-
ities that is based on effect operators and the evolution of the initial density matrix.
This approach has the advantage that it can be used to treat both pure and mixed states,
as well as exclusive, inclusive and semi-inclusive observables [105], all on equal foot-
ing. Moreover, it is an approach that has been shown to make physical principles,

such as causality [32], manifest, as seen in Chapters 4 and 5. In what follows, we

show how this probability-level approach can be used to treat the initial time-dependent
response of the UdW detector and recover known results in the late-time limit. This is
with a view to future applications to problems that may be less tractable at the ampli-

tude level.

Proceeding to expand in y, the two lowest-order contributions are

Fio= iy ()6l 212) (e ™ 2] — et 2)(1)), (6:2.16)
Fo = 77007 (1) (212) [0l [Ty Az sin(@ria) ( (212) [1{1] + (1]1) 2)(2] )
+ {0707} cos(@ma) ((212)1)(1] — (11} 2421 )| (62.17)
where
Ap =+ (0%,1[¢2, 62110%,) (6.2.18)

i
is the Pauli-Jordan function of the ¢ field (evaluated at points on the detector’s path)
and

T2 =71 —T2 > 0. (6.2.19)

The lowest-order, non-vanishing contribution to [P arises from F5 in Eq. (6.2.17), and

is

Ldty (M dby
P(2;t) = 2/ / AR sin(Q7y5) + AL cos(Qr
2:t) = P | o [ o [Ahsin@ne) + Afhcos(my)]

= |Iu’2/ dTl/ dTQ [A{%Q Sin<Q7'12) -+ A{{Z COS(QT]_Q)], (6220)
0 0
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where, due to the time-ordering, A, has become the retarded propagator
Ag = @12 Alg s (6221)

and

AL = (03 1{e7, 65105, (6.2.22)

is the Hadamard propagator of the ¢ field (evaluated at points on the detector’s path).
Eq. (6.2.20) is equal to

P(2;t) = |u|2/ dTl/ dry e UM (0% 6P $P10%,) = |ul? F(Q),  (6.2.23)
0 0

as calculated by DeWitt [161] and seen in many studies thereafter (albeit usually with
integration limits —oo < 71,7, < o0). The detector response function, F'(£2), is
defined such that it is the component of the transition probability which does not de-
pend on the detector’s internal properties, only its energy gap and trajectory [155,

159, 160, 162].

Since the commutator of interaction-picture fields is proportional to the identity oper-
ator, the free retarded propagator A® does not depend on the initial state!. Therefore,
writing the rate in terms of A and A separates it into a term which does not de-

pend on the initial state and a term which does.
For time-like intervals, A, and AL are given by [33]%,

m? Y (msf,)

@J1(m5?2)_5((3?2)2) and A =
A mse, 2m A msg,

AR = , (6.2.24)

where J; and Y] are Bessel functions of the first and second kind, and

1 2
sty =/ () —ah)? = \/(tl—tg)Q——z(\/1+a2t%—\/1—|—a2t%)
a

= —sinh — (6.2.25)

for the trajectory given in Eq. (6.2.1). The J-function in Eq. (6.2.24) only has support

at 7o = 0 and will not contribute further (the coeflicient of Aﬁ will always vanish at

IThis is no longer the case when the retarded propagator is dressed with self-energy corrections.
ZNote that there is a sign error on the Y (z;;) term in equation (A11) in Ref. [33] (see Ref. [74]).
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712 = 0). Eq. (6.2.20) thus becomes

Y «
P(2;t) = |pf? / dTl/ d7'2 — {Jl(msm) SIH(Q7'12)+1(L5[12)COS(Q7'12)

m312 msig

(6.2.26)

This expression is divergent for 715 = 0, since Y;(z) — —oc as x — 0. This is be-
cause the two-point correlation function evaluated at a point is infinite, and the diver-
gence is not present if one considers a detector of finite spatial extent [18, 155, 158,
161]. The expression can be regularised by considering a spatial profile [159, 162,
163], but it would remain the case that a measurement at 7 = 0 would be divergent.
Changing variables and introducing a lower limit on the integral to cut off the diver-

gent part, the transition probability becomes

T T1 2 J «@ Y «@
P2:1) = |uf? / dr, / drp T {“le?) sin(Qry) + L) o)
1/A 1/A 4m msiy mSia
(6.2.27)
The lowest-order transition rate is then
oP s [7 R .. H
= = Iu / dris [Au sin(Qr) + AL cos(QTlg)] (6.2.28)
1/A
2 2 T J Y @
= "Zl’ / dri {M sin Q7 +Lff2)cos9m] (6.2.29)

Consider this transition rate with the inertial (o« = 0) case subtracted,

21,12 7 @
a_P — @ = = ’M| / d7'12 Jl(m812) - J1(m7'12) sin Q7'12
or 01|, dr - Jia msf M2
N (Yl(mjm) - Yl(mm)) cos Qm] ' (6.2.30)
msiy mTi2

The divergence as 715 — 0 in Eq. (6.2.29) is independent of o and cancels. Thus,
Eq. (6.2.30) is independent of A as % — 0. Subtracting the inertial rate also gives an
intuitive interpretation of the expression: it is the transition rate due to the detector’s

acceleration.

If we are not fully inclusive over the final state of the radiation field and instead re-
quire that we remain in the Minkowski vacuum, then E = |0?)(0?| @ |2P)(2P]. In this

case, we can quickly convince ourselves that the excitation probability—now a single
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matrix element squared—is zero, i.e.
P(2;t) = [(0%,2P|U;0|0%, 1P)[* = 0, (6.2.31)

since for this to be non-zero, U; o would need an even number of field operators, ¢(¢, x(t)),
and an odd number of monopole operators, M (t). Since H™(t) is linear in both

o(t,xP(t)) and MP(t), this matrix element must therefore equal zero.

6.2.2 Different Limits

Considering Eq. (6.2.29) in different limits can simplify the expression and act as a
cross-check for numerical results, since all results derived in this section conform
with the numerical results in Section 6.5. First, the case of a massless scalar field

(m = 0) is considered. It is also shown that, for small acceleration «, the subtracted
rate scales as o®. At early times, the subtracted rate is independent of mass. At late
times, the subtracted rate exhibits decaying oscillations as it tends to a constant, with
the period and zeroes of the integrand of Eq. (6.2.43) agreeing with the period and

extrema of the numerical results.

Massless limit (m — 0)

When m — 0, A, — 0and AE, — —1/272|s%,|2, which leaves

¢ 2
— | cos(§2712)
Pl = dt,dt C) : (6.2.32)
=0 /0 Pt (t) P 2m2(sgy)?
a]P) 2.2 T Q
o B / dryy <3(0T2) (6.2.33)
I | 1o 82 Ji/a sinh” SaT)
OP oP 2 [ o? 4
a— _ — — _%/ dTlg COS(QTlg) <T — —2) .
Tlmeo 0T m,a=0 812 Ji/a sinh® ats  Ti
(6.2.34)

Small acceleration (o < 1/7)

Fora < 1/7,
Ji(msSy)  Ji(mTio) a’r? A
— — 6.2.35
s . — 5 Jo(m7) + O((ar)?), ( )
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Yi(msSy)  Yi(mmo) . _a272

Ya(m7) + O((at)?), (6.2.36)

msfy MTi2 24

and Eq. (6.2.30) becomes

oP  OP 2ol [T
E — E . = % /I/A dTlg |:J2(m7'12) Sil’lQTlg + ng(mTlg) COoS QTlg .
(6.2.37)
Thus, for small «, the rate scales as o2.
Early times (a7, m7 — 0)
For ar, mT7 — 0, we use
himsty) _hmna) (6.2.38)
msiy mTi2
Yilmspy) _ Yilmm) | o (6.2.39)
msdy MTig 6m=m
and Eq. (6.2.30) becomes
oP  OP ?|pl?
or _orl oyl (6.2.40)

or  Or|,_,  24r? T

Late times (7 > 1/«)

As 119 — 00, the integrand of Eq. (6.2.29) goes to zero. This means that the rate
tends to a constant as 7 — ©0. This constant value is calculated in Section 6.2.3
(Eq. (6.2.49)). However, as the rate tends to a constant, it also oscillates about the

constant value. This is because, for large arguments,

2

Ji(x) — \/ — cos (a: — S—W) , (6.2.41)
T 4
2

Yi(z) = 1/ — sin (ac - 31) , (6.2.42)
T 4

such that (after taking s{, > 72),

oP  OP / T _
5 o . = constant + |p|? % /TO d7'127123/2 sin((m + W) + %) ,

(6.2.43)
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where 79 is a time large enough for the late-time limit to apply.

6.2.3 Momentum space

The propagators in Eq. (6.2.20) are Lorentz invariant and can be evaluated in any
frame. Evaluating the momentum-space expressions for the propagators in the frame

in which 2%, = s, and x;, = 0 gives

d3p e d®p sin(w,s$)
Ay = — i 0)=— P12 6.2.44
12 /(27]_)3 o SlIl(CUp-TlQ) /(271')3 Wy ) ( )
d3p ePxn d3p cos(wyss,)
H 0\ _ pS12
AIQ—/WW—I) COS(WPI'IQ) —/(27{)3 wp s (6245)
where

wp =/ P?+m?. (6.2.46)

Inserting these expressions into Eq. (6.2.20) gives

lul® 7 m > dp,
P(2;t) = 8 |, dn i dr, [ d°p. e

[ — sin(wpsty) sin(27y2) + cos(wpsiy) cos(272)

2
= |,u| / dTl/ dry /deL/ —cos (wpsiy + Qm2) . (6.2.47)

Thus, the rate is

OP 2
E: |8;j-l3 / dTlg/dsz_/

2 » 2w
T [ apy [ 9 cos | 228 sinh(ama/2) + Qria| . (6.2.48)
1673 J_, oo Wp a

[— sinh(a72/2) + Qm]

agreeing with the real part of Eq. (3.12) of [22], which considers an initial state de-

fined in the infinite past and a measurement taken in the infinite future (i.e., 7 — 00).

14
KiQ/a (a)

where v = /p? + m?. In the limit & — 0, the integrand vanishes as

In this limit, following [22],

2

, (6.2.49)

dv v

OP(r = 00) _ |pf* o [

or - 2n2a m

STav o sin( V2 L),
e %
Q 4Qa
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which means an inertial detector does not undergo excitation in a vacuum at 7 — oo.
As aresult, at 7 — o0, the subtracted rate given by Eq. (6.2.30) is equal to the unsub-
tracted rate given by Eq. (6.2.29).

Note that for an inertial path, x = (vt, 0, 0), the parameter s$, is replaced by

si2=\/(t —t2)? =02 (th — t2)? =7ty = Tz, (6.2.50)

such that the transition rate becomes

oF_ [ ~ an,
E = 1673 /_T d7‘12/d2pL /_OOUJ_I,COS [wpﬁg + Qle] . (6.2.51)

As we will now show, we can start from this expression and rederive Eq. (6.2.48). A

derivation of the Unruh effect along these lines (for m = 0) appears in Ref. [164].

For the uniformly accelerated trajectory, the modes are subject to a characteristic,
time-dependent Doppler shift, such that
wy(T) = wp cosh(ar) — p, sinh(at), (6.2.52)

reducing to

wyl(T) = wpe™7, p, 20, (6.2.53)

in the massless limit and in one spatial dimension, as used in Ref. [164]. To account

for this, we can proceed from Eq. (6.2.51) by replacing
" Wp ¢ . : Pa
WpTi2 — / dr’ wy(r') = =2 [sinh(a7;) — sinh(ary)] — == [cosh(ary) — cosh(aTs)]
. o a

= 2 sinh(a72/2) [wp cosh(aT) — p, sinh(a7)] , (6.2.54)

where 7 = (7, + 72)/2. The transition rate should not depend on 7. To see this, we

boost to the instantaneous rest frame of the modes via the transformations

w, = wp cosh(aT) — p, sinh(a7), (6.2.55a)

P
P = py cosh(aT) — wp sinh(a7). (6.2.55b)

The measure transforms as dp,. /w, = dp);/wy, and we recover Eq. (6.2.48) after rela-

belling the integration variables.
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6.2.4 Transients

The integral over 715 € [—7, 7] in Eq. (6.2.48) can be expressed as an integral over the
whole real line by inserting a top-hat distribution of width 27, centred on the origin.

Replacing the latter with its Fourier transform, we can write

ol |,u|2 dk sin(k )
ar 167 / dn / / e
X / dpe exp {z [i sinh(ar2/2) + (2 — k)7'12:| }
s * dk sin(kT) [
~ 1673 e

X / dpx cos [ﬁ sinh(ati9/2) + (Q — k’)T12:| . (6.2.56)

Wp (0%

Swapping the order of the 75 and k integrals, we recognise the integral from Ref. [22]

with Q — Q — k, such that we have

8]?(7_) ’M’Q /OO dk Sin(kT) _m(Q2—k) /OO v 2
= — « dv v|Kyq-k)/a| — 6.2.57
or 2m2a J_ o kK © m VYR al o ( )
In the limit, 7 — oo, we have
1 sin(k
tim + S0ET) sy (6.2.58)

and we recover Eq. (6.2.49).

Thus, we see that the transients arise from a convolution with the Fourier transform
of the top-hat distribution. It is as if we fixed the field configuration at t = —oo and
discontinuously turned on the interaction at ¢ = 0. If instead we turned the interaction
on smoothly using some switching function then the transients would arise from a

convolution with the Fourier transform of this switching function.

6.3 Excitation rate in a Rindler thermal bath

Before examining the results of the previous section, we shall compute the corre-
sponding quantities from the perspective of a Rindler observer confined to the right

Rindler wedge. The transformation from Minkowski to Rindler coordinates, (7, &, y, 2),
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is given by Eq. (6.1.3)

e coshan, y=y, z==z. (6.3.1)

t=a'e® sinhan, z=a"
In these coordinates, the atom is stationary at ¢ = 0 (recovering Egs. (6.2.1) and
(6.2.2)), and the Minkowski vacuum state is exactly equivalent to a thermal state of
Rindler particles (as explained in Section 6.1.2). Therefore, from a Rindler observer’s
perspective, the detector is stationary in a thermal bath of Rindler particles at tem-
perature 7'. In other words, the thermal bath is in an effective gravitational field (in
accordance with the equivalence principle), and hence is different to a free-falling (in-

ertial) thermal bath, which is considered in Section 6.4.

The calculation proceeds in an identical fashion up to Eq. (6.2.28). We may expand
the field using creation and annihilation operators for Rindler particles, i.e., in the

right Rindler wedge, as in Eq. (6.1.9),

P(z) = / dwpd®p [0, b, +Hecl, (6.3.2)

where ‘H.c.” stands for Hermitian conjugate and [22, 155]

— e—ipr—‘ripL X
wpb L Ao ae—o%

- 1/2
JR sinh(m}p/a)] Ku,, [\/pi—l—mQ
iwp /o

ro 1/2
_ smh(wp/2 T) K. V pi + m? e*inT“FiPJ_'XJ_ (6 3 3)
—87T5T iwp /27T o T ’ -

where ' = Ty = «/27 is the Unruh temperature measured by an observer at the
Rindler coordinate { = 0, and x; = (y, 2). The Rindler operators b, and b7, de-

fine the Fock space for Rindler particles, and give the Minkowski vacuum expectation

values [22]

(05105, Dty [057) = (/T = 1) 6(wp — ) 6*(p — p))

wpPL
=nd(wp — By) 6°(pL —p), (6.3.4)
(%[0 b8 105,) = (1= e/ 7)1 6(wp — E) 6% (pu — P')
= (n+1)d(wp — E,) 0*(pL — 1), (6.3.5)
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where
n=n(wy) = (e —1)7! (6.3.6)

is the Bose-Einstein distribution for a thermal bath at temperature 7'. For a stationary
trajectory in Rindler coordinates at £ = 0, the Pauli-Jordan and Hadamard functions

can be expressed as

1

Ap = g(0ﬁ4|[¢17¢2]|03\54>
2
sinh(w, /2T \/p> +m? )
= —/dwdePL% Kiwp/QﬁT [I);T Sln(wp7_12>, (6.3-7)
Al = (05, 1{¢1, 2}10%,)

2
sinh(wy /2T /P2 +m?
= /dwdepL% Ky j2xt [I);T cos(wpTi2) (Zn + 1) )

(6.3.8)

The transition rate (Eq. (6.2.28)) then becomes

oP [ = L (w VPl +m2\|?
— = ] /d712/0 dwpd2pLsmh (ﬁ)’Kiwp/gﬂT(—pL )

or  4mT [, 21T

( — sin(wp7i2) sin(Q712) + (2n + 1) cos(wpTi2) cos(Qﬁg))

iy [ wwsnn ()| (5]
= 27T4T ; Wp . vvrs oT iwp/2mT o T
(1) sin ((wp + Q) 7') . sin ((wp - Q) 7')
wp + 2 -0
_ P
1T dwp dl/ V| Kiwy /20T o T
n/2r SN ((Wp +)7) 4 e/ SO (o —7) (6.3.9)
Wp + Q Wp — Q

The term proportional to (n + 1) in Eq. (6.3.9) corresponds to the emission rate from
the detector to the Rindler thermal bath, and the term proportional to n corresponds
to the absorption rate of the detector from the Rindler thermal bath. The v integral

can be performed when m = 0 [165]:
|u*T / “p iwp
= d h r1+—
e Jy St gy "o

139

2

@
or




+n
wp + Q2 wp — 2

( s1n (wp+ Q) 7) sin ((wp — ) T))
— 2_|/ dw, wP( 1)Sin ((wp +2)7) (e =) T)) :

+n
wp + wp — 2

(6.3.10)
where [ is the Gamma function defined by Eq.(2.6.15) and we have used [22]
W 2 W
1+ —% = P ) 6.3.11
' ( i 27TT) 27 sinh (wp/27) ( )

In order to match the calculation in Section 6.2, the inertial transition rate must be
subtracted from Eq. (6.3.9). From the Rindler observer’s perspective, this corresponds
to the 7' = 0 limit of the transition rate. This is simply the transition rate for an iner-
tial observer in the Minkowski vacuum, which is calculated and expressed as an in-
tegral over energy in Appendix C. Note that the inertial rate is not the same as sim-
ply taking the part of the Rindler thermal rate which is not proportional to n; doing
this would give the transition rate for an accelerating detector in the Rindler vacuum.

Subtracting Eq. (C.0.4), the Rindler rate becomes

a]p a]P) ‘M|2 00 00 v 2
CL d dv v|K, v
or  0t|p_, 4m'T /0 “r /m YU\ Riw/2nT \ 5
/2T sin ((wp + ) 7) | /2T sin ((wp — Q) 7)
wp + wp —

|:u‘2 /OO 2 2 Sin[(wp + Q>T]
- Vw2 — —_— 3.12
on? | dwp /wy —m o+ 01 (6.3.12)

It can be confirmed numerically that this is the same result as Eq. (6.2.30) for all times.

Eq. (6.3.12) can be shown to vanish when 7" — 0, since
2

v —wp /2T
Kiwyj2nr (ﬁ) = e7/2T 22T O(w, — m), w2 —m?, (6.3.13)

where O(z) is the Heaviside function [85]. Taking the 7 — oo limit of Eq. (6.3.12)

oo

lim dvv
T—0 m

gives the transition rate of a detector coupled to a massive scalar field after the tran-

sient effects have subsided. In this limit, Eq. (6.3.12) becomes,

v
Kiq ont (ﬁ)

(6.3.14)

2

— = ————¢

or or e = A4mT

I

OP(tr — c0)  OP(T — o) | |2 2 /°°
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since

osinf(wp £Q)7]
Tlglolo o £ 0 =mo(wp £ ), (6.3.15)

and only the delta function §(w, — €2) has support over the domain of the energy in-
tegrals. This corresponds to the emission rate vanishing at late times (once the tran-
sients have decayed), so the detector only absorbs Rindler particles and does not emit

them. This is the same result as Eq. (6.2.49).

For a massless scalar field

OP OP uf? /°° sin ((wp +Q)7)  sin ((wp — Q) 7)
— — dwp wp + ,
o7 |,,—0 o7 Tim=0 - 2n? wp + Q2 wp —
(6.3.16)
which, in the 7 — oo limit, reduces to
OP(1 — o) B OP(1 — ) _ M QQ ' 6.3.17)
or 0 or mr—o 2 e’ —1

Coincidentally, this is the the expected transition rate for a detector in an inertial Bose-
Einstein thermal bath of massless Minkowski particles, as will be shown in the next

section.

6.4 Excitation rate in a Minkowski thermal bath

We shall now calculate the response of a detector in a thermal bath of Minkowski
particles and show that this is different to the Rindler case for m # 0. The zero-
temperature, Minkowski Hadamard function is given by

+ AT

d4p ip n
= “PuTia §(p? —m?). 6.4.1
2 o / (2’/T)3 € (p m ) ( )

H _ A>
AIQ T=0 AIQ

T=0

In equilibrium with a thermal bath at temperature, 7', the Wightman functions are [155,

166]

>
A12

(1+n) +O(—p) ]e—W‘fz S —m?),  (64.2)

AR(T) = P) (14 n) + O(") e ™ (p2 —m?). (64.3)
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where n = n(|p°|) = (exp(|p°|/T) — 1)~!. The thermal Minkowski Hadamard

function is therefore

ARL(T) = / (;47133 [@(po) + @(—po)} (1+2n) e~ Ptz §(p? — m?) (6.4.4)

d'p —ipat 2 2
= / Ok (14 2n)e P12 §(p* — m?). (6.4.5)

Comparing with Eq. (6.4.1), we see that the thermal piece of the Hadamard function
is simply the zero-temperature piece multiplied by 2n. Since the detector is static,
x12 = 0 (as long as the detector is inertial, we can boost to this frame due to its time-

like trajectory). Therefore, the thermal part of AL takes the form,

o

d4 , 1
AL S /ﬁ e~z (2n) §(p* —m?) = P/ dwp /w2 —m? n cos(wptia) -

m

(6.4.6)

The retarded propagator does not pick up a thermal part (i.e., it does not have any
temperature dependence, since terms proportional to n cancel when taking the dif-
ference of positive and negative Wightman functions). The thermal contribution to

the excitation rate is thus

opP JP

ot ot

T=0

M— / / dwp w2 —m?2 n cos Q' cos wpt’
2
u_/ m2 i {sm[(wp — Q)] N sin(wp + Q)t]} |
272 /., wp — wp +
(6.4.7)

This expression is not equal to Eq. (6.3.9). However, with m = 0, it is exactly the
same as Eq. (6.3.16). This means that the response of a monopole detector coupled
to a massless scalar field is insensitive to the difference between inertial and acceler-
ating thermal distributions. This misleading example may lead one to the conclusion
that an accelerated detector responds identically to an inertial detector in an ordinary
(Minkowski) Bose gas at finite temperature. This is not the statement of the Unruh
effect. It is clearly not true for a massive scalar field, nor is it true for vector fields or

other detector models [22, 167, 168].

In the limit £ — oo, we obtain

oP  OP| P

ot Ot|,_, ot
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o / 2 2 1
= ?/ dwp wp—m m |:5(WP—Q>+(S(WP+Q)] .

(6.4.8)

Only the first delta function has support, and only when {2 > m, so we arrive at the

result

OP  |u|* vQ2 —m?

ot 2 ef2_1

O(2 —m), (6.4.9)

agreeing with Eq. (3.73) of Ref. [151]. Thus, a detector in a thermal bath of Minkowski
particles requires {2 > m. This is not the case for the Rindler thermal bath, and this
highlights a crucial physical difference. For the Rindler thermal bath, as 7 — o0, it
remains true that the energy, wp, of the absorbed Rindler particle must equal the de-
tector’s energy gap, €2, but the transition rate is non-zero even if the energy gap is less
than the mass of the field (€2 < m). This is because w, > m is a flat spacetime con-
straint, and a general field quantisation does not lead to a simple dispersion relation
relating a particle’s energy to its mass. This difference can be seen when comparing
Figs 6.3 and 6.4. Further discussion of Rindler particles with energy w, < m is given

in Section I1I.A.3 of Ref. [22].

6.5 Numerical Results

The transition rate for a uniformly accelerating detector, with the inertial rate sub-
tracted, is given by the identical Egs. (6.2.30) and (6.3.12). The explicit dependence
of the transition rate on the detector’s proper time is shown in Fig. 6.2. Specifying the
state at 7 = 0 causes transients and the frequency of these transients is dependent on
m/€) and independent of /2. As Q7 — oo, the transients decay and the rate tends
to a constant value. We can also observe that the transients subside more rapidly for

larger accelerations.

The constant, late-time value is given by Eq. (6.2.49) (and Eq. (6.3.14)). The depen-
dence of this ‘equilibrium’ rate on temperature (and hence acceleration via T = «/2)
and mass is shown in Fig. 6.3. The values of /€2 and m /<) are chosen so as to scan

a wide range of dimensionless ratios. Fig. 6.3a shows that the larger the detector’s ac-
celeration, the larger the transition rate at 7 — oo. It also shows that for a scalar field

with larger mass, a larger acceleration is required for the detector to ‘switch on’, with
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Fig. 6.2. The transition rate for an accelerated detector against time, with the inertial transition rate

subtracted (given by Eq. (6.2.30)), i.e., QILIQ (£ — $|,_,) - Each plot is for a given acceleration,

with three different values of the mass of the scalar field. The transition rate exhibits transient effects,
but at late times tends to a constant value.

the transition rate becoming non-negligible at 7' ~ m /4w (o ~ m/2). This is super-
seded by another requirement: the detector ‘switches on” at 7'/§2 ~ 1/2m (o ~ ).
This leads to the sensible conclusion that the detector’s transition rate begins to in-
crease when its acceleration is above its energy gap. At large accelerations, the gradi-
ent becomes independent of the mass, meaning that the ‘sensitivity’ of the transition
rate to acceleration (defined as d*P/drdq) is independent of mass. Fig. 6.3b shows
how the transition rate at 7 — oo depends on the mass of the scalar field. As the
mass increases, the transition rate tends to zero. However, it remains non-zero above
m /2 = 1, which reflects the fact that an accelerating detector can absorb quanta of

larger mass than its energy gap.

To highlight the difference between a Rindler thermal bath and a Minkowski thermal
bath, the transition rate at 7 — oo for a detector in a Minkowski thermal bath is plot-
ted in Fig. 6.4. Fig. 6.4a shows that, like the Rindler bath case, the transition rate for
the Minkowski thermal bath also ‘switches on” at 7'/Q ~ 1/27 (o ~ (), but there
is no longer any requirement that 7' 2 m /47 (o 2 m/2) and the gradient of the rate

(the sensitivity) is dependent on the mass even at large accelerations. Also, the transi-
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tion rate at 7 — oo is zero for m > (), regardless of the temperature. This is due to
the flat-spacetime constraint ©/ > m, which means the detector cannot absorb a par-
ticle of mass larger than its energy gap. Figs. 6.3b and 6.4b illustrate that, if m = 0,
the 7 — oo transition rate of a detector in a Rindler thermal bath is identical to that
of a detector in a Minkowski thermal bath. The transition rate then differs as m /) is

increased. This is true for all times, not just 7 — o0, as explained in Section 6.4.
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Fig. 6.3. The transition rate for an accelerated detector tends to a constant at late times, given by the
identical Egs. (6.2.49) and (6.3.14). This constant depends on the acceleration (left) and the mass of
the scalar field (right) as plotted here.
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Fig. 6.4. The transition rate for an inertial detector in a Minkowski thermal bath tends to a constant at
late times, given by Eq. (6.4.9). This constant depends on the acceleration (left) and the mass of the
scalar field (right) as plotted here.

6.6 Dipole detector

The manifestly causal, probabilistic formalism can also be applied to other detector
models. In this section, we derive the response of a uniformly accelerated dipole de-

tector [169]. Adapting the interaction Hamiltonian for a monopole detector (Eq. (6.2.3b))
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to a general dipole detector is
Hin(t) = D"(t)9,0(x", 1), (6.6.1)
where D (t) = v (1) ({“e*im 1) (2] + (€#)*e™ ¥ |2) (1] > and & is the 4-vector

equivalent of the scalar y in the monopole operator. With initial state py = |1, 0%) (1, 07|

and measurement operator £ = I¢ ® |2P) (2| as before, we have

1 . A
Fi= (- 0o T D R+ @ 0o ) A), 662
_ ; =5 2\ * —iQT12
Fy = 2_27(151)7@2)( gr (5“ ) au1¢lau2¢26 |1> <1’
+ (glll)*€M28N1¢18M2¢26i97'12 |2> <2|
- 5“2 (5“1)*au2¢28#1¢16mT12 |1> <1’
+ (f,u2)*§u18u2¢26“1¢16—i9712 |2> <2| )
) 1 e i
 y(t)y(te) (% Re (£1€"7e™7) 0,1, 01, {61, 62}
+ 4 Im (€670, O, ¢2]>
12) (2] 1 R
+m<_§Re (gu SEC )8M10u2{¢17¢2}

+ 1 Tm (£ 6 7) D), 0, 01, ¢2]> . (6.6.3)

Once we take the expectation value of F; in the initial state as in Eq. (6.2.13), we see
that the lowest order contribution comes from the term in > which is proportional to

1) (1], giving

t
0
P(o, t) = / dtydty——2
0

W(tl)Py(tQ) (Re (gulfﬂz*) COSQ7'12

i () s )0, 0,100

+ ( —Im (5‘“5“2*) cos 2719

+Re (5ﬂ1§“2*> sin QTl?) 8#1 am Aﬁ (6.6.4)
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Writing zf, = 2 — 2%, the relevant propagator derivatives are as follows:

o 0 g m? 9 9 Yi(msp)

Ot Ok 2 T Ax Oz Dzt msyo
m? 0 Yo(msiz) O
= E@Jﬂ“ {_ msyy  Oxh2 (m812)1
B mt 9 [Ya(msya) 13
n E@x“l{ msia Myzmslj
- m? YQ(mSu) QYE‘}(m312) xlljé vy
T 4r {ngm 7 (msp)? G m812g“2y2x12}
4
e [l ~ g itist]. 009
0 0 p m> 0 0 Ji(msy)
Oxt Oziz 2 T Ax Oz Oxkt2 msy
4
N Ko S e

where J;(x) and Y;(x) are Bessel functions of the first and second kind of order 4, re-
spectively, g, is the Minkowski spacetime metric, and we have used s12 = /¢, T15%%,.
Let the dipole moment be £# = (x, & sinf cos ¢, £ sin 0 sin ¢, £ cos #) in the frame of

reference of the detector. The contractions appearing in the probability are then

" g = X7 — [€)? (6.6.7)

gnerr iy aly = |x|Pr (6.6.8)

confirming that the transition probability is independent of the orientation of the de-
tector. This is consistent with (but does not imply) an isotropic thermal bath, which is
interesting since the acceleration defines a privileged direction. However, it should be
noted that this calculation is not directly sensitive to the direction of propagation of
the radiation, since the field is traced over and we do not attempt to compare modes
of the scalar field with different directions of momentum, kK. This would make for

an interesting future calculation to contribute to the discourse on whether the Unruh
thermal bath is entirely isotropic [22, 170-177]. It may also be illuminating to con-

sider a dipole detector coupled to a vector field instead of a scalar field.

The transition rate in the accelerated frame may now be expressed as

®_m
or  4r J, T

Ya(ms') 2 |2 _Yg(ms’)mQ 2.2\ oo O
(o~ 16P) = e ) cost
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n (J2<msl) (‘X’Q . |€’2> . Js(m8/>m2‘X|27—/2) sin QT/] 7 (669)

(ms')? (ms')?

. /
where s’ = % sinh -

6.7 Summary

We have employed the manifestly causal, probabilistic method explained in Chapter 4
to calculate the first-order transition rate of a uniformly accelerated UdW monopole
detector from the ground state to the excited state, with the inertial rate subtracted
(Eq. (6.2.30)). The transition rate has been expressed as a sum of two terms; one is
proportional to the retarded propagator and independent of the initial state, and one is
proportional to the Hadamard function and encapsulates all initial state dependence.
Eq. (6.3.9) is the same transition rate, calculated from the perspective of a Rindler
(accelerating) observer, who describes the detector as stationary in Rindler coordi-
nates in a thermal bath of Rindler particles. The two expressions are equal at all times,
including the transient effects which arise due to specifying the field to initially be

in the Minkowski vacuum state. This is due to the Unruh effect: an observer accel-
erating through the Minkowski vacuum experiences a thermal bath of Rindler parti-
cles. Eq. (6.4.7) is the corresponding transition rate for an inertial detector in a ‘real’
(Minkowski) thermal bath. This rate is different and is unrelated to the Unruh effect.
It is only coincidentally equal for a massless scalar field. The Unruh effect has also
been presented as the result of a time-dependent Doppler shift of the field modes.
The numerical results are new and highlight the dependence of the transients on the
mass of the scalar field, the acceleration and the energy gap of the detector. The late-
time behaviour of the transition rate has been explored numerically and compared to
the transition rate for an inertial detector in the Minkowski thermal bath. Finally, we
used our formalism to calculate the transition rate of a uniformly accelerated dipole

detector.

The probability-level framework presented here can be utilised to study the response
of an accelerated detector with a different model of the detector, a smooth switching
function for the interaction (resulting in different transients), or different background
spacetimes. It can also be used to study two accelerating UdW detectors, where the

appearance of retarded propagators will then indicate clear causal connections be-
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tween the two detectors and which contributions are acausal, as in the Fermi two-
atom system (Section 4.4). It also has the advantage of being able to treat mixed states
and (semi-)inclusive observables, potentially simplifying calculations that are more
complex at the amplitude level. This approach may also prove useful in studies of

RQI, where working with mixed states arises naturally.
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Chapter 7

Black Holes

Following our exploration of the Unruh effect in the previous chapter, we now turn

our attention to a closely related topic in quantum field theory (QFT): black holes.

The Unruh effect itself emerged from Unruh’s study [18] of black holes and Hawking
radiation [15, 16]. Unruh recognised that an observer undergoing constant proper ac-
celeration would perceive a thermal bath of particles, akin to the radiation observed
near the event horizon of a black hole. This insight suggested a connection between
acceleration and gravitational effects in the context of QFT, as one may expect through

the strong equivalence principle of general relativity [152, 178, 179].

There are further interesting parallels between the Unruh effect and Hawking radi-
ation which we encounter in this chapter: both can be thought of as the result of a
horizon (a Rindler horizon or a black hole event horizon); the Unruh temperature,

Ty = «/2m is of a similar form to the Hawking temperature, Ty = k/27; and the
coordinate transformation between inertial and accelerated coordinates is mathemat-
ically similar to the transformation between Schwarzschild and Kruskal-Szekeres co-
ordinates. As such, the study of the Unruh effect naturally leads to the investigation of
black holes, with acceleration serving as a simpler analogue to the gravitational field

encountered near a black hole.

The primary goal of this chapter is to serve as a literature review and a pedagogi-

cal introduction to the subject of the response of Unruh-DeWitt (UdW) detectors in
(3 + 1)-dimensional Schwarzschild spacetime, which describes a spherically symmet-
ric black hole. The material covered here is central not only to the study of black hole
thermodynamics and Hawking radiation, but also to our broader understanding of
quantum gravity. By engaging with these ideas and investigating how quantum fields
behave under extreme conditions, we begin to uncover the nature of spacetime itself,

via the thermodynamic properties of gravity [121, 180-184], the idea that spacetime
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is emergent from entanglement [185—188], and the holographic principle [71, 189—
191]. The response of detectors in black hole spacetimes provides valuable insights
into the interplay between quantum field theory and general relativity, and lays the

groundwork for future research in the quest to understand the quantum nature of grav-

ity.

Aside from (3 + 1)-dimensional Schwarzschild black holes, progress has been made
studying other black hole spacetimes such as BTZ black holes [192—-196], where the
pullback of the Wightman function to an infalling trajectory can be computed as a

sum over images instead of the unavoidable mode sum in the Schwarzschild case. In-
teresting related research extends to the more tractable (1+1)-dimensional Schwarzschild
spacetime [132, 197-199], de Sitter space [200-203], and analogue gravity mod-

els [204-213]. Some studies define quantities such as an effective temperature [214—
220], which give physical insight without considering the response of an UdW detec-

tor.

In this chapter, we first review the foundational concepts of Penrose diagrams (Sec-
tion 7.1), Killing vectors (Section 7.2), the Schwarzschild metric (Section 7.3), and
the quantisation of a scalar field in the Schwarzschild geometry, examining the var-
ious vacuum states that can arise in this context (Sections 7.4 and 7.5). Section 7.6
then summarises the results in the literature regarding how UdW detectors respond
for different trajectories in these different vacua. Section 7.7 concludes and suggests

interesting future work.

7.1 Penrose Diagrams

The structure of spacetime is encapsulated by the spacetime metric, g,,,,, which relates

the spacetime coordinates, z*, to the line element, ds?, by [151-153, 178]
ds® = g, (r)dztdx” (7.1.1)

where p, v = 1,2, ..., n — 1 for an n-dimensional spacetime. In order to visualise the
causal structure of spacetime, we introduce Penrose diagrams [221], which provide
a compact representation of infinite spacetimes using conformal transformations.

These transformations rescale the spacetime metric, g,,,, by a position-dependent fac-
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tor, effectively shrinking or stretching the geometry. Mathematically, this is expressed
as:

(%) = Gy (@) = () gy (), (7.1.2)

where () is a real, finite, continuous, and non-vanishing function. Conformal trans-
formations change the metric tensor and hence the geometry of the spacetime itself,
and so must be distinguished from coordinate transformations, x* — x'**, which sim-

ply relabel the coordinates without altering the underlying geometry.

A key feature of Penrose diagrams is that rays of light (null geodesics) always travel
at 45°, as conformal transformations preserve angles. This property highlights the
causal structure of spacetime by clearly delineating which regions are causally con-
nected to a given event. The boundaries of these regions are defined by the event’s
past and future light cones. Consequently, Penrose diagrams are an important tool for

analysing causal relationships.

To better understand Penrose diagrams, consider the simple example of the infinite,

flat, two-dimensional Minkowski spacetime described by the metric,
ds? = dt? — dz? = dudv, (7.1.3)
where we have introduced the null coordinates, v and v, defined by

u=t—1x,
(7.1.4)
v==1>+.

The coordinate « is known as the outgoing null coordinate because radial outgoing
null geodesics are lines of constant «. Similarly, the coordinate v is known as the in-

going null coordinate. In the null coordinate system, the Minkowski metric is thus

1[0 1 (7.1.5)
Ju = = .
T2\t o
We now perform a coordinate transformation,
o =2tantu , —7w<u <,
(7.1.6)
v =2tan"lv , —w < <m,
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such that

1 u v’
2 2 2 / !
= - — — 1.
ds 4sec<2>sec<2>dudv, (7.1.7)
therefore

1 / /! 0 1
G (W', V") = = sec? (£> sec? (U—) : (7.1.8)

8 2 2 1 0

This is still the usual Minkowski metric, expressed in the u’, v coordinate system. We

now perform a conformal transformation with

O?(x) = (i sec? <u§/) sec? (%)) B . (7.1.9)

This rescales the Minkowski metric as

1{0 1
g (V") = G, (W) = , (7.1.10)
2\1 0

which results in a line element,
ds? = du'dv’. (7.1.11)

This is identical to Eq. (7.1.3), except this line element spans the finite, compact re-
gion —m < {u/,v'} < 7. Asaresult, we can draw the entirety of this spacetime as
a Penrose diagram, as shown in Fig. 7.1. The conformal transformation has rescaled
the infinities of Minkowski spacetime to the boundary lines of the Penrose diagram.
Null rays will travel (at 45°) to the diagonal boundaries labelled .#* (future null in-
finity) and .# ~ (past null infinity). Timelike lines travel from the point labelled i~

(past timelike infinity) to the point labelled ™ (future timelike infinity). Spacelike

lines extend to the points labelled :° (spacelike infinity).

In four dimensions, the calculation is similar and the Penrose diagram is identical,
where each point of the diagram represents a 2-sphere except for points along the ver-

tical axis and i, which are spacetime points. The null infinities are thus 3-surfaces.
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Fig. 7.1. The Penrose diagram for Minkowski space. The compact region —7 < {u/,v'} < 7 is
conformal to the entirety of Minkowski space, —oo < {u, v} < oo. The labels show future null
infinity (.# T), past null infinity (. ~), past timelike infinity (™), future timelike infinity (i *), and
spacelike infinity (i°).

7.2 Killing Vectors

Spacetimes with special geometrical symmetries can be described by Killing vectors.

A Killing vector, £, is a solution to Killing’s equation [151, 152, 179, 222],
Leguw () =0, (7.2.1)

where .Z; is the Lie derivative along the vector field £#. Physically, a Killing vector
field is the vector field that generates an isometry of spacetime, meaning it corre-
sponds to a symmetry under which the metric remains invariant. If a spacetime ad-
mits a timelike Killing vector it provides a natural way to define time translations and,
consequently, a preferred notion of positive frequency modes. Specifically, a mode

function ¢,, is said to have positive frequency if it satisfies
Ly, = —wod,, w>0. (7.2.2)

This choice ensures a well-defined vacuum state. However, in spacetimes without a
globally timelike Killing vector, such as the Schwarzschild spacetime considered in

this chapter, the notion of positive frequency modes becomes observer-dependent,
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and thus there is no obvious choice of vacuum state.

7.3 The Schwarzschild Metric

Schwarzschild spacetime [223] is a unique solution to the Einstein field equations of
general relativity which describes the spacetime surrounding a spherically symmetric,
non-rotating, uncharged body. In this chapter, we will use it to describe a black hole

with such features. The line element for four-dimensional Schwarzschild spacetime is

oM oM\ !
ds? = (1 - T) de? — (1 — T) dr? — r2(d6? + sin? 0 d¢?) (7.3.1)

where M is the mass of the black hole. There are a number of useful coordinate sys-
tems used when working with the Schwarzschild metric. First, the fortoise coordi-
nate, ., is given by,

re =1+ 2MIn

T
— —1]. 7.3.2
oI ’ (7.3.2)

The outgoing and ingoing null coordinates are then defined by

Uu==t—r,,
(7.3.3)
V=14 1,.
We now define the Kruskal-Szekeres coordinates [224],
U= —4Me /M
(7.3.4)

v =A4Me"*M

which are very similar to the coordinates defined in Eq. (6.1.4), reinforcing the rele-

vance of studying the Unruh effect as a flat-spacetime analogue of black hole physics.

The coordinates in Eq. (7.3.4) are defined such that the Schwarzschild line element,

given by Eq. (7.3.1), can be written in a familiar form,

_2m
_T'

ds? e~ "M qu dv — r?(d6* 4 sin® 0 dg?) . (7.3.5)

The first term is conformal to the two-dimensional Minkowski line element in Eq. (7.1.3).
Applying the same coordinate and conformal transformations described by Eqgs. (7.1.6)

and (7.1.10), the resulting Penrose diagram is almost identical to that for Minkowski
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spacetime (shown in Fig. 7.1). The key difference is that neither of the two left bound-
aries of the diagram are null infinity, .#, since the Kruskal-Szekeres coordinates are
only defined for —ooc < w < 0and 0 < ¥ < 00, as follows from Eq. (7.3.4).
The bottom-left boundary (v = 0) and the top-left boundary (w = 0) instead both
correspond tor = 2M (and/ort = Foo). By inspecting Eq. (7.3.1), one can see
that » = 2 results in a singularity. However, this is not a physical singularity, but
merely a coordinate singularity which results from our choice of coordinate system.
Upon inspection of Eq. (7.3.5), it is clear that there is no singularity at = 2M in
the {@, v} coordinate system. As a result, we can analytically extend the spacetime
beyond the boundaries v = 0 and u = 0. The result is known as the maximally ex-
tended Kruskal manifold (or the maximally extended Schwarzschild spacetime), and

its Penrose diagram is shown in Fig. 7.2.

This spacetime is also a solution to the vacuum Einstein equation at all spacetime
points, except for at the physical singularity at » = 0, which is denoted by a horizon-
tal zig-zag line on the Penrose diagram (pictured in the future and the past). Region I
(w<0,v>0,0orr >2M, —0o < t < o0) is the usual Schwarzschild spacetime. Re-
gionII (w > 0, ¥ < 0) is identical to Region I, except the direction of time is reversed
(i.e.,t — —t). Region I and Region II are causally disconnected. Physically, Region

Il is sometimes interpreted as a separate, causally disconnected universe.

The null ray @ = 0 is the latest null ray to reach future null infinity, .# *. All null rays
for which w > 0 terminate on the singularity at » = 0. Therefore, since v = 0is

a 2-surface in four dimensions, it represents the surface which separates regions in
which null geodesics either travel to the singularity or to future infinity. This is the
event horizon, which separates the exterior Region I from the interior of a black hole.
Similarly, v = 0 represents the boundary of Region I from which anything not from
past null infinity, .# ~, must have originated. Regions from which all world lines leave
are known as white holes. Therefore, Region Il (u > 0, v > 0,uv < (4M)?) is the
black hole interior and Region IV (w < 0,7 < 0,uv < (4M)?)) is the white hole
interior. The world lines of all observers in Region I and II start at 7~ and end at i ™,
as long as they do not originate from the white hole and avoid the black hole. Space-
times of astrophysical black holes (formed by the collapse of matter) do not include

Regions II and IV, so in this sense they are not physical regions [151].
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Fig. 7.2. The Penrose diagram for the maximally extended Schwarzschild spacetime. Region I is the
exterior to the black hole, Region II is universe causally disconnected from Region I, Region III is the
black hole interior, and Region IV is the white hole interior. The future and past horizons are labelled

H™ and H~ respectively, and the physical singularity at » = 0 is marked by a zigzag line.

7.4 Classical Scalar Field in Schwarzschild Spacetime

In this section, we will review the method and results for solving the Klein-Gordon
equation,

V.V =0, (7.4.1)

for a massless scalar field, ¢(x), in Schwarzschild spacetime. For more details of this

process, see Refs. [151, 214, 225].

For now, let’s only consider Region I. In Schwarzschild coordinates (¢, r, 6, ¢), the
Klein-Gordon equation is separable and its general solution is a linear combination of
the basis modes [118]

Do (1) Yo (0, @)eFt (7.4.2)

where w > 0 and Yy, is a spherical harmonic [85], with the usual definitions of
¢ e {0,1,..},m € {—¢,...,¢}. Since we will only consider spherically symmetric

situations, we can set

2 +1\?
+) . m=0,

Yo (0, @) = ( A
0, Im| =1,2,3,...,

(7.4.3)

thus imposing m = 0 (instead of summing over m) without loss of generality. For
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now, however, we shall keep it general. The radial function ®_,(7) is a solution to

d2<I>+ 2(r— M) @+ wir? (4
dr?2 7 (r—2M)dr (r—2M)*  7r(r—2M)

d = 0. (7.4.4)

This equation is known as the generalised spheroidal wave equation [226]. With re-
spect to the timelike Killing vector, 0;, the positive frequency basis modes are propor-

—iwt

tional to e and the negative frequency basis modes are proportional to e*t®,

If we define the dimensionless variable p(r) = r ®(r), Eq. (7.4.4) takes the form of

the time-independent Schrodinger equation in terms of the tortoise coordinate 7.,

d?p

gz = Vi) =« p, (7.4.5)
with the effective potential
2M (041 2M
Vi(r) = (1 — ) ( ( 5 ) +— ) ) (7.4.6)
r r r

In the asymptotic regions r — 2M (close to the event horizon) and r — oo (far from
the black hole), V;(r) — 0. From Eq. (7.4.5), we conclude that p,,(r) is a linear com-
bination of e**" in these asymptotic regions. We now introduce two independent

solutions, characterised by their asymptotic behaviour,

. Bin, e, r— 2M,
Puoe(r) = 4 - (7.4.7)
e Al:)lé 6+1w”, T — 00,

and
" A e et — 2M,
pus(r) = ' (7.4.8)
B etrs, r — 00,

where the A and B terms are reflection and transmission coefficients, respectively.

The values of these coefficients are calculated via normalisation conditions in Ref. [225].

We now have two independent solutions to Eq. (7.4.4),

(I)in/uP(r) = pin/up(r)/T, (7.4.9)

wl wl
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and can thus use Eq. (7.4.2) to define the normalised positive-frequency modes

Ym07 lnu
w0, p) = YL g
W

(r)e ™t (7.4.10)

The set {u")®, u"***} for all w, £,m is a complete set of solutions to the Klein-Gordon

equation in Region L.

The modes v, are called in modes because near the horizon they have the asymp-
totic behaviour

ul, oc e WD e s 90 (7.4.11)

which represents waves travelling info the horizon with no outgoing component. At
early times, these waves originate infinitely far from the black hole and travel towards
the horizon, scattering off the gravitational potential of the black hole. This results in
part of each wave travelling into the horizon and part travelling back out to infinity.
Consequently, these modes are a superposition of ingoing and outgoing components
atr — 00, as seen in Eq. (7.4.7). ‘Out modes’ would be defined as having no in-

coming component near the horizon.

Conversely, the modes v.%, = are called up modes because far from the black hole they

have the asymptotic behaviour

u® o et e o0, (7.4.12)

wlm

which represents waves travelling up from the black hole (at » — oo) with no ingoing
component. These waves originate on the past horizon of the white hole, travelling
away from the horizon and scattering off the potential. This causes part of each wave
to travel back towards the black hole horizon and part to travel out to infinity. Con-
sequently, these modes are a superposition of ingoing and outgoing components at

r — 2M, as seen in Eq. (7.4.8). ‘Down modes’ would be defined as having no outgo-

ing component at 7 — 00.

Fig. 7.3 visualises these modes on a Penrose diagram for the exterior region in Schwarzschild

spacetime.

Since Region Il is identical to Region I except for time-reversal, the mode solutions
for Region II take the same form as Eq. (7.4.10). However, due to the time-reversal,

the future-directed Killing vector with which we should define the positive frequency
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in modes up modes

Fig. 7.3. Illustrations of the ‘in’ (shown left) and ‘up’ (shown right) modes, defined in Eq.(7.4.10).
The modes are shown in Region I of the Schwarzschild spacetime, i.e., the exterior to the black hole.

modes is J_; instead of d;. The result of this is that the mode solutions in Region II,

which we denote as v(x) instead of u(x), are the complex conjugate of Eq. (7.4.10),

2001 0,0) = L 1), 7413
For Regions III and IV, the in modes can be analytically continued from Regions I
or II, and thus are defined in the same way (such that they are continuous across the
horizon) [227]. Due to the presence of the singularity, and the absence of spatial in-
finity, there is no analogue of the up modes in Regions III and IV. The in modes and
their complex conjugates suffice as an orthogonal basis set to span these regions. We
now have basis modes which are solutions to the Klein-Gordon equation in each re-

gion of the maximally extended Schwarzschild spacetime.

7.5 Quantising the Scalar Field

Now that we understand the classical solutions for the scalar field modes in Schwarzschild
spacetime, we must quantise the theory. In Minkowski spacetime, the standard way to

do this is to take our complete set of orthonormal basis modes and define creation/an-
nihilation operators to couple them with. Our choice of basis modes and creation/an-

nihilation operators will then define a vacuum state and corresponding Fock states.
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This is relatively straightforward due to the presence of a global timelike Killing vec-
tor, 0/0t, which allows a natural definition of positive and negative frequency modes,
(2w(2m)%)~1/2e kT However, in curved spacetime, choosing basis modes and defin-
ing a vacuum state is more subtle due to the lack of a unique global timelike Killing
vector and the presence of event horizons. In Schwarzschild spacetime, we typically
choose different vacuum states associated with different basis modes. If an eternal

black hole were to exist in the universe, we could observe which quantum state is ac-
tually realised. Nevertheless, having a choice of vacua is advantageous in the sense

that we can choose states to represent different processes of interest. The standard
choices of vacuum states in Schwarzschild spacetime are the Boulware, Hartle-Hawking,

and Unruh vacua, each of which is motivated by different physical considerations.

7.5.1 The Boulware Vacuum

The Boulware vacuum [156] is defined by requiring that the mode functions be posi-
tive frequency with respect to the Schwarzschild Killing vector 0, (where ¢ is Schwarzschild
time) at spatial infinity in Region I, and the Killing vector 0_; in Region II. In other

1wv

wu  ,—
, € s

words, we choose basis modes for the scalar wave equation proportional to e~
where {u, v} are the Schwarzschild null coordinates. These basis modes oscillate in-
finitely quickly at the event horizon. The mode decomposition of the scalar field is

thus
Z/ dw wlm wlm bf;m Zlul;m + :Jl;lm cla.rzllm + b:uulaz wlm + H. C) ’ (751)

where ‘H.c’ stands for the Hermitian conjugate of the preceding terms and the annihi-
lation operators b, and 0/, . define the Boulware vacuum |0g) by

m/up ’0B> _ b/m/up |0B> —0.

wlm wlm

Physically, the Boulware vacuum resembles the Minkowski vacuum at large distances
from the black hole but leads to divergent stress-energy tensor components near the
event horizon. Specifically, the expectation value of the renormalised stress-energy
tensor (7),,) diverges at the horizon, signalling that this vacuum is unphysical for de-
scribing a black hole with any thermal radiation [17]. This behaviour is analogous

to the Rindler vacuum, |Og ), of an accelerating observer. An observer at R — 2M

in |0g) in Schwarzschild spacetime is similar to an accelerating observer at &« — oo
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in |Or) in Minkowski spacetime. Neither detect particles due to the definition of the
vacuum, but the vacuum itself diverges. Likewise, an observer at R — oo in |0g) in
Schwarzschild spacetime is similar to an accelerating observer at « — 0 in |Or) in

Minkowski spacetime (which reduces to the Minkowski vacuum, |Oy), for o — 0).

The Boulware vacuum is a suitable choice for Schwarzschild spacetime when there is
no physical event horizon, such as in the case of the spacetime exterior to the Earth’s
surface [228]. Since the Earth’s event horizon would lie deep within its interior, a
different metric is required there. The absence of an event horizon implies that no
Hawking radiation is present in the spacetime surrounding the Earth, even though this

region can still be described by the Schwarzschild metric.

7.5.2 The Hartle-Hawking Vacuum

The Hartle-Hawking vacuum [229] is defined by requiring that the modes be positive
frequency with respect to the Kruskal Killing vector 0 in all regions (i.e., they are

proportional to e=“% e~V where {u, v} are the Kruskal null coordinates). In terms
of in and up modes, the Hartle-Hawking vacuum is defined by the normalised super-

positions of u(z) and v(z),

1n/up — 47w Mw , .in/upx
in/u +e v
wliph = =t e (7.5.2)
V1 — e omMw
_4dnMw , in/upx in/up
_in/ U +v
T— whm ____wbm (7.5.2b)

wlm V1 — e—8tMu

infup —in/up in/up* _m/up
wem> Wetms Worm > Weem

The set of basis modes {w } form a complete orthonormal set
of solutions to the Klein-Gordon equation. We can hence quantise the scalar field in

terms of these modes,

Z/ dw wlm wlm + dwlm wlm + dwlm wlm + dwlm _c]j?m + HC) )
(7.5.3)
where the Hartle-Hawking vacuum |0y) is defined by d%"?|0y) = d'¥**|0) = 0.

wlm

The Hartle-Hawking vacuum state is regular across the entire extended Schwarzschild

spacetime, except for at the physical singularities. Observers at 7 — ©o observe a
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thermal bath of radiation with a temperature equal to the Hawking temperature [179],
Ty= — = —— (7.5.4)

where k = 1/4M is the surface gravity of the black hole.

The Hartle-Hawking state describes a black hole in thermal equilibrium with its sur-
roundings and its own Hawking radiation, which models a black hole enclosed in a
reflecting cavity. The appearance of |Oy), which is defined on the entire manifold,

as a thermal bath to an observer at infinity, confined to Region I, is a consequence of
the horizons causally disconnecting parts of the spacetime. In doing so, information
about the modes in Region II is lost, which is naturally associated with a non-zero
entropy and thus a thermal state, instead of a pure state. This is similar to the appear-
ance of the Minkowski vacuum as a thermal bath to an accelerating observer, due to

the horizon in Rindler space.

7.5.3 The Unruh Vacuum

The Unruh vacuum [18] uses a mix of the previously defined basis modes, using the
in modes of the Boulware vacuum state and the up modes of the Hartle-Hawking vac-

uum state. The associated mode decomposition of the scalar field is thus,

Z / dw wﬁm wEm + dwém wﬂm + uirém cljlfm + di%m _Z)%m + hC) )
(7.5.5)
where the Unruh vacuum |0y) is defined by 6", |0y) = d.5, [0y) = b |0y) =

wlm
0u) = 0.

w€m

The Unruh vacuum is defined to model a black hole that forms from gravitational
collapse and emits Hawking radiation. The vacuum condition is imposed such that
ingoing modes are defined as positive frequency with respect to the Schwarzschild
time at past null infinity, ensuring no incoming radiation from .# ~, while outgoing
modes are positive frequency with respect to Kruskal coordinates. Outgoing modes
appear as thermal flux at future null infinity, at the Hawking temperature, 7y, captur-
ing the effect of Hawking radiation. This vacuum state arises in models of the forma-
tion of black holes via gravitational collapse in the late-time, near-horizon limit [230].

The choice of basis modes is a way of recreating the physical effects of such a col-
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lapse [151]. Due to this, |Oy) is a physically realistic vacuum state for observers falling

into astrophysical black holes sufficiently long after their formation.

7.6 Unruh-DeWitt Detectors in Schwarzschild Spacetime

Just like in Minkowski space, the interaction Hamiltonian for an UdW detector cou-

pled to a real scalar field, ¢(x), in curved spacetime is
Hi = Ax(t) M7 (t) $(x”, ) (7.6.1)

where ) is a coupling constant, x(t) is the switching function, M ” () is the monopole

operator representing the detector, and x” is the trajectory of the detector.

The detector response function, F'(€2), as defined in Eq. (6.2.23), is still given by

F@:/ dﬁ/ dre T () ()W (11, 72) . (7.62)

where W (7, 72) = W(xP(r),xP (7)) is the pull-back of the positive Wightman
function,

Wz, z2) = (V|p(x1)p(x2)| V) (7.6.3)

to the trajectory of the detector, for a given state of the scalar field, |¥). The integra-
tion is now over —oo < 71,7 < oo and the interaction duration is thus controlled
solely by the switching function. All of the information about the trajectory of the de-
tector and the state of the field in Eq. (7.6.2) is contained in the Wightman function,
so it is this we must alter when investigating different detector trajectories in curved
spacetimes for different vacuum states. Given a vacuum state, |0), defined by the set

of orthonormal basis states {u(z), uj(x)} for frequency mode k, the positive Wight-

man function can be expressed as

Wy, x9) = Zuk(xl)u;;(xg) : (7.6.4)
k
Eq. (7.6.2) then becomes
o0 . 2
F(Q) = Z / dre ™y (1 )ugk(x(11))| (7.6.5)
k —o0
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We can now simply substitute in the basis modes for each vacuum of interest.

A stationary trajectory is defined by the time-translational invariance of the Wight-
man function, such that W (r, ) = W(m — 7). For these cases, the algebraic ex-
pressions can simplify, and integrals may become analytically solvable. Furthermore,
stationarity allows for the derivative of F'(€)) with respect to 7 to be approximated by
F(Q)/7 as 7 — oo, where 7 is the total duration of the measurement in proper time,
since the transition rate is time-independent. This defines the response rate, F, which
can be interpreted as the average rate of particles detected along the trajectory!. In

these stationary cases, the response rate is given by

F(Q) = / dryp e 512 W (1) (7.6.6)

oo

where 75 = 7; — 7, and the time-translation invariance means we are free to push
the switch-on and switch-off time of the detector to the asymptotic past and future,

respectively [227], effectively setting the switching function to x(¢) = 1.

Defining F'is more subtle for non-stationary trajectories, since defining an instanta-
neous transition rate requires carefully taking the limit of the switching function be-
coming arbitrarily sharp at the time of measurement, leading to divergences due to
the structure of the Wightman function [160, 162, 163, 214]. Due to its non-trivial
time dependence, the response rate is also typically more computationally demand-

ing.

7.6.1 Fixed Radial Distance

A static detector at fixed radius in Schwarzschild spacetime is studied in Ref. [227],
including numerical plots of the response rate for different vacuum states, detector
energy gaps, and radial distances. Only Region I, the exterior of the black hole, is

studied. Here, we summarise the results.

For a static detector, »r = R at all times. The difference in Schwarzschild time,
t12 = t; — tg, isthen t15 = 7Ty5/4/1 — 2M /R. The angular coordinates can be set to

0 = ¢ = 0 without loss of generality. Due to stationarity, we can use Eq. (7.6.6) to

LF(Q2) gives the fraction of detectors in a given ensemble which have undergone a transition, but
a measurement alters the dynamics of the system, meaning this interpretation no longer applies after a
measurement. Thus, to measure F(Q) one requires a set of identical ensembles, with each ensemble
used to measure F'(2) at a single value of 7.
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compute the response rate for different vacuum states (different Wightman functions).
Stationarity also allows us to set the measurement time to 7 — oo such that transient
effects have subsided and we are measuring the ‘steady-state’ response rate. As such,
the choice of switching function is arbitrary, and it is effectively taken to be a top-hat

function.

Throughout this section, the results are given in terms of the normalised radial solu-
tions
o

i, = o, oy = L 7.6.7
wl wl wl IM’ ( )

where Cbﬂm are solutions to Eq. (7.4.4) with specific boundary conditions given by
Egs. (7.4.7), (7.4.8), and (7.4.9). There are no known exact analytic expressions for
these radial solutions, so they must be solved computationally. These solutions a de-

scribed further in Refs. [225, 227] (but note the opposite tilde notation).

Boulware Vacuum

In the Boulware vacuum state, the Wightman function evaluated on a static trajectory

is given by

(o.) Z/ RCER)) _W/m(|ci>gg(fz)|2+|~1?,Z(R)|2).

1672w
(7.6.8)
Substituting this into Eq. (7.6.6), the response rate is
() = o i 20+1) (|<I> (R + ]~i~“g(R)]2> (7.6.9)
8wl = “ ’

where w = Qm This response rate is zero for positive detector energy
gaps, 2 > 0. In other words, the excitation rate is zero, since 2 < 0 corresponds to
de-excitations. This is similar to the transition rate of an inertial detector in Minkowski
spacetime, —Q20(—) /27 [227], which is consistent with Eq. (6.4.9) in that it van-
ishes for positive energy gap (excitations) and massless fields. A vanishing excitation
rate makes sense for the Boulware vacuum state, which is defined as detecting no in-
coming or outgoing particles. The flat-spacetime analogy is an accelerating detector’s

excitation rate is zero in the Rindler vacuum state.

The modifications to this rate are due to the curvature of spacetime, and can be thought
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of as the local density of states [231]. For R — oo, the response rate becomes iden-
tical to that of an inertial detector in Minkowski spacetime in the Minkowski vacuum
state. This is analogous to the Rindler vacuum state becoming equal to the Minkowski
vacuum state when o — 0, for an accelerating detector in Minkowski spacetime, as

studied in Chapter 6.

Hartle-Hawking Vacuum

In the Hartle-Hawking vacuum state, the Wightman function evaluated on a static tra-

jectory is given by

Wite) =3 [ arsr GOt (janmp + ot )

1672w sinh (47 Mw)
4 (7.6.10)
x cosh |[4mMw — _ e )
V1—-2M/R
The response rate is then
: 1 1 S U &in
() = o ;(% +1) (IB0(R)F + [95(R)) . (@.6.11)

where w = Q4/1 — 2M /R and T}, is the local Hawking temperature, defined by

(7.6.12)

1
Tioc = .
7 8rM\/1—2M/R

up/in
wl

Since the mode functions, ® only depend on the absolute value of w, this response

rate obeys the principle of detailed balance [232-236],
F4(Q) = e YT f(—Q), (7.6.13)

which means that excitation rate out of the ground state equals the de-excitation rate
into the ground state, corrected with the Boltzmann factor expressing the relative
population of the excited state with respect to the ground state, provided the detec-
tor is in thermal equilibrium at temperature 7. Thus, this condition, which follows
from the Kubo-Martin-Schwinger (KMS) condition [237-239], is often used to define
thermal equilibrium [155]. This confirms the thermality of the Hartle-Hawking state
in the KMS sense.
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The physical interpretation is that the detector, fixed at radial distance R, is in equilib-
rium with a thermal bath at temperature 7j,. (which indeed tends to Ty = 1/87 M at
r — 00). This situation is analogous to an accelerating UdW detector being in equi-
librium with a thermal bath of Rindler particles (once the transients have subsided) in

the Minkowski vacuum state in Minkowski spacetime, as studied in Chapter 6.

Unruh Vacuum

In the Unruh vacuum state, the Wightman function evaluated on a static trajectory is

given by
(2¢+1
(=, x Z/ 1672w X

[ ’(I)wg( )2 <e47rw—z‘w'r12/\/1—2M/R_|_6—47rw+iw712/«/1—2M/R>
2sinh (4T Mw)

+ ‘&)gg(R)’26—iw712/\/1—2M/R] )

(7.6.14)
Substituting this into Eq. (7.6.6), we get
: (201 | [PH(R)P |25,(R)[?
Fy(2) = < — = —Q 7.6.15
U( ) ; A 20 (QQ/Tloc _ 1) 20 ®< ) ) ( )

where 0 = Q\/m and Tj, is given by (7.6.12). The first term (involving up
modes) is identical to the term in involving up modes in the Hartle-Hawking response
rate (Eq. (7.6.11)). The second term (involving in modes) is identical to the term in-
volving in modes in the Boulware response rate (Eq. (7.6.9)). This reflects how the
Unruh vacuum, |Oy), is constructed as a combination of the field modes relevant to
|O) and |Og). The contribution from the in modes vanishes for 2 > 0 (detector ex-
citations). The contribution from the up modes represents a thermal flux of outgo-
ing radiation, which vanishes as R~2 as R — oo [227]. Consequently, the Unruh

response rate mimics the Boulware response rate at infinity, in that it tends to zero.

7.6.2 Circular Orbit

In this section, we summarise the results in Ref. [227] for the transition rate of a de-

tector orbiting the Schwarzschild black hole on a circular geodesic. We once again
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consider the Boulware, Hartle-Hawking, and Unruh vacuum states. The detector tra-
jectory is

t=ar, r=R, 0=7/2, ¢=>0r, (7.6.16)

where R > 3M and
a=+/R/(R—3M),
ldp 1
b=—-——=—-+/M/R3.
a dt a /R

There are no circular orbits for R < 3M, trajectories with 3M < R < 6M are unsta-
ble, and trajectories with R > 6 are stable [152, 240-242]—although the stability

(7.6.17)

of the orbit has no qualitative effect on the transition rate [227]. The normalised solu-

up/m

tions <I> are the same as those in Section 7.6.1.

Boulware Vacuum

In the Boulware vacuum state, the Wightman function evaluated on a circular-orbit

trajectory is given by

[e's) l
> (2‘€ + 1) ’PZ ( )‘ imbTio—iawTi2
(z,2) Z Z /0 dw 167T 2w(l 4+ m)! c

=0 m=—1¢ (7.6.18)
x (195 (R)2 + |9L,(R)2) |

where P;"(0) are the associated Legendre polynomials [243]. The response rate is

then
Z i (20 +1)| P (0)]?
il 8”” (t+m)! (7.6.19)
x (180 (R + |92 J(R)) © (mb— ) ,
with
w_=(mb—Q)/a. (7.6.20)

Unlike the case of a static detector in the Boulware vacuum (Eq. (7.6.9)), the response
rate in Eq. (7.6.19) has a non-vanishing excitation component that decreases as the ra-
dius increases. This is consistent with the Boulware vacuum state approximating to
the Minkowski vacuum state as & — oo, as well as the circular-orbit detector behav-

ing like a a static detector in the same limit.
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Hartle-Hawking Vacuum

In the Hartle-Hawking vacuum state, the Wightman function evaluated on a circular-

orbit trajectory is given by

S m)!(2¢ + 1)|7"(0)[*
2; / 327T w(l 4+ m)!sinh (47 Mw)
[

(7.6.21)
R + |92 (R) )
Ar Mw—iawTi2+imbrio +6747er+zaw7'12 zmb‘rlg} )
The response rate is then
i Z (0 —m)!(20 +1)|P(0)[?
— =, 167(1 + m)!
(1B (R + |@ln_ (R etnte- e
—Q .6.
8 aw_ sinh (4rMw_) O(mb - 1) ( )
(B2 AR + 188, (RP) e
* aw sinh (4rMw,) (mb+$Y)
with
we = (mb+Q)/a. (7.6.23)

In the limit of a large energy gap, €2, Eq. (7.6.22) becomes thermal (in the KMS sense,
defined by Eq. (7.6.13)) at a temperature that is higher than the local Hawking tem-
perature. This discrepancy is larger than the Dopper blueshift factor due to the veloc-
ity of the circular geodesic with respect to the static detectors, as found in Ref. [244]
for a model that suppressed the angular dependence of the field. Thus, the physical
explanation seems to be that the transition rate at large excitation energies is dom-
inated by the most energetic field quanta, and these are seen by the detector from a
head-on direction and are hence blueshifted more than by the Doppler shift factor that

accounts for just the time dilation.

Due to the analogy between the static UdW detector in the Hartle-Hawking vacuum
state in Schwarzschild spacetime and the accelerated UdW detector in the Minkowski
vacuum state in Minkowski spacetime, it seems natural to ask what the analogy of cir-
cular motion is in the flat-spacetime case [245]. Ref. [227] suggests that the answer

is a uniformly accelerating UdW detector in Minkowski space with a constant veloc-
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ity drift in the transverse direction. They show the transition rate in such a scenario

aligns with Schwarzschild circular-orbit detector rate for large orbital radius.

Unruh Vacuum

In the Unruh vacuum state, the Wightman function evaluated on a circular-orbit tra-

jectory is given by

00 1
> m)!(20 4+ 1)| P/*(0)]?
(z,2) ;;mz;é/o 167T2(€ + m)e %

|(i)u12(R) |2 <e47er7iaw712+imb7'12 + 6747er+iaw7-127imb712>

2w sinh (47 Mw)
+ @&(R) |26_iawm+imbm] . (7.6.24)
w
The response rate is then
Fo () = —;ng RN
[
2w+‘§;"£€(€m>]\iw+ ) e~ ™MerQ(mb + Q) (7.6.25)
with
we = (mb+Q)/a. (7.6.26)

Similarly to the static case, Ref. [227] shows that, as the radius increases, the circular-
geodesic rates in the Boulware and Unruh states (Eq. (7.6.19) and (7.6.25)) become
equal, whereas the ratio of the Hartle-Hawking rate (Eq. (7.6.22)) to Unruh rate be-
comes large. As is the case for the circular-orbit detector in the Hartle-Hawking state,

Eq. (7.6.25) becomes thermal in the KMS sense in the limit of large energy gap.

7.6.3 Radial Free Fall

An UdW detector falling radially into a black hole is a non-stationary situation. One

result of this is that defining the instantaneous transition rate is more subtle, since
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we cannot use time-translation invariance to move the switching on and off into the
asymptotic past and future, respectively (which previously allowed us differentiate out
the formally divergent integral over proper time). Furthermore, the sharp-switching
limit (i.e., the switching function becoming a top-hat function) can introduce diver-
gences that must be regularised by parameterising the Wightman function, which is
formally a distribution, and carefully taking the limit of the switching function be-
coming arbitrarily sharp [160, 162, 163, 214]. The non-trivial time dependence must

therefore be accounted for when attempting to define an instantaneous transition rate.

In addition, we are interested in the case of a (34 1)-dimensional Schwarzschild black
hole, in which the expressions relevant for an infalling UdW detector (such as the ra-
dial solutions to Eq. (7.4.4)) are not analytically solvable. Numerically, the equations
for the transition rate are much more computationally demanding and have not yet
been made to converge [214, 225, 246]. Specifically, integrating the Wightman func-
tions over time, 719, for a non-stationary trajectory no longer results in d-functions
which collapse the integral over w (which was performed implicitly in the results of
Sections 7.6.1 and 7.6.2), meaning the numerical evaluation of the transition rate be-
comes significantly more involved. For example, the Wightman function is divergent
at short distances, and while it is known how the divergent parts are subtracted in the
expressions for the transition probability and transition rate [162, 225], the challenge
in numerical calculations is to implement these subtractions term-by-term in a mode
sum. As a result, this section will focus on the simpler case of the transition probabil-

ity instead of the transition rate.

Since the detector is destined to reach the singularity, we must cut off the measure-
ment at a finite time. Furthermore, in order to probe the local structure of the space-
time as we fall into the black hole, we should only switch on the detector for a short,
finite time. Otherwise, we may be able to conclude that the detector was excited, but
we would not be able to tell where on its trajectory this occurred. However, if the de-
tector is switched on for too short a time, the transition probability will be dominated

by transient switching effects.

Ref. [214] is the latest paper to study this situation for a (3+1)-dimensional Schwarzschild
black hole, and the authors conclude that the time spent near the event horizon is shorter
than the time taken for transient effects to subside (for all choices of vacuum state),

meaning that an infalling UdW detector could never be used to unambiguously detect
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physical radiation (such as Hawking radiation) near the event horizon of a black hole.
Nevertheless, they derive the relevant equations to calculate the (albeit transients-
dominated) transition probability of a radially infalling UdW detector in the Boul-
ware, Hartle-Hawking, and Unruh vacuum states. In this section, we will review the

results.

Ref. [246] also studies the transition probability of an UdW detector falling radially
into a (3 + 1)-dimensional Schwarzschild black hole (for the same vacuum states),
and they arrive at slightly different conclusions. The main difference to Ref. [214]

is that Ref. [246] reports a small local extremum in transition probability as the de-
tector crosses the event horizon. This result would contradict the generally-accepted
prediction motivated from the equivalence principle: An observer crossing the event
horizon of a black hole is locally in free fall, and hence experiences nothing special
as they cross the horizon (for a black hole massive enough such that tidal effects are
negligible near the horizon). Ref. [214] disagrees with this result, and the original au-
thors have admitted there is a lack of analytic corroboration [192]. However, more

evidence for its existence would be incredibly interesting.

In Kruskal coordinates, the trajectory of a radially infalling detector is given by

U= —4M(z — 1)+t /2453
ny (7.6.27)
T=4M(z 4 1)e >+ /272/3
where z = (7/74)"/3. 7 € (—00,0) is the proper time, and 7y = —4M /3. In these

coordinates, the detector starts its journey in the asymptotic past, 7 — —o0, crosses
the horizon at 7 = 7y, and ends at the singularity as 7 — 0. Equivalently, the trajec-

tory is described by,

2_7’ —n\/2M/r — 2M/R,
-
dv  \/1—2M/R+n/2M/r —2M/R (7.6.28)

dr 1—2M/r ’

where v is the ingoing null coordinate defined in Eq. (7.3.3).
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Boulware Vacuum

Substituting the mode functions in Eq. (7.5.1) into Eq. (7.6.5),

Fy=F) + P, (7.6.29)
e in/up ~ > 20+1 e —iQr yin/up ?
B =) ; T drx(r)e”" Ly (T)| (7.6.30)
£=0 —00
where
Iy (7) = e o, (r)V e, (7.6.31a)
e—iwr* q)ilz(,r)(_U)zéle, r> 2M,
up _
[wﬁ(T) B UI; W in —idMw —4rMw 1 —iwr ink idMw
=2 d ], (r)V +e ——e WO (r) U, r < 2M,
BUJ@ Bwﬂ
(7.6.31b)

U=1a/AM,V = 7/4M, r, is defined by Eq. (7.3.2), x(7) is the switching function
which controls the measurement time and duration, and (Df}’e/in(r) are the radial solu-
tions described in Section 7.4. The spacetime coordinates U, V', and r are evaluated

on the detector trajectory.

The Boulware vacuum diverges at the event horizon, making it a poor candidate of
vacuum choice to study the response of an infalling detector. The Hartle-Hawking
and Unruh vacua give more physically realistic descriptions of near-horizon physics.
Ref. [246] plots the transition probability for an infalling detector in the Boulware
vacuum state up to r ~ 1.3(2M) and shows that the probability decreases as the de-
tector approaches the horizon. Note that this is not a description of what happens at
the event horizon, since the entire integration region must fall outside of the horizon,
meaning the measurement must be averaged over a region large enough for transients

to subside.

Hartle-Hawking Vacuum
Substituting the mode functions in Eq. (7.5.2) into Eq. (7.6.5),

Fy=Fr+FP 4+ Fr 4 P (7.6.32)
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The functions and variables I'%(7), I"5(7), U, V, r,, x(7), and ®"*""(r) are defined
as in Eq. (7.6.31).

Ref. [214] shows that the magnitude of the response function, Fy, decreases for larger
detector energy gaps, §2. For all detector energy gaps, Fj increases smoothly and
monotonically as the detector approaches the black hole, with no distinctive features
at the event horizon. This aligns with the equivalence principle conclusion that there
is no way to discern whether you are crossing the event horizon or not, for a black
hole of sufficient mass. This conclusion contrasts with the conclusions of Ref. [246],

which reports a local extremum in Fy near the horizon.

The Hartle-Hawking vacuum state describes a thermal bath of particles, but Ref. [214]
argues that, near the horizon, the detector does not spend enough time ‘switched on’
to reach thermal equilibrium with this thermal state. As a result, the behaviour of Fy
is a reflection of local interactions with the field due to switching, and not a physical
measurement of the thermal state. Allowing enough time for transient effects to sub-
side requires switching the detector on over a large portion of its trajectory, resulting

in a cumulative measurement and preventing local measurements.

Unruh Vacuum
Substituting the mode functions in Eq. (7.5.5) into Eq. (7.6.5) gives

Fy=Fi'+ B + FP, (7.6.35)
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where F}!' is defined by Eq. (7.6.30) and FHLlpmp is defined by Eq. (7.6.33).

The detector response in the Unruh vacuum, Fy, is similar to the response in the Hartle-
Hawking vacuum, Fy, except it is slightly smaller in magnitude. Larger detector en-
ergy gaps, {2, result in Fy being of a smaller magnitude, and Fy; increases smoothly

and monotonically as the detector approaches the black hole. Again, this encapsulates
the detector’s response due to switching, and not a measurement of Hawking radia-

tion (as one might expect from the definition of the Unruh vacuum state).

7.7 Summary

Four-dimensional Schwarzschild black holes are a complicated environment to study
the response of UdW detectors. The response functions are not analytically solvable,
and solving them numerically is computationally demanding. In the case of a detector
falling radially into the black hole, defining the instantaneous transition rate is chal-
lenging and we are typically restricted to studying the transition probability. More-
over, Ref. [214] claims it is impossible for an infalling observer to unambiguously
measure Hawking radiation near the horizon, since the detector’s response is dom-
inated by transients. Nevertheless, it is possible to calculate expressions for the re-
sponse function, even for radial free fall, and study the results. Results are presented

in Ref. [227] for stationary scenarios and Ref. [214] for free fall.

Finding new techniques to compute the local instantaneous transition rate of an in-
falling detector in (3 + 1)-dimensional Schwarzschild spacetime would be an ex-
citing direction for future work. If it is possible to isolate the contribution of tran-
sient effects, in a similar fashion to Section 6.2.4 and Ref. [247], then we may be able
to study an UdW detector’s response to Hawking radiation. Studying the interac-
tion between multiple UdW detectors in various black hole spacetimes could also
give new insights into the quantum mechanical properties of black holes [128-140,
202, 248-250]. These multiple-detector situations may benefit from the manifestly
causal method outlined in Chapter 4, as they represent a more complex extension of

the Fermi two-atom problem discussed in Section 4.4.

176



Chapter 8

Conclusions

In this thesis, we have developed a new, manifestly causal formalism of quantum field
theory (QFT), in which calculations are performed directly at the probability level.
Chapter 4 introduces this formalism and provides a versatile toolbox for its applica-
tion to a variety of quantum systems. By generalising the Baker-Campbell-Hausdorft
(BCH) lemma, commutators and anticommutators naturally arise in the definition of
a probability. Since these structures encode causality in QFT, every intermediate step
and result in our approach is manifestly causal. This is not the case for traditional cal-

culations in QFT, where the Feynman propagator is ubiquitous.

The formalism employs a broad definition of measurement (represented by an ele-
ment of a Positive Operator-Valued Measure) that can be rendered inclusive from the
outset. In line with the Bloch-Nordsieck (BN) [27] and Kinoshita-Lee-Nauenberg
(KLN) [28, 29] theorems, infrared (IR) divergences always cancel in the computation
of physical observables, since the observables must be sufficiently inclusive. Thus,
our causal formalism may offer a novel perspective on the cancellation of IR diver-

gences by incorporating inclusiveness at the probability (observable) level.

Motivated by the investigation of divergences, Chapter 3 provided a rigorous calcu-
lation of a scattering cross section with first-order quantum chromodynamics (QCD)
corrections, using conventional QFT methods. We demonstrated that exclusive ob-
servables, such as the cross section for the process e“ et — ¢q, were IR-divergent,
and required the use of dimensional regularisation to cancel these infinite divergences.
Chapter 5 then investigated similar calculations using the causal approach. We used
scalar field theory as a simplified model of particle scattering, avoiding the subtleties
and analytic complexities of gauge theories. We presented a new set of rules to gen-
erate probability-level diagrams, whose sum yields the total transition probability

for a given process. Using the causal formalism, we explicitly calculated the tran-
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sition probabilities for inclusive particle decay and pair-annihilation, obtaining re-
sults that conformed with the rules. Notably, the appearance of retarded propagators
and related causal structures, such as the retarded self-energy, underscores the man-
ifest causality of our formalism. We also observed that terms corresponding to ‘real
emissions’ (as defined in the traditional calculation) were not separable from other
contributions, suggesting an intrinsic summation over degenerate processes. This is
a promising avenue for further exploration of the cancellation of IR divergences, or

even their potential absence, in this framework.

Chapter 6 applied the causal formalism to investigate the Unruh effect. We derived
the excitation rate of a uniformly accelerating Unruh-DeWitt (UdW) detector in terms
of commutators and anticommutators. We carefully calculated this transition rate
from both the perspective of an inertial observer and an accelerating observer, show-
ing that the rate was equal despite their differing physical interpretations. By con-
sidering an inertial observer in a Minkowski thermal bath, we emphasised that the
Rindler thermal bath perceived by an accelerated observer is distinct from the inertial
definition of a thermal bath. This is the essence of the Unruh effect—the concept of a

particle, and hence the vacuum state, is inherently observer-dependent.

This is a natural prerequisite for the study of a detector’s response in curved space-
times, for which Chapter 7 served as an instructive introduction and literature review.
Black holes offer an extreme environment in which to explore quantum fields in curved
spacetime and emergent phenomena such as Hawking radiation. Although the de-
tector response to Hawking radiation remains an open question, with transient ef-

fects potentially obscuring the underlying physics, we have summarised results from
Refs. [227] and [214] for the response of an UdW detector in (3 + 1)-dimensional

Schwarzschild spacetime along static, circular, and radially infalling trajectories.

Looking ahead, natural questions arise regarding the extension of this causal formal-
ism to gauge theories and semi-inclusive observables. In particular, how can the re-
sults and rules established in Chapter 5 be generalised and applied to the calcula-
tions presented in Chapter 3?7 Furthermore, instead of considering observables that
are fully inclusive over gluon final states, we would like to explore how the outcomes
change when one adopts a semi-inclusive final state that accounts for the real emis-
sion of gluons only in the soft and collinear momentum regions. Ref. [105] discusses

further semi-inclusive observables that can be analysed using the causal formalism.
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Additionally, our formalism allows for a straightforward generalisation of initial and
final states to mixed states. This feature makes it well-suited for studies in relativistic

quantum information (RQI), where mixed states naturally arise.

Further investigation of the quantum properties of black holes may provide crucial
insights into a fundamental theory that successfully unites QFT and gravity. In this
context, a deeper understanding of the response of an UdW detector in black hole
spacetimes represents a promising avenue for future research. The causal formalism
presented here may contribute to this endeavour, as it addresses the often counterintu-
itive role of causality in the presence of an event horizon and the complex behaviour

of quantum entanglement between multiple detectors in such spacetimes.
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Appendix A

First-Order Decay Expressions

Egs. (A.0.1)-(A.0.12) display the full expressions of each term in Eq. (5.4.6).
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Appendix B

Symmetrising the Time-Ordering in

the Annihilation Probability

Here, we show analytically how the time-ordered integral in Eq. (5.5.16) can be sym-
metrised and written as an integral over all times, as is shown in Fig. 5.14. We only
show this for the diagrams containing Feynman loops, but the same procedure can be

applied to each line in Fig. 5.14.

The terms containing Feynman loops in the annihilation probability are
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where the ©-function has been rewritten as Q934 = 013,093034. We are free to re-

label the integration variables in each term as
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where we have used F), = F%,. Using the relations
0.,,9,. = ©,,0,.6,. (B.0.3)
Ouy+ Oy = 1 (B.0.4)
O, RX, = RY,, (B.0.5)
we obtain
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Re-labelling z; <+ x5 in the second term yields
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This result is equal to the first term in Eq. (B.0.1), but integrated over all times since

there is no time-ordering ©-function.

215



Appendix C

Excitation Rate of an Inertial Detector

in the Minkowski Vacuum

Here we consider the excitation probability of an inertial detector in the Minkowski
vacuum. For a time-like interval, one can always boost to a frame in which

X; — Xy = 0, such that,

d4p e—ipotm 1 fe’e)
R _ _ / .
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d* . 1 [
Ag|a:0 = /# e’”’ot1227r6(p2 —m?) = ﬁ/ dwp |/wa — m? cos(wptia).
(C.0.1b)

Using equation (6.2.20), we have
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Performing the time integrals, we have
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such that the transition rate is
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This transition rate exhibits an ultraviolet (UV) divergence due to the treatment of

OP(2;1)
ot
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the detector as point-like. By considering the difference of two transition rates in

Eq. (6.2.30) (e.g., accelerated rate minus inertial rate), we subtract this divergence.
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