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Abstract

Perturbative quantum field theory is our most developed framework to accurately analyse many
physical phenomena. The standard tool is Feynman diagrams, but at one-loop the heat kernel is
also a powerful technique.

It is however difficult to go beyond perturbation theory, and symmetry is a key factor. In par-
ticular, conformal symmetry strongly restricts the correlators, and have been combined with the
average null energy condition (ANEC) to derive the Hofman-Maldacena bounds on the anomaly
coefficients in four dimensions.

In this thesis we study different problems in perturbative quantum field theory. First, we
study the Weyl anomaly for a non-conformal free scalar in a four-dimensional curved spacetime.
We diagrammatically understand the definition of the anomaly without classical symmetry, and
we precisely interpret the well-known heat kernel calculation.

Then, we study higher-derivative gauge theories in six dimensions. These theories are the
natural candidate to perturbatively construct non-unitary conformal theories. The calculation is
done with the heat kernel method and we derive the general expression of the relevant coefficient,
which was previously unknown. Supersymmetry or the addition of a Yang-Mills term are also
considered.

Finally, we initiate the study of the consequence of the ANEC on non-conformal field theories
with the example of the self-interacting scalar in four dimensions. The energy flux of a state with
a single field insertion is computed. Starting from the perturbative momentum-space Euclidean
correlators, we construct the relevant Wightman function to evaluate the energy flux. The calcu-
lation is considerably complicated, but we recover the expected result, opening the possibility of
studying more interesting states.




Zusammenfassung

Die perturbative Quantenfeldtheorie ist das am weitesten entwickelte Modell, zur prizisen Anal-
yse vieler verschiedener physikalischer Phinomene. Das Standardwerkzeug der perturbativen QFT
sind Feynman-Diagramme. Bei Rechnungen bis zu einer Schleife ist aber auch der Wirmekern
eine michtige Technik.

Um in der QFT, tiber die Stérungstheorie hinauszugehen ist Symmetrie von grofer Bedeu-
tung. Insbesondere die konforme Symmetrie schrinkt die Korrelatoren stark ein. In dieser Ar-
beit wird sie mit der Average Null Energy Condition (ANEC) kombiniert, um die Hofman-
Maldacena-Schranken fiir die Anomaliekoeffizienten in vier Dimensionen abzuleiten.

Im Folgenden untersuchen wir verschiedene Probleme der perturbativen Quantenfeldtheo-
rie. Zunichst studieren wir die Weyl-Anomalie fiir einen nicht-konformen freien Skalar in einer
vierdimensionalen gekriimmten Raumzeit. Wir verstehen die Definition der Anomalie diagram-
matisch ohne klassische Symmetrie und wir interpretieren die bekannte Wirmekernberechnung
prizise.

Dann untersuchen wir Eichtheorien mit héheren Ableitungen in sechs Dimensionen. Diese
sind natiirliche Kandidaten, um perturbativ nicht-unitire konforme Theorien zu konstruieren.
Die Berechnung erfolgt mit der Wirmekernmethode und wir leiten den allgemeinen Ausdruck
des, zuvor nicht Bekannten, relevanten Koefhizienten her. Supersymmetrie sowie das Hinzuftigen
des Yang-Mills-Terms werden ebenfalls berticksichtigt.

Schlief3lich beginnen wir die Untersuchung der Implikationen der ANEC auf nicht-konforme
Feldtheorien, angefangen mit dem selbst-wechselwirkenden Skalar in vier Dimensionen. Der En-
ergiefluss eines Zustands mit einer einzelnen Feldeinfiigung wird berechnet. Ausgehend von den
perturbativen Euklidischen Korrelatoren im Impulsraum konstruieren wir die relevante Wightman-
Funktion, um den Energiefluss auszuwerten. Die Berechnung ist kompliziert, aber wir erhalten
das erwartete Ergebnis und eréffnen so die Moglichkeit, interessantere Zustinde zu untersuchen.
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Chapter 1

Context and overview of the work

1.1 General considerations

Quantum field theory (QFT) is our most developed framework for understanding a variety of
phenomena ranging from particle physics to many-body systems, so much so that many textbooks
have been dedicated to it, e.g. [Ramogo, Brog4, Weigs, Weig6, Sreo7]. This framework was de-

veloped during the course of the 20t

century and allowed us to provide an extremely accurate
description of the world at the microscopic level, namely the Standard Model. Despite the long
history, our main tool of analysis is perturbation theory, namely the calculation of observables
order by order in terms of a power series in the couplings.

Soon after the study of the first models it was realised that the expressions constructed to com-
pute certain observable quantities exhibited undesirable divergences. The manipulation of these
divergences became a central topic in theoretical research and led to the development of renormal-
ization, a consistent framework to control these divergences and compute finite observables. The
first groundbreaking calculation in this setting was the first quantum correction in QED of the
anomalous magnetic dipole moment of the electron by Julian Schwinger. In his paper [Sch49],
he computed

)
Be” 2 _ % L 0.001161.., (LL1)
2 2r

where a = e%/hic ~ 1/137 is the fine-structure constant. This is the first prediction of renormal-
ization theory that Schwinger, Feynman and Tomonaga developed independently, an enterprise
for which they received the Nobel prize in 196s.

Renormalization consists of a series of steps. It begins with the order-by-order cancellation
of the divergences via the modification of finitely many quantities, but then encompasses more
sophisticated arguments such as the analysis of conditions that are necessary to the consistency
of the theory, for example the preservation of gauge symmetries. With further studies after the
successes of QED, it became clear that renormalization implies a plethora of phenomena that are
counter-intuitive, or at least unexpected. A central aspect is that couplings, amplitudes and cor-
relators in general change with the energy at which they are probed. Another prominent point
is that symmetries of the classical system are not generically preserved by quantization, result-
ing in anomalies. Understanding how the cancellation of the infinities works and studying the
behaviour of symmetries can shed light on deeper structures of the QFT framework or provide
strong constraints on the possible theories. An extensive treatment of renormalization is given,
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for example, in [Col86, KSFor, Weig6].

Not all theories can undergo renormalization. Sometimes, in order to apply this procedure
and cancel the infinities in a consistent manner, one is forced to include in the Lagrangian addi-
tional terms that might have undesirable properties. This does not exclude the possibility that the
resulting theory is an effective one, that can be used to extract useful predictions in a regime in
which such problematic aspects are suppressed. Perhaps the most important example of a non-
renormalizable theory extremely relevant in contemporary fundamental physics is four-dimen-
sional general relativity. As follows from the pioneering studies of [tHV74, GS8s], quantum cor-
rections to the classical Einstein-Hilbert Lagrangian induce higher-derivative R? 4+ Ric? terms;
these are generated by usual-derivative' fields, both matter and gravity itself. These new contribu-
tions contain terms that are quadratic in the metric, which come with a four-derivative differential
operator as opposed to the usual two-derivative case. The consequence of their inclusion is that
the theories thus constructed are power-counting renormalizable; however, it also means that they
contain ghost modes violating unitarity. The renormalization properties of quadratic gravity were
explored first in [Ste77, FT82b].

The first quantum correction can be computed relatively easily in terms of linearised quan-

tum fluctuations on a classical background field, ¢ — ¢y, + \/% @ in the example of a scalar.
Equivalently, one has to expand the classical action S — S + 2S®@ to quadratic order; in this
approximation the path integral reduces to a Gauflian that can be integrated to give a determinant
tactor. In formula we have

1
. -=S
e_ﬁsj.g(p e_s(z) __en SO — %J.(pA(p, (r1.2)

Vdet A ’

where A is the operator associated to the fluctuation, which depends on the background field
configuration. This calculation can be formalized and extended to higher loops in the context of
background field quantization, first introduced in [DeW67a, DeW67b]. In this way we can define
an effective action I' = —f1log Z that contains the classical contribution as well as the quantum
effects. At first order we thus have

Z

=T + 1l =S+h%logdetA. (r.1.3)

The 1-loop contribution can be expanded in terms of Feynman diagrams exhibiting explicit UV
divergences. Several methods have been studied in the literature to regularise these divergences;
those relevant for this work are the introduction of a hard cut-off A in the integrals and the an-
alytic continuation of the spacetime dimension d = n — 2¢, where n is the original integer
dimension and € > 0 a continuous parameter. In either case, one can exhibit the divergence in a
structure of the form

I; | = —IOLA Jd”xg -1 Jddxg (r1.4)
for some local Lagrangian ;. Such a regularisation procedure is accompanied by the introduc-
tion of amassscale . In the former example it is necessary to make the argument of the logarithm
dimensionless, in the latter case it accounts for the change of the dimensionality of the couplings

"That is, two derivatives for bosons and one derivative for fermions.

IO



1.1. GENERAL CONSIDERATIONS

in the Lagrangian when varying the spacetime dimension. If the divergences can be reabsorbed
via renormalization, the finite quantities (couplings, amplitudes, ...) become dependent on this
energy scale, as mentioned previously.

The procedure of expanding the effective action in terms of Feynman diagrams is fairly well
studied in the literature and it is a very active area of research. However, at least for simple cal-
culations of 1-loop effects, it has some disadvantages: symmetries are generically broken in the
intermediate stages of the calculations; the algebraic expressions exhibit considerable redundancy;
the resummation of amplitude correlators in terms of the effective action discards a large amount
of information that was actually worked out.

The heat kernel method is a powerful mathematical tool that allows one to directly define the
determinant of a differential operator, see e.g. [See67, Gil7s, vdV8s, MT88, vdV98, Vasos], thus
avoiding the drawbacks of the diagrammatic approach. Here we mention some technical results
concerning heat kernel that will be useful in the rest of the introduction, leaving a more complete
discussion to the next chapter. Directly from the expression of the operator A, one is provided
with an asymptotic expansion for the associated evolution operator, which is given in terms of
local covariant coefficients that inherit the possible index structure of A,

A a,(x,A), p>0. (r.Ls)

The coefficients a,(x, A) are the ‘heat kernel coefficients’ proper. From this expansion one can
define the determinant of the differential operator A. The definition is, however, divergent and
requires regularization. In cutoff or dimensional regularization we get

log det A‘ _ 208N L B (1.16)
o (47)"2 (4r)12¢
where we have set
B,(A) = Jd”x by(x;A) 1= Id"x tra,(x; A), (r.1.7)

the trace being over the index structure of the operator, so that b, and B, are scalars. In the
identification (1.1.7), b, is determined up to total derivatives. The expression (1.1.6) captures the
behaviour in the high-energy limit, and we recover the structure that emerges from Feynman dia-
grams. If theaction § @ s gauge invariant, as it happens applying the background field quantiza-
tion procedure, the coefficients b,(A) are automatically invariant too and contain the geometrical
objects appearing in A. The relevant divergent contribution can be directly read from the expan-
sion, and in terms of (1.1.4) one obtains

log A
(4”)n/2

1

Tyl = —
le (47)722¢

J d"x b,(A) = Jddx b,(A), (1.1.8)

namely p = n gives the logarithmically divergent part of the effective action. For example, for a
completely general second-order differential operator in four-dimensional flat spacetime one has

1 1 1
a4(8) = = FynFpn + EX2 - 8VZX, A=-V>+X, Fpp =V Val, (119)

and the divergence in the effective action is therefore given by

I |
ba(A) = tr [Eanan + EXZ] : (1.1.10)

II



CHAPTER 1. CONTEXT AND OVERVIEW OF THE WORK

Indeed, this is undoubtedly the most important case relevant for physics, because it describes two-
derivative theories in four dimensions on a gauge background. It has been extensively studied in
the literature and the associated heat kernel coefficients from p = 0 to p = 10 are known and
tabulated. This makes the extraction of the 1-loop divergences an in-principle straightforward
operation in many interesting cases.

Furthermore, the heat kernel method also has a natural generalization to curved geometrical
backgrounds described via a metric g. For example, in dimensional regularization, one has

1
s = J'ddx bi(A), LIII
(1)|00 @n)iPe \/§ n(A) (r1.10)

where an appropriate covariant geometric extension of (1.1.6) has been used. More generally, the
asymptotic expansion mentioned in (1.1.5) extends to a curved background in terms of coefficients
ay. The flat spacetime expressions (1.1.9) and (1.1.10) are complemented with terms constructed
from the Riemann tensor and the metric itself, which vanish in the flat-spacetime limit.

Itis important to keep in mind that (1.1.4) and (r.1.11) take into account only the first quantum
correction. Diagrammatically, they correspond to 1-loop diagrams with an increasing number of
external legs. From this viewpoint, the advantage of the heat kernel method is that gauge or general
covariance are explicitly preserved at every step of the calculation. However, for higher-loop cal-
culations one cannot usually represent quantum effects in terms of a determinant, and therefore
the applicability of the heat kernel method for subleading quantum effects is somewhat limited.
Diagrammatic expansions have been the primary tool to perform perturbative calculations, and
their evaluation is a very active area of research that has led to remarkable results, such as match-
ing experiment and theoretical prediction of the anomalous magnetic moment of the electron
with the absolutely astonishing precision of 10713, [MYCGK2o0], or the five-loop calculation in
maximal supergravity, [BCC*18].

Despite the success of QFT in perturbative applications there are many fundamental ques-
tions that are still beyond our technical means, starting with the very existence and definition of
QFTs non-perturbatively. Even at a physicist’s level of analysis, it is very difficult to leave the realm
of perturbation theory. One usually requires some guidance, and a programme that has attracted
much attention so far was that of symmetries, most notably conformal symmetry or supersym-
metry.

Indeed, conformal field theory (CFT) is a very exciting area of contemporary theoretical re-
search, and a popular introduction to the topic is [DFMS97]. Among others, fixed points of the
renormalization group are CFTs; they describe important physical phenomena as phase transi-
tions; such a symmetry provides a guide to extend the Standard Model as in [MNo7]; conformal
symmetry is one of the foundations of the AdS/CFT correspondence, [Malg].

CFTs in flat spacetime are closely connected to Weyl-invariant theories on a curved geome-
try, namely theories symmetric under a local rescaling of the fields and of the metric. Indeed, at
the classical level a Weyl-invariant theory becomes conformally invariant when the background is
flat; conversely, a CFT can be often coupled to the metric in a Weyl-invariant way. However, in a
quantum theory it is usually the case that the classical Weyl symmetry is actually broken and an
anomaly is therefore present, as reviewed e.g. in [Dufg4, Duf20]. The anomaly is parametrised by
afew numerical coefficients, which in turn strictly constrain correlators of the stress tensor in the
flat-space CFT. For this reason, in this context one talks about the conformal or Weyl anomaly.
Since the anomaly arises from subtracting the infinities in the effective action, which is an oper-
ation relevant for QFTs in general, it is also useful to try to define it for a theory that does not

I2



1.1. GENERAL CONSIDERATIONS

possess Weyl invariance even classically. Indeed, such a quantity can potentially provide informa-
tion about the behaviour of QFTs away from criticality, and encode relevant information on the
generic non-conformal quantum theory.

Conformal symmetry induces important constraints and consistency conditions in the quan-
tum theory. These culminated in the bootstrap programme reviewed in [PRV19], that has pro-
vided deep insights using numerical, and, more recently, analytic techniques. A crucial ingredient
in the analytic bootstrap programme, [KZ13, FKK* 13, LMP17, CHPr7, CH17], has been the use of
causality, as emphasized in [HJK16], which requires a Lorentzian perspective. This is in contrast
with the rest of the discussion so far: power-counting renormalizability and symmetry constraints
are in their essence independent of the metric signature.

In the context of general relativity, one way of capturing the notion of causality is via energy
conditions that are imposed on the stress tensor sourcing the metric field. When a quantum the-
ory is considered, such conditions have to be integrated over some extended region of spacetime,
in order to take into account possible quantum eftects. In the context of fundamental physics, the
most important energy condition is the average null energy condition (ANEC), which states that
the null energy integrated over the whole null line is non-negative. In flat spacetime the ANEC
has been shown to be true for unitary QFTs with a nontrivial fixed point in [HKT17] using an
argument based on causality and conformal symmetry; [FLPW16] derived it from entropy ar-
guments for unitary QFTs in general. In [HMo8], the ANEC has been used to obtain optimal
bounds for the coefficients parametrising the conformal anomaly in four dimensions. Further-
more, there is also a novel approach to CFTs using more general null-integrated operators as in
[KSD18, KKSDZ19].

CFTs, and QFTs in general, in dimension d = 2 are very well studied, especially in the con-
text of string theory, and important textbooks such as [BPog, BLT13] have been written on these
topics. In dimension d > 2 the situation is qualitatively different, see e.g. [Ryc16, SD17]. The
cases d = 2,3 are relevant for effective physics, from high-energy to condensed-matter applica-
tions, as one can realise systems that approximately live in such dimensions. d = 4 is important
for the macroscopic world as we experience it, even in its fundamental structure, given the current
level of experimental verification. Indeed, exploring QFT with d as free parameter might shed
light on why we live in d = 4 dimensions (at least macroscopically), or on other mathematical
structures arising in QFT as a theoretical framework. For example, d > 4 up to 11 is relevant for
superstring theory and M-theory or supergravity with extra dimensions. Furthermore, generally
speaking, d = 6 is the highest dimension in which one can have unitary interacting supersym-
metric CFTs as follows from the classification in [Nah78], but no CFT has been explicitly con-
structed even in the non-supersymmetric case for d > 6. Moreover, there was a large effort in pro-
viding a six-dimensional origin to four-dimensional CFTs, see e.g. [BHM*17, RSZ19] and refer-
ences therein. Another insightful review of 6d physics in this context is [Tomz2o]. Recently QFT
near six dimensions has also been studied with the goal of perturbatively constructing fixed points
of the renormalization group flow in noninteger dimensions; [FGKT1s, OS18, GHR18, CSVZ20]
applied this technique to various two-derivative scalar models with cubic interaction.

When one considers QFT in higher dimensions one needs stringent symmetry constraints or
non-unitary higher-derivative operators in order to construct a renormalizable theory. Relaxing
the unitarity constraint can be useful to explore other aspects of classical and quantum theories.
Indeed, there are important models even in four dimensions that exhibit a lack of unitarity, such as
the already mentioned R? gravity in four dimensions, but also Wey12 gravity, featuring classical
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CHAPTER 1. CONTEXT AND OVERVIEW OF THE WORK

Weyl invariance, [FT8s].

These higher-derivative gravity models arise as UV completions of four-dimensional theo-
ries with usual-derivative kinetic terms. The same phenomenon takes place in six dimensions
with a gauge-field background. Indeed, the standard F 2 action for the Yang-Mills field in six di-
mensions has a dimensionful coupling and is not power-counting renormalizable; the situation
changes when considering the (VF Y+ F3 gauge theory.> Such four-derivative terms are induced
as counterterms when considering standard scalars, fermions or Yang-Mills vectors coupled to a
background gauge field in six dimensions, as reviewed with the heat kernel method in [FT83].
Although non-unitary, this model may serve as building block of possible higher-derivative (su-
per)conformal theories in six dimensions. Similar four-derivative six-dimensional gauge theories
have been discussed, e.g. in a general context of new physics in [ISZos, Smio7], in studying con-
formal theories, [BT1s, BT16, GKT16, GTK16, OS16], for deriving quantum properties for some
non-abelian 2-form fields on a gauge background, [HRT18], and in the context of computing

Wey12 gravity amplitudes via the double copy, [JMT18].

The original contributions presented in this thesis analyse the first quantum correction in
some of the areas mentioned above.

First, we compute the Weyl anomaly in four dimensions for a scale-free non-interacting scalar
field generically coupled to a background geometry. We use flat-space perturbation theory in the
diagrammatic framework and then compare with the heat kernel approach. In this way the defi-
nition of the anomaly for a non-conformal theory is explored.

Second, we compute the 1-loop divergences associated to the four-derivative (VF Y + F?
theory in six dimensions. We then consider further interactions, such as the conventional Yang-
Mills term F?2, supersymmetry, and the @ F F interaction with a scalar field. We use mainly a
heat kernel approach, and we need to derive the general expression for the relevant bg coefficient
for the four-derivative operator in six dimensions unknown so far.

Third, we initiate the study of the consequences of causality in generic non-conformal QFTs,
starting with the case of the scalar o* theory in four dimensions. In particular, we compute the
expectation value of the energy flux at null infinity in a single-particle state with fixed energy. In
general, this type of expectation values encodes causality constraints because it is expected to be
positive as a consequence of the ANEC. We recover the expected result, but more importantly
we develop the technology to be applied to more insightful states. We perform the calculation
with diagrammatic tools; despite being the first quantum correction, for our purposes we need to
evaluate diagrams up to and including 3 loops.

In the rest of this chapter we give more details on the background and on the relevant litera-
ture, and we summarise the results. It is not intended to be a complete presentation of the variety
of topics that lay at the foundations of the original work presented in this thesis, which would be
totally unfeasible. Instead, the goal of this chapter is to provide the reader with the contextualisa-
tion and an understanding of the work and the results.

We start by reviewing conformal symmetry and the constraints that it imposes on some corre-
lators that are relevant for this work. Afterwards we explain the connection with Weyl symmetry,

*In four dimensions the F? + (VF)? + F? theory was studied in [FT82b] and later in [GO08, Schog]. The result
of [FT82b] for the 1-loop divergences in this 4d theory was corrected in the author’s master’s thesis [Casry] under the
supervision of A. Tseytlin, bringing it into agreement with that of [GOo08, Schog].
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1.2. CONFORMAL SYMMETRY AND WEYL ANOMALY IN 4D

and we focus on the origin of the anomaly in perturbative calculations. We conclude this section
with remarks on the evaluation of the anomaly itself.

Then, we consider the gauge sector of the 1-loop effective action in six dimensions for scalars,
fermions and vectors, which induce higher-derivative (VF )2 + F? terms. We thus discuss quan-
tum properties of the renormalizable model that includes such terms from the start.

Finally, we review the work of [HMo8] that imposes bounds on the conformal anomaly co-
efficients for CFTs. The main ingredients are symmetry constraints and positivity of the ANEC
expectation value. We then turn to discussing how we initiate the generalization of such results

to generic QFTs.

1.2 Conformal symmetry and Weyl anomaly in 4d

1.2.1 Conformal symmetry

Here we briefly review some general aspects of conformal symmetry, which can be found in pop-
ular textbooks such as [DFMS97]. We focus on d > 2 dimensions, and we consider a Euclidean
signature for simplicity, although much of the discussion extends to the Lorentzian case. In a later
section the tools developed in the present context will be used in conjunction with the notion of
causality, which requires a Lorenzian perspective, and we will explain how to obtain the relevant
expressions in that case.

We can define conformal transformations as the set of transformations that preserve angles.
We can formalize this intuition considering the coordinate transformations leaving the line ele-
ment invariant up to a local scale factor,

x = x'(x), dx'? = Q*(x)dx?. (r.2.1)
Realising the transformation at infinitesimal level, we can write
XM= x"+ 0v"(x), Qx)=1+o0(x), (r.2.2)

with 0™ alocal vector and ¢ a function. Imposing the conditions (1.2.1), one can express the al-
lowed vector and scaling factor as

U = Ay — Opan Xy + A Xy + by X* = 2%, by X, c=4A-2b,x,, (r.2.3)

where a,, and ®,,, = @[y, are the parameters of translations and rotations, familiar from
the classification of isometries of the line element, while the parameters A and b,, are new and
correspond to dilatations and special conformal transformations.

At classical level, in the context of Lagrangian field theories, a symmetric stress tensor T,
arises as the conserved current associated to translations. Conformal symmetry (1.2.3) adds further
properties to it. Indeed, through the Noether algorithm, it is possible to construct a symmetric
and traceless conserved stress tensor as discussed in detail e.g. in [Pol88].

In the quantum case the observables become operators, including the stress tensor itself. Let
us consider here a real scalar operator O with conformal dimension A, namely transforming
as O(Ax) = A7200(x). We shall assume this notation henceforth unless stated otherwise. The
relevant quantities are then correlators of products of operators, and in particular we focus our
attention on

(0X)0®), (OX)0XO0z), (Tu(x)0¥)O0)), (Tu(X) Tyy(¥) T,(2)) -
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A first important point is that the classical identities about conservation and tracelessness of the
stress tensor produce the analogous behaviour of the correlator only when operators are inserted at
different points, otherwise contact terms generically appear. These are encoded in Ward identities,
that in this case read

0% {Typn(x) O(») O(2)) = 958D (x — y) (O(x) O(2)) + 036 (x — 2) (O(x) O()), (o)
1.2.4
Smn (Tun(¥) O(») O(2)) = (d = Ag) [6D(x — y) + 6D (x — 2)| (O() O(2)) .

By means of these Ward identities, one can relate the 3-point functions to the 2-point correlators,
when two points are close enough.
Conformal symmetry highly constrains correlators, as was explored in detail in [OP94]. The
2-point function is?
2A0—d
a 27207 TAp]

O(x)0 = — = . L2.
OO = 1 e "7 R - ) )

Similarly, the 3-point function reads
C

1 1 1 ’
[x3,]220[x3,]1220 [x},]240

where C is a constant that is part of the definition of the CFT. The previous expressions can be

(O(x1) O(x7) O(x3)) =

(x;; = x; — Xx;) (1.2.6)

generalized in a natural way to the case of different fields.
In a similar way, the (OT' O) correlator can be computed explicitly and reads

1

(O(x1) Typn(x2) O(x3)) = L2, o2 3, i tn(X13

) (1.2.7)

with
X12 X32

B (x12)? B (x32)%’

tin(AX13) = 1)y (X13) X13 (1.2.8)

namely ?,,, is a homogeneous function of degree zero.
Imposing tracelessness and conservation, 7, is fixed up to an overall normalisation,

1 1
tmn(X13) = N [W(Xﬁ)m(xﬁ)n - ESmn]
) ) (1.2.9)
_N [(Xlz) (x23) ((xlz)m B (X32)m> <(X12)n 3 (X32)n> _ 1L ]
(x13)? (x12? (32 ) \(x2)? (x30)? ™
The normalising factor N is determined from the normalisation of the (OO) 2-point function
via the Ward identities (1.2.4) and reads

AoTld — 1]
Y

A similar calculation can be carried out for correlators involving more stress tensor insertions.

(r.2.10)

The algebraic steps are more complicated due to the richer index structure, but the idea behind
the argument s similar. In particular, the (TTT) correlator can be reconstructed in terms of two
numerical coefficients. The general formula, which can be found in [OP94], is too complicated
to be presented here, and not directly relevant for the work of this thesis.

The constant a is often set to 1 rescaling the fields; here we chose this value to make contact to perturbative QFT.
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Lagrangian examples

Up to now we did not make any specific comment about Lagrangian realisations of conformally
symmetric theories. At classical level interacting examples are, generally speaking, scale-free theo-
ries, namely when all couplings are dimensionless, so for example @* with k =2d/(d=2) in d
dimensions, or Yang-Mills theory in d = 4.

The only fully explicit quantum examples are free massless bosons (any d, A = (d — 2)/2),
free massless fermions (any d, A = (d —1)/2), and free vectors (d = 4, A = 0), [OP94]. A more
complex case is N = 4 super-Yang-Mills in d = 4, [SW81]; a perturbative example is provided
by the Wilson-Fisher fixed point of @* in d = 4 — 2¢ dimensions, [KSFoi].

r.2.2 Weyl anomaly

Closely connected to CFTs in flat spacetime are Weyl-invariant theories on a curved geometrical
background. Indeed, Weyl rescalings are the natural generalization of conformal transformations
(1.2.1). In fact, it is usually the case that a CFT in flat spacetime can be coupled to a curved back-
ground in a Weyl invariant way, at least at classical level. Conversely, specialising a Weyl-invariant
theory on a flat background produces a conformal theory.

It was discovered by Capper and Duff in [CD74] that Weyl symmetry is in general broken
by quantum effects. Since then, this phenomenon has been studied systematically, for example
in [Duf77, BCRR83, BPB86, DS93], and in particular in the context of characterising the effec-
tive action of quantum gravity theories, such as in [Per78, FT82a, FT84, FT8s, Tser3]. Further
overview and applications are provided in [BD84, Duf94, Duf2o].

Weyl transformations are defined as a local scaling of metric and matter fields parametrised by
some function €2(x), according to

Zon = Q% &un = Zyun + 26 L » D5 QlDd P4+ AGoD, (r.2.11)

where we have set Q = e? and expanded at the infinitesimal level. In curved spacetime context,
the metric g is interpreted as the source to the stress tensor, so that the latter can be obtained
from the action 5% via

(r2.12)

Weyl invariance has consequences on it. Indeed, a generic Weyl-variation of the action reads

6,58 = Ag J\/E Eomg ® o — J\/é Ting™ o, (r.2.13)

where the first term is proportional to the equations of motion of the field @, and the second one
is given by the trace of stress tensor. If the field @ is on-shell, the first term disappears. For the
second term we have that the variation of the action under Weyl rescalings gives the trace of the
stress tensor,

8
g™ TS, = —Lﬁ (r.2.14)

\/géo"

In particular, this indicates that the theory is Weyl invariant (6,5¢ = 0) if and only if the stress
tensor is traceless on-shell.
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In a quantum theory we can compute the expectation value of the stress tensor and its corre-
lators from the effective action I'%. Indeed, (1.2.12) and (1.2.14) now become

g g
<Tr§n> — 2L£ gmn (Tfm> — _Lg . (1.2.15)

\/g sgmn’ \/g 6o
Notice thatin defining I'® and in identifying (1.2.15) we are considering renormalization as already
performed, so that every observable is well-defined and finite.

A consequence of (1.2.15) is that invariance of the generating functional (i.e. of the quantum
theory) implies that the trace of the expectation value of the stress tensor vanishes. If this is not
the case, the classical symmetry is broken, and we therefore have an anomaly. In the 4d case, on
dimensional and covariance grounds, we can parametrise the anomaly as

1

ed = mn Trﬁn = "
8" ) = T @y

<—a E4+ bR+ cWey12> , (r.2.16)
where on the right-hand side the square of the Weyl tensor and the Euler density E4 appear,
\Weyl2 = Riem? — 2 Ric? + %Rz, E4 = Riem? — 4Ric> + R?. (r.2.17)

The other possible independent term, R?, cannot appear, as we shall discuss later. Moreover, the
coefficient b can be tuned to any desired value with the addition of a local finite counterterm,
therefore it is not intrinsically relevant.

If we construct a generating functional for connected correlators W8 by taking the Legen-
dre transform of the effective action, we can compute many-point correlators of the stress tensor
operator by taking further derivatives with respect to the metric. Explicitly we have, keeping all
points different for simplicity,

_ ) )
<Tmn(x) qu()’)) =4 [5gpq(y) 5gmn(X) Wg]g s ’ (1.2..18)
_ ) 2 )
(Tpn(x) Tpy(y) T5(2)) = 8 [5g”(z) 527(y) 58" (x) Wg]g L (r.2.19)

Since geometrical terms independent of the matter fields, as those giving rise to (1.2.16), are
not modified by the Legendre transform, we can now see that the anomaly coefficients in (1.2.16)
explicitly influence the correlators in a CFT, at least when one of the terms of the correlator is the
trace of the stress tensor. Taking additional derivatives with respect to the metric on the right-hand
side of (1.2.16), we finally get some quantity that has a nonvanishing limit in the flat spacetime case.
Indeed, one derivative is enough to get a nonvanishing result from the LR contribution, while at
least two are needed for the remaining terms. This directly determines the correlators of products
of the stress tensor operator when one factor is traced, and therefore puts additional constraints
to those imposed by conformal symmetry alone. Remarkably, as shown by [OPg4], the 3-point
correlator (1.2.19) is indeed completely determined by the anomaly coeflicients themselves.

In this way, knowing the Weyl anomaly coeflicients (1.2.16) gives the possibility of directly
computing some correlators of the stress tensor in a CFT. Conversely, one can do flat-space cal-
culations of stress tensor correlators to gain information related to the behaviour of the quantum
theory on a nontrivial geometrical background.
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As we are going to discuss in the next section, the anomaly arises in renormalizing the di-
vergences. This is not particular to classically Weyl-invariant theories, thus one can consider the
notion of the ‘anomaly’ extended to the case in which such a symmetry is not present in the first
place. This is analogous to the case of the axial current for massive fermions; moreover, a cancel-
lation of some would-be anomaly coefficients has been observed in [MN17] in the case of certain
Poincaré supergravities, that are not classically Weyl-invariant. Furthermore, understanding how
such a quantity behaves might shed light on properties of QTFs away from criticality.

In the present case one can define

St 1= " (T, = (€™ Th),

S <—a[E4+bDR+cWey12+dR2) :
180 (47)2

(1.2.20)

where the angular brackets indicate what quantity is regularised, and the difference eliminates
the divergence. In this case, also the contribution R? can in general be present. If the theory
is classically Weyl invariant, the expectation value of the trace, i.c. the second term in (1.2.20),
vanishes, and the anomaly reduces to the expression (1.2.16).

The history of the calculation of the anomaly coefficients is long and distinguished (see e.g.
[BD84, BvNo6, Duf20] and references therein); the results for various spins are

general scalar conformal scalar ~ Weyl fermion vector
¢ | 9(-0+ER¢ s0(-0+iRe  iPV¥Y  —1F™F,,
1 1 11
= = — 31
¢ 2 4
b 6(1 b SE) l 12 (I.Z.ZI)
3 3 9
= = = 18
¢ 2 2 2
p) =2
d —=(1 —-6E
2( )

In the first line of the table we give the Lagrangian densities for the various models that we
consider. Notice that the spinor is Weyl invariant in any spacetime dimension d, the vector only
for d = 4, the general scalar is not Weyl invariant unless a d-dependent value E = & is chosen
(ind=4,8,= é) Throughout this work we will analyse in greater detail the scalar case, whose
results were originally derived by [CF77, Bro77, DC77, Haw77].

In the next section we will give a precise meaning to the quantities in (1.2.20) in the context

of dimensional regularisation, and we will explain how the table (1.2.21) has been computed.

1.2.3 Perturbative origin of Weyl anomaly

In the definition (1.2.16), the trace, i.e. the contraction with the metric, is taken after renormal-
ization. That is, the expectation value of the stress tensor is obtained from the effective action
I'%, in which renormalization was already performed and the regulator was then removed. Let
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us analyse this in more detail. The treatment here mainly follows the illuminating discussion of
[Duf77], later expanded in [BD84].

If we want to compute the contribution to the trace of the stress tensor from quantum mat-
ter, we study the path integral. This entails taking proper care of the divergences arising in loop
calculations. Here we focus on the 1-loop case. Since the matter is coupled to the geometric back-
ground, in dimensional regularization we generically have a divergent and a finite contribution,

s = rg,(d)|oo + rgﬁ}(ld) , (d =4 -2¢) (r.2.22)

and all the terms depend on the geometric background.
We can now define the expectation value of the stress tensor in the regularised theory by vary-
ing with respect to the metric, so that

(d) 2 o d) _ (d) (d)
(Ton) = ——T&D = (TR o + (Tondgy (r.2.23)
/g(d) 5g(d) mn n
with
d 0 d 0
<Tmn>( ) g’(d)| <Tmn>( ) r&@ (r.2.24)

\/vfsgw)mn - \/v(sgw)mn fin

To be clear, here we are thinking of (Tjnn) @ a5 constructed from the d-dimensional theory and
thus it contains a pole in €. We can then consider its trace in d dimensions, namely we contract
(d)
mn

with @™ whose trace is g'@ ™ g,y = d. Regularisation alone does not break the symmetry;

therefore, since the original theory is Weyl-invariant when d = 4, we have the important relation

d
lim g@mn (g N = lim g(d”""LLrgid) =0. (1.2.25)

/g(d) 5g(d) mn

In order to construct a finite effective action (hence a finite stress tensor) we need to intro-
duce a counterterm cancelling &@D| and it is this subtraction that causes the breakdown of

the symmetry. Indeed, the subtraction leaves only the finite contribution Fg( ), and thus the
stress tensor reduces to (Timp ) gi), which has a well defined d — 4 limit. The trace of this object
then determines the invariance of the quantum theory under Weyl rescaling. We thus define the

anomaly as

= l1rn gmn (T, )(d) g@mn lim g L0 (r.2.26)

d—4 ng(d)mn fin

Notice that, by virtue of equation (1.2.25) and of the definition (1.2.22), we can express the anomaly
in terms of the divergent part of the effective action only,

oA = —g®mn lim _0 g,(d)|oo . (r.2.27)

d—4 W&g(d)m”

This is very convenient, because the divergent part of the effective action is in general much easier
to compute and to analyse than the full functional.
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We thus study the divergent part of the effective action more in detail. A minimal setting is

given by

1 MZE
re@| —_—— Jddx VD Zy, Z1y=—I[cF—-ad], 1.2.28
o= G £ = Tgo! : (1:2.28)
where
F = Riem® — 2Ric? + %Rz, G = Riem” — 4Ric*> + R2. (r.2.29)

Itis important to keep in mind that (1.2.28) is defined in d = 4 —2¢ spacetime dimensions; when
d =4, F and G respectively correspond to the square of the Weyl tensor and to the Euler density
Ey, as in (1.2.17). The factor 4% was chosen so that the constants a, ¢ are dimensionless.

Their contributions to the anomaly in (1.2.27) can be obtained via

2 1) 2
(d)mn d ) F—= — =
g —g(d> 5gdm Jd xVg¥WF=(4 d)(F + 3DR) ,

5 5 (r.2.30)
(d) mn _Jdd DG =(4—d
8 — xVg (4-d)G,
g(d) 5g(d) mn
and therefore from (1.2.27) we have
2 2
A =—-aEy+ C(Weyl + EDR) . (1.2.31)

Despite the fact that G becomes a total derivative when d = 4 and therefore does not influence
the action in that limit, since the calculation is done in d = 4 — 2¢ it cannot be neglected and
indeed gives a nonvanshing contribution to the anomaly. There is of course another candidate for
(1.2.28) on dimensional grounds, namely R?. However, its variation reads

2 é

g(d) mn
(d)
g(d) 5g mn

J' Ve@ R? = 2(d — )OR + %(4 —d)R?, (1.2.32)

but this is incompatible with the requirement that (1.2.27) is finite, therefore such a contribution
is excluded. The expression (1.2.32) also shows that one can tune the coeflicient of LIR to any
value. Indeed, with the addition of a finite counterterm proportional to R?, in four dimensions
a term proportional to LR is induced in the anomaly. Therefore, different regularization and
renormalization schemes will yield different results for the b coefhicient, that can even be sys-
tematically set to zero. However, this counterterm-based argument predicts that in the minimal
subtraction situation (1.2.28) we have the relation b = e,

The discussion so far followed [Duf77], and through it we have explicitly exhibited countert-
erms producing in the anomaly a nonzero value for a, b and ¢, but we could notinduce a term in
the anomaly of the form RZ. Indeed, such a term cannot appear in the anomaly associated to the
expression (1.2.27) as a consequence of the Wess-Zumino consistency conditions, analysed in detail
in [BCRR83, BPB86]. Indeed, the trace of the stress tensor arises as the Weyl-variation of a gener-
ating functional; since two Weyl transformations commute, we should have 6,,6,,I" = 64,04, I.
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. (d . .
However, since (1.2.26) means that 50r§n( ) I\/g 4o, if we assume the presence of a contri-

bution proportional to R? in the anomaly we have, as a consequence of (1.2.32),*

(86,65, = 65,65,) TEY o J V& R (0,V%6) - 6,V%6,) #0, (1.2.33)

ruling out the possibility of an R? contribution to .

We have mentioned in the previous sections how the heat kernel is a very compact way of
computing the divergent part of the effective action, (r..1r). With the notions that we presented
above, we can use such a machinery to evaluate the anomaly directly from (1.2.27), so that we
obtain

) ) M25 S
o = lim g{® mn J\/ @ pi(A). L2,
d=4® @ amize sgam ) V8 A (x2.54)

This means that one can compute the anomaly from the simple knowledge of the heat kernel
coefficient describing the effective action. In general, the heat kernel coefficient bﬁ contains con-
tributions in Riemz, Ric? and RZ. However, from the considerations about (1.2.28), we know
that it must be expressed in terms of F and G only, and no additional R? term can be present.
In light of (1.2.30), this suggests that also the anomaly, after removing the regulator, can be directly
expressed in terms of some heat kernel coeflicient. This is confirmed by {-function regularization,
as explained in [BC77, BD84], or with the Pauli-Villars regulator in [BM16] and actually a very
strong result holds. Indeed, the anomaly can be expressed in terms of the coefficients of the general
heat kernel expansion (r.1.5),

= Gn)? tr ai(A) , (1.2.35)

where the trace is over the possible internal indices.> This result actually extends naturally to any
spacetime dimension.

Furthermore, (1.2.35) can be also taken as the value for the general expression (1.2.20) also in
case of theories that are not classically Weyl invariant; the motivation is that this is the contribution
that arises due to the subtraction of the divergent part in the quantum theory. This is indeed the
way the table (1.2.21) is computed.

We can also further explore the general definition (1.2.20) in the context of dimensional regu-
larization. The first term can be understood as

g™ (Tn(x)) = g™ (T, YD, (12.36)

namely the expectation value is computed, expanded in € and then contracted with the metric
using the rule g™"g,,, = 4. The second term is ambiguous, in that one can subtract the trace of
the stress tensor in d or 4 dimensions,

(@) d (d)
(D™ T, N = gD (TN or  (gD™T,0) (12.37)

*One also need an identity for the Weyl variation of [JR, that has the form
5, (vEOR) = V& |(2d = DeOR - (4d = DROo + (2d = H0(Ro) - 2(d - DFo| .

All these identities for the variations of geometrical quantities can be conveniently found in [Duf77] and [GMN17].
*Notice that the result (1.2.35) is valid including total derivative terms, see (1.1.9), thus using b, would notbe correct.
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thatis, one constructs the traceas g""g,,, = d = 4—2¢ or g""g,,, = 4 and then the expectation
value of such a quantity is computed as an expansion in €.
We therefore arrive at the expression

o P(x) = lim | g9 (T, (x0)) <g<D>*”"Tm,,<x>>‘d)], D=4ord, (1238)

that depends on the choice for the second term. Owing to (1.2.25), the second term (1.2.37) van-
ishes for a classically Weyl invariant theory in four dimensions. In this case, we recover the defini-
tion (1.2.26) of the anomaly proper. If the theory is not classically Weyl invariant, the second term
does contribute and in general contributions proportional to R? appear, implying that the quan-
tity o (D) cannot be obtained as a variation of some functional. In chapter 3, we show explicitly
that in 1-loop calculations this definition with D = d is manifestly finite, local and depends
only on the divergent part of the expectation value of the stress tensor. The case D = 4 produces
a different value for [JR, matching the heat kernel calculation (1.2.21). However this difference
cannot be interpreted as a different counterterm choice because the quantity &P cannot be
obtained for general D from an effective action.

1.2.4 A case of study: a free scalar field in 4d

We consider in detail the case of a scalar non-minimally coupled to a geometric background with
action

2

Weyl invariance in d dimensions is realised when the dimensionless parameter = takes the d-

1 -
S == Jddx \/§¢(—D +ER)gp. (1.2.39)

dependent value E,
__d=-2 _1
1T 4d-1’ e

We want to study the anomaly for this model by direct evaluation of &/ D) a5in (1.2.38). We
will do this in flat-spacetime perturbation theory. The strategy we apply is the following, initiated

[1]
[1]

(r.2.40)

in [GNi8] in the context of spin—% fields, which are classically Weyl invariant in all spacetime di-
mensions so that the application of dimensional regularization is very natural. In the present case
we leave the parameter E unspecified, in order to explore all the details of the general definition
of the anomaly.

To start with, we perform a perturbative calculation in formal powers of the metric. We thus

write
&mn = Omn + Pnn » (1.2.41)
and we can consider the expansion of the other geometrical objects we are interested in. Schemat-
ically they read
OR ~ 0*h+0*h* + O(h%),  Riem?, Ric?, R? ~ 0*h% + O(h%). (1.2.42)

We therefore have that LIR starts atorder 1 in the metric perturbation, while the other terms are
at least of order 2. This means that the general expression of & in (1.2.20) has a term of order A
determined by the coeflicient b, while from order h? all a, b, ¢ and d contribute. Computing
4 perturbatively in A to this order therefore gives enough information to obtain the anomaly
coeflicients.
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CHAPTER 1. CONTEXT AND OVERVIEW OF THE WORK

We thus compute in perturbation theory in A,

d d d
<Tmn>< ) = <Tmn>(@()h) + <Tmn>(@()h2) + @(h’S) ’ (1243)

where each term contains a pole in € as well as a finite part, which includes nonlocal contribu-
tions. The expansions include two- as well as three-propagator integrals. From this expression
we are ready to reconstruct the two terms in the definition (1.2.38), contracting with the metric.
The calculation is performed by extracting the divergent part and retaining the finite contribu-
tions as well, and we indeed observe the expected cancellation of the latter. Reconstructing the
full covariant form of the anomaly, we finally obtain

1 | 2 3. 5 5 )2
.szi(d)=—[——[E +(1—1o |- 62 >DR+—W 2_2(1-68 RZ],
180 (4z)? L 2 ( ) Vel =5 ( )
) 1 1 3 2 5 2 2 (1244)
o =—[——[E +6(1—52)0OR + 2Weyl® — 2 (1 — 62 R].
180 4m)2l 24 ( ) 2 2( )

We can therefore identify the heat kernel calculation (1.2.21) with the subtraction choice as in
. . - = 1 .
™. Notice that in the conformal theory E = &, = 5> the term R? disappears and we recover

. 2 L. L
the relation b = 36 which is otherwise violated.

13 Six-dimensional (VF)? theory

The previous discussion was based on four-dimensional QFT, in which usual-derivative theories
are renormalizable. The situation is qualitatively different in higher dimensions, since one is usu-
ally forced to consider higher-derivative contributions, which moreover are the natural scale-free
theories already at classical level.

Considering a six-dimensional system of usual-derivative scalars, fermions and vectors on a
gauge background, the quantum corrections generically induce higher-derivative terms. The UV
logarithmically divergent part of the 1-loop effective action I7;y may be written as

1 A 1 2 1
Tl == 8% Jdﬁx tras | = 5582 (VnFmn)” + g8 EmnFut Fon |+ (1)

where the 1-loop beta-function coefficients f, f3 depend on the field content of the theory.
Such a divergence can be reabsorbed via the renormalization of the couplings in the higher deriva-
tive gauge theory

S = —giz Jd(’x tThund [ (Vo Fp) + 2yanFnkam] . (13.2)
Since the first term contains a quadratic contribution in the gauge field with a four-derivative
operator, power-counting renormalizability follows for (1.3.2) from the decay of the propagator
of the gauge field, that behaves like p~* in momentum space.

A generic system of (1.3.2), N realscalars, Nj, Weylfermions, N Yang-Mills vectors with
minimal-coupling and usual-derivative actions, and Ny self-dual tensors, interacting with the
gauge field as in [HRT18], induces the divergence

ﬂZZﬂZA —27NT—36N1 +N()+16N1/2,

(133)
ﬂ3 =ﬂ3A —57NT+4N1 +N0—4N1/2,
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as computed in [FT83, HRT18]. f,4 and f34 are the contributions from (1.3.2). In writing
(1.3.3), all the fields are taken for simplicity in the adjoint representation.6 Note that the vector
terms N indicate the contribution from the six-dimensional Yang-Mills vectors in the absence
of higher-derivative terms in (1.3.2). If the four-derivative term is present, the Yang-Mills term F 2
does not modify the values of #, and f;.

We compute the contributions fp4 and f34 from the action (1.3.2), and we obtain

405
Pos =249, P34 =9 —900y + TV3 . (13.4)

Note that for the ordinary spin-0, —%, -1 fields the contributions to f3 are proportional to the
number of dynamical degrees of freedom, with alternating sign according to the statistics. The
same is true also for the four-derivative gauge theory (1.3.2) with y = 0: f34 = 9 is the number of
degrees of freedom of a four-derivative gauge vector in six dimensions. As a consequence one can
get f3 = 0 balancing the number of fermionic and bosonic degrees of freedom, thus suggesting
consistency with supersymmetry, which forbids the F 3 term. Indeed, this is verified for the usual-
derivative (1,0) super-Yang-Mills theory, containing the gauge vector and one Weyl spinor (so
that Ny = 1, Nyp = 1) and for the usual-derivative scalar (hyper)multiplet, with four real
scalars and and one Weyl spinor (thus Ny =4, Ny, = 1). In particular one finds
(13.5)

scal scal ©

ﬂz(l,O)SYM =-20, pr =20, ﬂ3(1,0)SYM =0=p

Since V,, F,,, = 0 on the standard Yang-Mills equations of motion, the (1, 0) super-Yang-Mills
theory is 1-loop finite on-shell. The sum of the contributions of the two multiplets in (1.3.5)
corresponds to the (1, 1) super-Yang-Mills theory in 6d, which becomes N = 4 super-Yang-
Mills upon dimensional reduction to 4d and is 1-loop finite even off-shell,

ﬂz(l,l)SYM =0= ‘BS(I,I)SYM : (13.6)

We also consider the (1,0) supersymmetric extension of (1.3.2) constructed in [ISZos] using
harmonic superspace. It contains the (VF )2 term as well as a three-derivative Weyl spinor ¥ and
three dynamical real scalars @,

1 2 s
S0 = — J dOx tryg; [(Vman) — PV Y-, (-V?) D, + ] , (13.7)

where we have suppressed interactions. Notice that, at the free level, it can be understood as the
insertion of —a? in each term of the off-shell super-Maxwell action, where the scalars are the
auxiliary non-dynamical fields. The scalars became dynamical but with a ghost-like sign, reflecting
the lack of unitarity of the theory. We find that

Prsy =220, Bray =0- (13.8)

This theory is non-unitary and is also formally inconsistent having a chiral anomaly [Smio7]. One
may still hope to cancel all of its anomalies by adding some higher derivative 6d “matter” multi-
plets (cf. [ISo6, KNT17, KNS17]).

¢In the case of other representations, N is to be rescaled by T/C,. Notice that, as mentioned in [HRT18], [FT83]
has some misprints, here corrected.
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The calculation of the beta-function coefficients (1.3.4) is most straightforward in the back-
ground field method and using the heat kernel expansion to extract the logarithmic divergences
of the determinants as in (1.1.4) and (1.1.8). This requires the knowledge of the corresponding bg
heat kernel coefficient for the four-derivative operator Ay = V4+...ina gauge-field background,
which was not available so far. We derive it from the known bg(A;) for the two-derivative opera-
tor A,. We follow the strategy employed previously in [FT82b] to obtain b4(A,) from by(A;)
by considering special factorized cases of the operator A4. Our computation of bg(Ay) is an
additional technical result of this thesis.

The result (1.3.4) is in agreement with the one given in [Grai6] and the supersymmetric case
(1.3.8) matches that given in the recently revised version of [ISZos]. Since these calculations were
performed with a traditional diagrammatic calculation, the one presented here is an independent
derivation and confirmation of the result.

Another classically scale-invariant model in six spacetime dimensions is given by the coupling
of ascalar @ to a gauge field according to

_1

S
2

Jd6x [6mgo am(p + 0 @ tfynd an an] s (1-3-9)
where the scalar field has mass dimension 2, while the gauge field has dimension 1 and ¢ is a
dimensionless coupling. Such an interaction emerges as gauge-scalar interaction in particular
N = (1,0) superconformal models in six dimensions, obtained in the attempt of finding a La-
grangian descriptions for certain low-energy brane configurations, following the constructions of
[BSS13, SSWi1]. The model (1.3.9) is a first humble ingredient to try to understand the quantum
properties of such theories, whose full (pseudo-)action is very complicated and goes far beyond
the scope of this thesis.

Already the theory (1.3.9) alone is, at quantum level, somewhat elusive. To start with, the
theory lacks a genuine quadratic kinetic term for the gauge field, that therefore renders the con-
ventional perturbation theory inapplicable. The way one usually overcomes this problem is by

introducing a vev for the scalar, ¢ — ¢ + a’

. However, this comes with the disadvantage
that conformal symmetry is explicitly broken because of the introduction of the dimensionful
parameter a, that can actually be understood as an effective Yang-Mills coupling in six dimen-
2 = 5% The original theory is then recovered in the @ — 0 limit, but this becomes

a strongly interacting regime for the gauge field; conversely, for finite g the Yang-Mills sector is

sions, g

perturbatively non-renormalizable.

All these drawbacks can be solved by the addition of the higher-derivative action (1.3.2), that
furnishes a natural kinetic term for the gauge field in (1.3.9) and makes the theory perturbatively
renormalizable. We compute also the 1-loop divergences associated to this system; the results are
in chapter 4.

1.4 Constraints from causality and energy conditions

Up to now our considerations focused on power-counting renormalizability and symmetry, that
are basically independent of the signature of the metric. However these are very general aspects
and do not capture all the properties that we would require a physically realistic theory to have. In
particular, additional constraints arise when considering issues related to causality, which requires
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a Lorentzian perspective. We now give a brief summary of this topic, whose impact is best under-
stood in the setting of general relativity. Further information can be found in classic textbooks
such as [Wal84].

Let us start by considering classical Einstein gravity coupled to some matter configuration,

R, - %g/dv R=T,,, (1.4.1)
where the stress tensor is sitting on the right-hand side. There are several spacetime configura-
tions with undesirable features, such as wormholes or closed timelike curves violating causality,
but it is always possible to turn such geometries into a solution of the Einstein equations simply
by computing the Einstein tensor, namely the left-hand side of (1.4.1), and declaring it to be the
stress tensor on the right-hand side. In order to make general statements on the solutions of the
Einstein equations, one therefore needs to make additional assumptions on the stress tensor that
go beyond the particular matter models. Such assumptions take the name of energy conditions.
Generally speaking, they arise combining properties of the stress tensor induced by pathological
geometrical models with the analysis of Lagrangians that might shed light on universal features or
exhibit counterexamples, sometimes including physical intuition on the macroscopic behaviour
of matter.

Energy conditions are part of the formulation of general relativity results. Here we list the
most common energy conditions and some examples of their use.

Weak energy condition: T, t"t* > 0 for every timelike or null vector field ##.

It states that the matter-energy density observed by causal observers is always non-negative.
It is used to show that asymptotically flat black holes cannot bifurcate and it is part of the
hypotheses of Third Law of black-hole mechanics.

. Dominant energy condition: given any timelike or null future-pointing vector field #, then
—T!t is timelike or null and future-pointing.

It can be interpreted as saying that mass—energy can never be observed to flow faster than
light. It implies the Weak energy condition. It is used in the proof of the Zeroth Law of
black-hole mechanics and of the positive energy theorem.

. Strong energy condition: R, t"t" > O for every timelike or null vector field /.

It captures the intuition that gravity is attractive. It is used in theorems related to the for-
mation of singularities.

. Null energy condition: T,, k*k* > 0 for every future-directed null vector field k*.

It means that the matter density observed by a null observer is always non-negative and,
upon Einstein’s equations, null geodesics do not locally diverge. It is one of the hypotheses
of the Second Law of black-hole mechanics (Hawking’s area theorem).

For a rigorous and complete statement of the mentioned results, the interested reader can check
[Wal84].

The null energy condition is considered the most fundamental one, as it is implied by all the
others. However, it is violated by quantum eftects. The notion therefore has to be generalized, as
we are going to discuss in the next section.
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1.4.1 The average null energy condition

When we consider a quantum theory, we replace the right-hand side of the Einstein equations
(1.4.1) with the expectation value of the stress tensor operator, (7T),,). However, it is easy to see
that even in the case in which the classical models obey some energy condition, it is violated by the
quantum theory. A classic example is the Casimir effect; another one belonging to a context more
relevant to this work is a non-minimally coupled scalar for certain ranges of the E parameter, see
e.g. [FWoe].

The intuition behind the counterexamples to the null energy condition is that quantum ef-
fects generically lead to a local violation of energy relations, provided such a violation is spread
out and ‘averaged away’ by virtue of the uncertainty principle. This led to the consideration of in-
tegrated (nonlocal) conditions that take into account this phenomenon. The natural question is
then to quantify the minimal integration domain necessary to achieve this goal, in order to get the
most stringent constraints on the stress tensor (hence on the generic QFT). A possible answer is
provided by the ANEC, stating that the integral of the null energy over a complete null worldline
is non-negative. This condition provides a very general constraint that gives a non-trivial restric-
tion also in flat spacetime, reading

+00

de_ T __(x)>0. (1.4.2)

—0o0

The integral operator on the left-hand side of (1.4.2) is conventionally called the ANEC operator.

While it is straightforward to show that the ANEC is satisfied in free theory, [Klio1], within
the last few years it has been shown to hold for interacting unitary QFTs with a nontrivial UV
fixed point using field-theoretic methods by [HKT17] and more generally for unitary QFTs using
entropy arguments in [FLPW16].

1.4.2 Consequences of the ANEC

The ANEC is a rare example of a constraint that is satisfied by a wide class of QFTs. In the case
of 4d CFTs, the ANEC implies nontrivial inequalities on the conformal anomaly coefficients a
and c. These inequalities are called Hofman-Maldacena bounds and were derived in [HMo8].
Remarkably, they apply to any unitary CFT, demonstrating the power of such arguments. We
now review their result.

We start by considering the energy flux per unit angle at null infinity,

+00
N .
E = lim (—) sz_ T__(z7,z%,0), (1.4.3)
zto4o00 \ 2
—Qo0

where z* and 2 are respectively the light-cone and transverse directions. E, in (1.4.3) is an energy
flux because the stress tensor is the energy density and the null direction parametrizes time at null
infinity. In theintegrand, Z = 0 is chosen for simplicity, and interesting statements can be derived
in this case, as we are going to see. The positivity of the energy flux E follows from that of the

+

ANEC operator, which it is ultimately constructed from. The rescaling in z™ is necessary to

obtain the leading order term in the large—z+ expansion of the ANEC operator.
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I.4. CONSTRAINTS FROM CAUSALITY AND ENERGY CONDITIONS

We can then evaluate the expectation value of the operator E in convenient states. The rele-
vant ones are energy eigenstates of the form

10) = Jddx e 0(x) |0) (1.4-4)

for some operator O. Following [HMo8], the expectation value then reads

. N e ) A
Jim (5) (0w [ar T _zn.0) o)
(Eg) = —= , (1.4:5)

(O@I0@)

and this expression can be cast in the form

+0o0
d-2
lim (£> Jd"x ol ¢ (O(x) sz‘ T__(z~,z+,0) 0(0))
zF>+00 \ 2
(Ez) = m— . (1.4.6)

J d¥x ¢ & (O(x) 0(0))

We stress that the correlators appearing in (1.4.6) are in Lorentzian signature and zo# time-ordered.

The cases relevant here are the states where the operator O is a scalar or the stress tensor. As
we discussed in section 1.2.1, conformal 3-point correlators are completely fixed up to constants,
therefore requiring positivity of the energy flux places bounds on these constants.

Concretely, in the case of a scalar state, since (E) is an energy flux, it must be equal to the
energy ¢ when integrated over the sphere on the transverse radial directions, as a consequence of
the fact that the Hamiltonian generates time translations. By virtue of the rotational symmetry
of the scalar state, the distribution must be uniform, and thus we must have

Vol ga—2 ’

(Eg) (1.4.7)
its positivity trivially follows from the positivity of the energy. Notice that this result does not rely
on conformal symmetry, although now we specialize to this case.

Let us verify this argument in the case of a CFT. If the scalar operator O has dimension A,
the Lorentzian correlator that determines the numerator in (1.4.6) can be obtained from the Eu-
clidean expression

(0OX)T-_(2) O(y)

N <<z—x>_ (z—y)_>2 (14.8)

T a0 - o2z = i (2= 0? (2 )2

that is constructed from from (r.2.7)-(1.2.10). Introducing the coordinates

x:(_xo—jé’_)—é), Z:(zo—ig’z), y:(y()a.)_;)’ §>§>0’ é’é‘_)()’ (149)
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and setting w® = (W?? = (=(w®)? + |0]*)¥?, one obtains the desired Lorentzian correla-
tor. The normalising factor can be analogously obtained starting from (1.2.5) and applying the

prescription
x=x0—ig %), y=0, E>0, £-50. (1.4.10)

The relation between Euclidean and Lorentzian non-time ordered expressions, given by (1.4.9)
or (1.4.10), are derived in [Haa92] and reviewed in [HJK16]. From their explicit form (1.4.8) the
integrals in (1.4.6) can be directly computed. After normalising with the norm of the state, the
result is indeed the universal value (1.4.7). This has also been confirmed with a momentum space
calculation in [BG20].”

In the case of a state created by the stress tensor, the numerator in (1.4.6) is determined by
the (TTT) correlator. The considerations about energy conservation, which led to (1.4.7), in
this case still imply that the integrated energy should be g, but the lack of rotational symmetry
does not allow one to deduce the energy flux per unit angle. The ANEC can therefore give addi-
tional restrictions. As mentioned at the end of section 1.2.1, correlators involving the stress tensor
are heavily constrained by conformal invariance and encode information about the anomaly co-
efficients @ and c, but the expressions are very complicated. Performing an analysis analogous
to what we have described in the scalar case, although in a much more algebraically complicated
instance, [HMo8] obtain the relations

< 11 . (1.4.11)

<

ol
w

W | —
oo

Comparing with the table (1.2.21), the inequalities are in fact saturated by theories with free scalars
and free vectors.

1.4.3 Application to ¢*

Crucial in the analysis of the previous section are the consequences of conformal symmetry in
fixing the form of the correlators. A natural question is then to try to generalize such results
to generic QFT5, studying the consequence of the ANEC when conformal symmetry is absent.
This might shed light on how to characterize QFTs away from critical points, hinting at a possible
generalization of the a and ¢ coefhicients to non-conformal QFTs, possibly leading to insights
on the a-theorem extending [KSi1] by providing, for example, an interpolating function in terms
of the 3-point function of stress tensors.

With the work presented in this thesis we initiate this study with the more modest goal of
understanding the ANEC in the particular example of massless gt theory in dimensional regu-
larization. This theory has the advantage of being simple enough to explore the expectation value
of the ANEC operator in explicit detail, while also being an interacting theory with a trivial fixed
pointin d = 4 dimensions and a nontrivial Wilson-Fisher fixed pointin d = 4—2e dimensions.
Furthermore, given that the field-theoretic proof of the ANEC in [HKTr7] does not apply to this
example, since the theory has in fact a Landau pole rather than a nontrivial UV fixed point, the

present study may also provide clues on how to generalize the resultin [HKT17] to the wider class
of theories for which [FLPW16] has shown that the ANEC holds.

7 Actually, [HMo8] do the calculation directly in d = 4, but the result is of immediate generalization. The calcu-
lation in [BG2o0] is in general d.
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More concretely, we evaluate the energy flux on a state corresponding to a single scalar field
up to third order in A following (1.4.6). The general argument leading to (1.4.7) applies also to
this case, however we perform this calculation in perturbation theory in momentum space with
the clear goal of understanding the technology necessary to consider the more interesting case of
tensorial states.

As we shall see, this calculation is technically challenging. We start computing the quantity

+00
d-2
(&) = lim (%) Jddx sz_ ¢ ™ (p(x) T__(z", 2+, 0) p(0)) (1.4.12)
zt =400

by first deriving the Euclidean (@T @) correlation function in perturbation theory, and then im-
plementing the relations (1.4.9) in order to find the momentum-space Lorentzian correlator. Such
a momentum-space perspective is natural in the context of perturbation theory, though entails
some nontrivial analytical complexity in deriving correlators that are not time-ordered; this issue
has been recently studied in detail in [BG20].

The free scalar theory, in the state with a single field insertion, gives a highly singular product
of distributions supported at ¢ = 0. It thus requires further regularisation, but correctly repro-
duces the expected result. The contribution at first order in A vanishes for accidental reasons in the
theory under consideration. Then, in order to handle expressions that are better defined, while
at the same time avoiding cumbersome additional regularisation, we restrict the study to g > 0,
hence the first two nonzero terms appear at order A%and A3 They correspond to an a-priori large
number of diagrams; however, despite the complicated form of the 3-point Wightman function
at this order in the expansion, (1.4.12) relies on a few contributions only. We finally find

> T -17?
(B = — 2]

12(4m) 2 2 TS =318
d d 3d
61 | TB-3PIE - 11PI5 -3]
(4m)s (4= )+ Tld =215 — d]T[2d - 4]

(1.4.13)

B

that is mostly cancelled by an analogous structure coming from the norm of the state so that ( Ej)
correctly reproduces (1.4.7).

1.5 Organization of the material

In chapter 2 we lay out the technical tools needed for the calculations. We start by quickly re-
viewing some basic aspects of perturbative QFT in order to set the notation, introducing then
the formulz and the strategies that will be put to use in the following chapters. In particular
we explain how to extract the UV divergences in two- and three-propagator integrals, as well as
presenting the heat kernel approach to directly compute the 1-loop effective action without ex-
panding in terms of explicit diagrams. The results about diagrammatic techniques are not new
and mainly based on [GN18], but we present some new and more agile derivation. We compute
the coefficient bg for fourth-order differential operators in d = 6, which is a new result in heat
kernel theory, and has been published in the appendix B of [CT19].

The rest of this thesis is entirely based on original work.
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In chapter 3 the techniques developed in the second chapter are employed to compute the
conformal anomaly for a non-conformal scalar field in four spacetime dimensions. We consider
the general definition of the anomaly (1.2.38). The derivation is done both in perturbation theory
expanding in diagrams with up to three propagators and with the evaluation of the divergent part
of the effective action via heat kernel methods. This chapter is based on [CGNi8].

In chapter 4 we compute the effective action for the (VF Y + F3 theory in six dimensions.
Some related models and matter couplings are also explored, such as the (VF Y+ F34+F? theory,
the supersymmetric extension and the (VF Y+ F3+ oF 2 model. Except for this last result, still
unpublished, the rest of the chapter is based on [CT19].

In chapter s we compute the tree level and 1-loop contribution to the expectation value of the
energy flux operator in Ag? for a state created with a single scalar field insertion. The calculation
is technically challenging; the expected result is recovered. The chapter is based on [BCG20].

Two appendices conclude the work. Appendix A collects notation and useful formule. Ap-
pendix B reviews some aspects of complex analysis used in chapter s.
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Chapter 2

Aspects of perturbative QFT

This chapter is devoted to introducing the necessary technology to perform computations in QFT
and to fix the relevant notation. We mainly quote results from the literature and show how to use
them to tackle problems of interest for this thesis; some results are new and are described in some
more detail.

In this chapter we mainly consider QFT and the path integral in the Euclidean spacetime.
This is done to slightly simplify the notation and to deal with a formally convergent functional
integral. At the end we make contact with the construction of Lorentzian correlation function.

We use symbol V,, for both spacetime and gauge covariant derivative; the context should be
enough to distinguish the case.

2.1 Basic notions of path integration

In the following sections we review basic aspects of QF T relevant for this work. These are relatively
standard results and we refer the reader to the conventional textbooks [KSFor, Ramogo, Sreo7,
Weigs, Weig6, Z]89] for proofs and further details.

We work in the conventional Lagrangian framework of relativistic QFT. We thus consider
theories classically specified by a local scalar Lagrangian density & and action

S:JSf, or S=J¢§5ﬁ. (2..1)

In this chapter we mainly develop technology for theories defined in flat spacetime; it will be use-
ful, however, to present some of the results in a curved spacetime background, where the La-
grangian density is supplemented with curvature terms in order to make it a generally covariant
scalar. It should be clear from the context what is the geometry under consideration.

The main tool that we will be employing in order to study the quantum properties of field the-
ories is the path integral. We focus here on the scalar case; the extension to fermions is immediate.
We will consider vector fields with gauge invariance later on.

2..1  Generating functionals and the effective action

Let @ beareal scalar field. The theory and its quantum properties are encapsulated in the expres-
sions of the expectation values of products of the fields at different points, namely the Green’s
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function, given by

G(n)(xl’ cee xn) = <(P(x1) teen (p(xn)> = ng (P(xl) e (p(xn) e—S[(p] 5 (2-1-2)

where we have indicated explicitly the functional dependence of the action on the scalar field.
All correlators are collected in a single quantity, namely the generating functional, that in the
present case reads

Z[J] = J D e SIS = =W S = Jddx J(x) p(x), (2.1.3)

where J is a classical source. We assume here that the formal integration measure of the path
integral Z¢ is normalized in such a way that the condition Z[0] =1 is satisfied.

From the generating functional (2.1.3) we can construct all the Green’s functions by taking
functional derivatives with respect to the external sources. The n-point Green’s function (2.1.2)

reads
"Z[J
G"(xy,...,x,) = /] . (2.1.4)
0J (x1) - 8J(x) |y
Another relevant quantity to define is the effective action. First consider
SWJ] 1 J —S[]+S.
— — D @1+ Sgc s 1.
P(x) 5700 ZIJ] @ p(x)e (2.15)

that is the expectation value of the field in the presence of the current J, often called the ‘mean’
field. The relation (2.1.5) is assumed to be invertible, so that it can be used to define J[¢p] as a
functional of some given configuration ¢. J[¢] is then the source term for which (2.1.5) holds.
With this implicit definition, we can then perform the Legendre transform of the functional W
and define the effective action I as

¢l = W[J]+ J J-¢, J=Jl¢]. (2.1.6)

Consider now the relation (2.1.6) and differentiate with respect to the classical field ¢; simple
algebra shows that
or
— =J[¢]. (2.1.7)
o
In an un-driven systems, i.e. with a vanishing current, the previous relation shows that the the
external field ¢ makes I' stationary. This situation is analogous to the classical one in which
solutions of the classical equations of motion are stationary points of the action .S, and if a driving
force is present the variation of the action is proportional to it.

Combining (2.1.7) with the general definition (2.1.3), we obtain a useful expression for I,

TPl — J@go exp [—S[qo] + J6E—Eijb](¢ - ¢)] . (2.1.8)
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2.1.2 Perturbative evaluation of the Green’s functions

Let us start by analysing the construction of correlators in a free theory, given by the action

So = % J P AV @, A =[-97]". (2.1.9)
A@ s the (free) kinetic operator; usual-derivative bosonic fields have a@ = 1; in this work the
case @ = 2 is also relevant. The generating functional can be computed exactly by completing
the square in the exponential

ZolJ] = J D@ e S0HSwe = exp [ J d%d%y J(x)G(x,») )| , (2.1.10)
where G(x, y) is the inverse of the kinetic term,
A G(x,y) = 6[x — y]. (2.1.11)
Explicitly we have'
G(x.y) = J (;ii;’ - el[;(:]_ay) (2.112)

Then, from the explicit expression (2.1.10) all the other correlators can be obtained via (2.1.4).
In dealing with interactions, this formalism can be used to compute the correlators in pertur-
bation theory. In this case we split the action as

S =5) + Sine > (2.1.13)

where the free part, as in (2.1.9), is quadratic in the fields, while the interaction term is at least
cubicin ¢ and is to be treated perturbatively. We can therefore write

G(n)(xh axn) = J@qo ¢(x1) et ¢(xn) e_Sim : e_SO

(2.1.14)
Sim

= (@(x)) - @) €S )

where the subscript (0) indicates that the expectation value is computed in the free theory. Ex-
panding the exponential in series, we ultimately relate the full (interacting) correlator to a combi-
nation of free ones. This then leads to the conventional characterization of correlators in terms of
Feynman diagrams, where one represents the interactions coming from the exponential as vertices
and the propagators with a straight line.

From combinatorial arguments one can obtain the following standard results, see [Z]89] for
a complete discussion.

. The Green’s functions generated by Z[J] via(2.1.4) are the product of disconnected com-
ponents.

. WJ] generates connected Green’s functions, namely

B S"WIJ]
T8 (x)) ... 8T (%) | g

GE")(xl, vy Xy) (2.1.15)

are represented by connected Feynman diagrams.

'We ignore IR issues in this work.
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. I'[¢] generates vertex functions

§"I'[¢]

(n) =
I'(xg,....x,) = 0p(x1) -+ 6h(xp) | y=g

(2.1.16)

that correspond to connected 1-particle irreducible (¢ 1PI) diagrams without external prop-
agators.

At least in principle, one can combine vertex functions to construct the connected Green’s
functions. In this sense, the effective action represents the fundamental object that contains all
the quantum effects.

Let us focus on a connected diagram. Following the standard procedures, one uses the ex-
pression (2.1.12) for the propagator, then performs integrations over the space coordinates in Sy,
that produce momentum-conserving delta functions. Such delta functions can then be used to
eliminate some momentum integrals. Finally, one can cast the integral in the schematic form

ddpl ddp eiplxl ves eipnxn
NJ .. 1 8[p; + -+ p,l -

(2xn)? . (2r)? [p%]al [p%]a,,
(2.1.17)

_de’kl d’k;  n(pik;)
Qr)?*  Q2n)? [d}]u[d3]% -

The overall momentum-conserving delta function follows from translational invariance of the
correlator; the numerator n(p;, k;) is a polynomial in the momenta (for example if the interac-
tion itself contains derivatives); the denominators d; are a combinations of the momenta p; and
k; and their number depends on the interactions and on diagram under considerations. We im-
plicitly allowed for different types of fields by leaving the exponents a; unspecified. The integer
L is then the loop number associated to the contribution.

The integrals in k; are generically divergent and need to be regularized; we will consider di-
mensional regularization d = n—2& where n is the integer spacetime dimension, or a hard cutoft
A. We will be particularly interested in the 1-loop two- and three-propagator contributions.

2.1.3 More on the effective action and renormalization

Reinserting the factors of 7 in the previous construction, one can also prove that a diagram with
loop number L has a factor AL, Therefore one can organize the calculation of the quantum
effects in terms of loop diagrams, and in particular the effective action satisfies

I'= ) alhy =8 +hTy + 00, (2.1.18)
L

where T{z is the L-loop contribution and I{g) = S, the classical action.

In (1.2.6) we have seen that I' behaves in a way analogous to the classical action; it can be
computed in terms of a formal parameter / indexing quantum effects and generates the one-
particle irreducible connected Green’s functions, from which all others are constructed. These
remarkable properties justify the name ‘quantum effective action;” more detailed discussions can
be found in [Weig6].

In this thesis we are interested on 1-loop eftects. We therefore focus on this term in the rest
of this introduction.
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At the end of the previous section we mentioned that loop contributions are generically di-
vergent; this divergence is then inherited in the corresponding term of the effective action. For
example, in a scalar theory with cutoft regularization, we might get something of the form

1 AL o _
F(I)LO = —Wlog; [VJ(PA( )¢+ﬂaJ¢k] ) (2.1.19)

where A isthe UV cutoffand p an additional energy scale necesssary to make the argument of the
logarithm dimensionless. In order to construct a finite theory, one generically adds a counterterm
I, = _F(l)|oo to cancel this divergence, in such a way that the combination S + I7y + I is
finite. In some cases there is a systematic way of dealing with the structure of counterterms. To
start with, if the classical action contains contributions with the same structure of the divergence

(2.1.19),

S=%J¢A(a)¢+aj(pk+... (2.1.20)

then one can reabsorb the divergence with a suitable redefinition of the classical field and cou-
plings. In the present example, by setting

(2.1.21)

1 . A B —ky A)
= 1+ ——ylog— ), a=ag | 1+ ——log— ),
v ¢R< mmmyogu> R( @ny?

where the subscript R refers to renormalized quantities, i.e. finite and cutoft-independent, the
divergence has been pushed to the next loop order. One can indeed verify that, to this order in
pertubration theory, the effective action I' = .§ + I{y) is then finite in the renormalized quanti-
ties. The price to pay is that such quantities develop a dependence on the scale p. Of particular
importance for practical application is the dependence of the couplings, that in turn implies that
scattering amplitudes inherit this dependence, that is captured by the beta function. In this ex-
ample, directly differentiating (2.1.21),

_p—ky

= an” ag . (2.1.22)

0
plag) 1= p—ag
ou
This constitutes the essence of perturbative power-counting renormalization, namely based
on the study and the cancellations of infinities that arise in loop calculations. However, this is only
the starting point in the construction of a ‘consistent’ theory; with a more sophisticated analysis
subtler issues arise. For example, the counterms might break some symmetries, as we saw in the
introduction in the case of Weyl symmetry. This not a problem per se in the consistency of the
theory, though one might want to preserve a specific symmetry on other grounds. Different is the
situation in the case of gauge symmetries, where the cancellation of the gauge anomaly is a strong
consistency requirement.
The discussion of this section clearly generalizes to the case of different fields and more com-
plicated interactions. Of particular significance are cases in which beta functions vanish, as they
correspond to conformally invariant theories.

2.1.4 Gauge theories

We consider here the case of gauge theories, defined in terms of a Lie group G. Local covariance
under the action of the group is achieved by the introduction of a connection A,, inducing the

37



CHAPTER 2. ASPECTS OF PERTURBATIVE QFT

geometrical objects
Vi =0+ Ap, Fon = [V, Vol = 0, Ay — 0, Ay + [Ap, Ayl (21.23)

where F,,, is the field strength. The relevant transformation properties under a group action
parametrised by the local infinitesimal element w(x) are

6oVm =10, V], 64pFum =10, Fpyl, 6pAn =—0,0—[A,,0] =-V, 0, (2124)

where the covariant derivative in 6A,, is in the adjoint representation.

When the gauge field A, is a dynamical quantum variable, for example in the case of the
Yang-Mills field, the naive definition (2.1.3) produces a meaningless answer. Indeed the integral
is taken over all field configurations, irrespective of the equivalence classes determined by gauge
transformations, which determine a smaller number of degrees of freedom than the components
of the field.

A solution to this issue consists in introducing a gauge-fixing condition G[A](x) = 6(x),
where G is some invertible non-gauge-invariant functional of the gauge field and 6 is a function.
Restricting the integration in (2.1.3) to the fields satistying such gauge condition, Faddeev and
Popov have shown that a well-defined path integral is

Z[J] = JQZA det M[A] 5{G — 0} exp [-S[A] + Sy] . S = JJ,Z A% (21.25)

where a is a gauge index, 6{ -} a Dirac delta functional and M[A] is a differential operator
determined by
_ 5G[A®]

M[A](x) 8P (x - y) =

(2.1.26)

w=0
The derivation of these results can be found, for example, in [Ramgo]. M is computed from the
variation of the gauge fixing functional G[A](x) with respect to a gauge transformation (2.1.24)
parametrized by the element @(y). A popular choice is the Lorentz gauge G[A] = 0,,A,,, that
produces

G[A] = 0,,4,, : 5,G[A] = —0,V,0, M[Al=-0,Y,, (2127)

with V,, in the adjoint representation.
We can further massage (2.1.25). Integrating over the function € with a Gauf3ian weight

Vdet H exp { —tr J 0(x) H(x)0(x) } , (2.1.28)

where we allow for some operator H independent of the quantum fields, we obtain
Z[J] = J DA det M[A] Vdet H exp [= S0 + S Seor = S + Jtr GHG. (2.1.29)

Often in diagrammatic computations the determinants are represented by introducing ghost
fields in the exponential, effectively modifying the Lagrangian density. We do not need to follow
this paradigm, since we are interested only in the renormalization properties and in section 2.6 we
will explain how to compute determinants directly looking at the form of the operators.
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The definitions given in previous sections and the results presented are naturally extended to
the generating functional (2.1.25). In particular we have the definition of the mean field

ow

AL = ——
" 6J%

, (2.1.30)

and inverting the relation to get the current we can finally introduce the effective action

e Tl = J@A det M[A] \/@ exp [—Stot[A] + J'55F§ZZ] (AL —dp)| . (2131)

The discussion above generalizes naturally to systems with gauge fields as well as ordinary
matter, but we prefer not to clutter these sections with general formule of little insight and utility.
One could then study the quantum theory and the renormalization properties for a gauge
system starting with the path integral (2.1.29) (or equivalently (2.1.31)). However, the discussion
is considerably simplified by a slight modification of the formalism, known as background field
quantization, originally developed in [DeWé67a, tH73] and later elaborated in [Abb81, DeWos3].

2.2 Background field quantization

Here we revisit the main aspects of the background field method as presented in [Abb81]. We
consider a system with gauge as well as matter fields. We focus on scalar fields; the extension to
fermions is straightforward.
In the background field framework, one considers quantum fluctuations on a classical back-
ground,
Q- @+op, A, A,+B,, (2.2.1)

where the backgrounds are generically off-shell. Notice that B,, is an assigned field and does not
undergo gauge transformations; in order to preserve the invariance of the action S[A,, + B,],
the gauge transformation for the field A,, now reads

0pAm = —0p® — [Ay + By, 0] . (2-2-2)
We then consider the generating functional

Wy glJ Ty
Z¢b,B[J’ Jnl=e oyl ]

, (2.2.3)
J'@A 9(/) det Md’bsB[A] m e_St0t+Ssrc ,

where now

Sl = S[g + o, Ay + Byl + J Gy, ol Al Hy, Gy 5lAl.
(2.2.4)
Sge = JJ,?,’ A%+ JJqo.

We made explicit the parametric dependence on the external fields and emphasized the depen-
dence on the quantum gauge field A in the integrand. In particular, we allow H and the gauge
condition G to be background-dependent.
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We can then extend the definition of the mean fields
_5W¢>b,B[J, Il a _5W¢b,B[J, Il

— oo T ¢ (2.2.5)

5J 5J2

and of the effective action via the Legendre transform
Ly, D, Al = Wy plJ, Il +JJ,% A%+J]d>, (2.2.6)

where now the currents are intended as implicitly defined in (2.2.5).
With simple calculations we can relate the quantities just defined to the those obtained in the
conventional construction in the gauge fixing determined by G, p[A — B] and Hy, p,

W@MLAJ=WUJM—jMBﬁ1P¢b ®=¢tdy. Ap=dytBy. (227)

and in particular
[[® + ¢y, A+ Bl =Ty, [P, Al (2.2.8)

stating the equality of the effective action (2.2.6) and of the standard one. It is important to keep
in mind that the left-hand side in (2.2.8) depends on the background not only explicitly in its ar-
guments, but also implicitly in the gauge fixing; the effective action is in fact generically computed
in an unusual field-dependent gauge.

A first advantage of background field quantization is now manifest: from (2.2.8), setting the
the fields ® and A to zero,

['[¢hy, Bl =Ty, pl0,0]. (2.2.9)

Diagrammatically this means that we can compute the full effective action by considering vac-
uum diagrams in the presence of the background. This constitutes a great simplification in the
calculation, since very fewer diagrams contribute at each order in perturbation theory.

There is however another very important advantage of this framework: We will now see that
the path integral (2.2.3) that we have considered in this section is manifestly invariant under formal
gauge transformations of the background field, at least for a suitable gauge-fixing condition. In
particular, the effective action derived in (2.2.9) is also automatically gauge invariant; this fact
highly constrains the terms that can appear in it. We consider directly the gauge fixing that will be
of interest to us, i.e. the so-called background-field or Landau-DeWitt gauge,

Gqsb,B[A] = 0pAy + (B, Ayl = VﬁAm , (2.2.10)

that implies
M[A] = -VE (V,ﬁ + Am) . (2.2.11)

First we observe that the generating functional Wy, p is left invariant under the transformation
6B, = 0,0 + [0, B,] = VBw, 6J,, =w,J], (2.2.12)

assuming that Hy, p transforms in the adjoint representation. This directly follows from the ex-
plicitexpression (2.2.3) supplementing (2.2.12) with a change of integration variable 6A = [w, A].
Considering the effective action we then have that also

Tlhy, B] =T, 510,01 = Wi, 5l J,] (2.2.3)
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is left invariant. Notice that (2.2.12) is not a true gauge transformation: the original gauge field is
A, and the gauge fixing does break gauge invariance associated to it.

A consequence of the gauge invariance of the effective action is that, with the chosen normal-
ization, there is no wavefunction renormalization for the gauge field. Indeed, the effective action
must be expressed in terms of the covariant derivative V,, = d,, + B,, and of the field strength
F,,,. Considering the renormalization B — ZgB,

V,=0+B, — 0+ ZpB,,

) (2.2.14)
Fopn =V, Vyl = Zp(0,,B, —0,B,) + Zy [B, Byl
but gauge invariance forces Zpg = 1.
We now specialize further this framework to 1-loop calculations.
2.2.1  One-loop effects and determinants
Let us consider here the representation of the effective action as defined through (2.2.9)
el = ng(p DA det M[A - B] det H -
(2.2.15)
oI or
. St + | — (@ — +|—A-B),,
exp{ tot Jé(bb((p ¢b) JéB( )}
with
Seor = Slo, A] - J G[A - Bl HG[A - B], (2.2.16)
in the background gauge (2.2.10), so that
G[A-B] = (am + Bm)(Am - Bm) = Vm(Am - Bm) B
(2.2.17)

M[A—B]=-V,(0,+A,).

We have slightly simplified the notation dropping the explicit dependence on the background
fields. Also, we are using a covariant notation for quantities that depend on the background field
only. This is motivated by the fact that the effective action is formally gauge invariant with respect
to such connection.

We can then redefine the integration variables according to

A,— B,+A4,, Q- ¢+, (2.2.18)

that we can understand in terms of quantum fluctuations over a classical background. We are
interested in the first quantum correction, thus we expand up to second order in the fluctuation.
Expanding all the ingredients we have

r- Slb +1a), S|b = Sl¢y,, Bl, (2.2.19)
then

Sle. Al - S|, + qu,|b(p + JSA|bA

1

JS¢¢|b(P‘P +t3 JSAAleA + JSA(,,|bA(p + (gauge terms),

(2.2.20)
+

N =
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where S |b is the classical action evaluated on the background, and S, |b and Sy |b are the equa-
tions of motion for the background fields. The terms in the second line are symbolic and stand for
the contributions quadratic in the quantum fields; we assume that the gauge terms cancel exactly

with

G[A - Bl HG[A — B] — G[A] HGI[A]. (2.2.21)
Furthermore, we have
or or
F%(Q’ - ¢p) — S¢|b(P, E(A - B)—> SA|bA- (2-2.22)
and
M[A - B] - M[0] = Ay, = -V, (2.2.23)

Therefore we have, after some elementary simplification,

e = J@(p DA detAy, det H -

1 1
. exp {—E JS¢¢|b¢¢ - 5 JSAA|bAA - JSA(ple¢} .

At this point one can proceed with Feynman diagrams. However, neglecting the contributions

(2.2.24)

from Sy, |b and identifying the differential operators

JSAAleA = J Ay [Bpalnn A s JS¢¢|b¢¢ = J @ [A(p] ®, (2.2.25)

we can evaluate the path integrals obtaining

1 detAy detA,

[y =~ log— 2 "7 226
D72 (decAg)? dec H (22:26)

Besides the diagrammatic definition of the determinants, we will explain in section 2.6 how to
compute them directly from the heat kernel approach.

In writing (2.2.25) and (2.2.26) we have not specified symmetry requirements for the oper-
ators, that follow from the reality and statistics of the fields; they will be reviewed in the next
section. This is especially true for the matter contribution det A, thatis symbolic and its precise
form depends on the fields of the model under consideration. Furthermore we have understood
possible internal indices.

2.3 Functional determinants: general considerations

We recall the following identities for Gauflian path integrals. Indices are contracted in the usual
ways; examples are given at the end of the chapter. Here we are focusing on the structure of the
outcome of the path integration as determined by the nature of the integrated fields.

. Real commuting fields:

1
J.@(p exp <— J (pA(p> = , A=A, (2.3.1)
Vdet A
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where A is symmetric, namely satisfies
J AP = J dA@ V¢, @ real functions. (2.3.2)

. Complex commuting fields:

1
Do Do —org)=—, A=A, 3.
I » Do eXP< J(p (p> N (233)
where A is hermitian, namely satisfies
J QAP = J(¢* A @)* V¢, @ complex functions. (2.3.4)

. Weyl anticommuting spinor in Dirac representation:

I@w Dy exp (—leAw> = VdetA, Al =—A, (2.3.5)

where A is antihermitian, namely satisfies

J TAy = J(y? An)* Vn, y anticommuting spinorial functions.  (2.3.6)

. Independent Dirac anticommuting spinors:
J@ﬁ Dy exp (—JﬁAl[/) =detA, VA. (2.3.7)

Two remarks are in order. First, when dealing with bosonic fields we will generically talk about
‘self-adjointness’ for bosons; whether the relevant case is symmetry or hermitianity should be clear
from the context.

Second, notice that by virtue of (2.3.7) we have a physically motivated definition of a determi-
nant for any difterential operator. We can use it to define the effective action Iy = —logdet A,
which expanding in powers of the background field corresponds to the sum of amputated con-
nected one-particle irreducible diagrams; these are generically divergent and require regularisa-
tion. Working in n spacetime dimensions with a UV cutoff A, we can organise the expansion in
powers of A according to

2 ["‘1 BY(A)

A
r| - AP + BP(A) | —]. 3.8
Ao = Gy . (A) g (2.3.8)

p=0

The quantities Bf,n) have mass dimension p and from the diagrammatic expansion they have the

Bﬁn) A,) = J d'x [ Z local covariant quantities ] (23.9)

form

of dimension p obtained from A
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where the argument of the trace is constructed out of the coefficients that appear in the expression
of A, their derivatives associated quantities such as curvatures etc., but it does not contain into
itself other trace structures.* The discussion here is somewhat abstract but no profound point
is being made, we are only setting the notation and recall very general properties that are easily
understood in terms of the classic textbook examples.

If we instead use dimensional regularisation with d = n — 2, only the logarithmic term

. . . . A 1 :
appears via the identification log i and the result then reads action reads

1

= MB,S”)(A). (2.3.10)

1N

In the next two sections we give details on how to perform calculations for diagrams involving
two and three propagators and extract the divergence (2.3.10).

2.4 Integrals with two propagators

In practical applications two-propagator loop integrals play a prominent réle, because for them
one can use completely explicit expressions. We are in particular interested in scalar as well as
tensor integrals; we will explain how to express the latter as a combination of the former. We will
consider dimensional regularisation with continuous d.

2.4.x Scalar integrals

The basic building block of our construction is the loop integral with two propagators

ddq 1
Qn) [¢21"[(q — p)21*’

Lin(p) = (2.4.1)

where d is the spacetime dimension and we allow for generic positive powers m, n of the denom-
inators. From the definition we have the symmetry properties

I8,(p) = 13.(p) = I2,(-p). (2.4.2)

We now show that integrals of the type I, can be explicitly evaluated as

p ()5~ Tlm+n— 21714 — m] T[4 = n)
mn(P) = (47[)d/2 T[m][[n]T[d — m — n] . (2.4.3)
By analytic continuation, this formula also shown that tadpole integrals vanish,
d dq 2
k=0 Vd, Vk. 4.
J(zﬂ)d[q] (2.4.4)

*This means, for example, that the terms in the sum in (2.3.9) do not factor in the product of two traces, unless
these appear in A itself.
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Proof of formula for I¢,. We start from the original expression (2.4.1) of 4 (p) and we apply
Feynman parametrization, obtaining

1

F[m+n J

0

ddq 1
Qn) [¢2 —2qp (1 — u) + p2(1 — w1

I(p) = auar\ (1 -y (249

We can eliminate the momentum-mixing term gp with a redefinition of the integration variable,
q = q+ p(1 —u). We thus get

1

d
1 de m=1c1 _ n_ljdq 1 . »
)= FmiT] T =0 | i s w49

We can now conveniently introduce spherical coordinates for the integrated momentum g,

1 +o00

Volgi-1 T[m + n] ~ ~ ¢!
Id — S J. m—1 1 —u)" 1 J ’ "
) = T TimI T J A= ) A — e 47

where the angular part of the integral factorizes. Evaluating the volume factor with (A.2.6) and

changing integration variable g = y [p?u(l — u)]"? we get, after some elementary algebra,
(pz)g—m—n I 1 ; J +oo 4_1
d (o — 2 m+n 4 1-n d_1-m y2
Imn([)) = J,dll uz2 ( u)2 dem . (2.48)

(@m)2rg) Flml Tin] 3

The two integrals are representations of Euler Beta function and can be evaluated with (A.2.7),
and we have thus obtained (2.4.3).

A recursion relation.  Using the explicit formula (2.4.3) we can find a set of recursion relations

between scalar integrals in different dimensions. For example,

d—-2m

1
Id+2 -
a1 ) = A —m—

18 (), (2.4.9)

which can be immediately obtained using elementary properties of the I' function. In particular,
in the case m = 1 = n we have

I{3(p) = 2(4 ) I (). (2.4.10)

2.4.2 Tensor integrals

Here we consider tensor two-propagators integrals of the form

ddq dq,9a, *** 4a
d _ 1142 r
Imn ;a1as.. a,(p) - J(Zﬂ')d Z]m (q p)z]n ’ (2.4.11)

and we want to relate them to scalar integrals of the type (2.4.1).

Here we follow the very efficient method based on Schwinger parametrisation as outlined in
appendix A.3 of [BMS14].
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Schwinger parametrisation of the scalar integral. We start by Schwinger parametrizing the
scalar integral I d (p), that we then invert to get a representation of the integral over Schwinger
parameters. We therefore begin with

+00
1 ddq 2 2
Id — ds dt m—ltn—l J_ —(s+1)q”+2tpq—tp . .
mn(P) T[m] T[n] J sats (Zﬂ)d e (Z 4.12)
0

To get rid of the mixing term gp in the exponential, we shift the integration variable ¢ — g+ SL_H p
and obtain

+oo
1 2t [d dq 2
I8, (p) = ——— st dt s"1=le™P Sn J e~ H0a” 2.4.1
The integral in g is a combination of Gaufian integrals that can be evaluated with (A.2.2) to give
diq __» 1
Je ==, (2.4.14)
(27) (4)? x2

that inserted in (2.4.13) gives us a representation of the integral over Schwinger parameters,
+00

sm—ltn—l _ ZL 2
J dsdt Z———e P 5 = (4m)2 T[m|T[n] I2,(p). (2.4.15)

d
0 (s+1)2

Schwinger parametrisation of tensor integrals. We are now ready to consider tensor inte-
grals I ,fm;al ay....a,(p)- Following the steps above, after the same shift of the integration variable

we have
Ir[rim;alaz“.,ar(p)
+0oo
-1 st di sl v
I'[m]T[n] (2.4.16)
0

dq < t t 8
. + > < 4 — > e~ (st ,
J(zn)d T 5P\ 4T TP )en
where the symmetrisation in the integrand was made explicit. Owing to it, the expansion of the
product of the factors g+ SL_H p in the integrand is analogue to the binomial expansion, therefore

each term comes with the corresponding binomial coefhicients.
We are then confronted with integrals of the type

qua,qalqa2 qa,e"‘qz = % (reven),
(2m) (4m)2 22 x2*" (2.4.17)
=0 (rodd),
where S, is the totally symmetric rank-r tensor of the type
S=1, Sab =0ap>  Sabed = 6abOca + 8acObd + Sadpe » (2.4.18)

and so on.

46



2.4. INTEGRALS WITH TWO PROPAGATORS

Rank r = 1. Now we turn to vector integrals, that can readily be evaluated with the help
of the formulz above:

+00

1 _2t [d t >
14 (p) = Jd di "1 J ( " ) —(s+1)q
mna(P) T T | 45915 e o0 dat S ;Pa) €
m—1.n 5 ¢
= d;pa st dt %e_p t+s
4m)2 Tm] T[] (s+n2t!

where the term of order 1 in g does not contribute. Now we can use (2.4.15) and we obtain the
desired result

I8a(p) = 4mnp, I (D). (2.4.20)

Rank r =2. The evaluation proceeds as above,

14
Iﬁn-ab(p) = ﬁ st dt s" e s
’ m]I'[n
ddq t2 _ 2
(2.4.21)
———— | dsdt s 1! —p 1+s J —(s+t)q
F[m]r 7l J Sats 2 )dqaqb
I 1/n+1 d
1 J gty _pz;qu i
+ dsdt ——e 1+s e s+1)q ,
DI ) (s +1)? x)
where the term of order 1 in g does not contribute, owing to (2.4.17). We then get
+0o0 ) |
0 m=lmn—-1 5
mn ab(p) p] ab st dt —tde LT
2@m)ITmTIn §  (s+02*!
oo (2.4.22)
1 m—ltn+l ot
+ d—papb st dt —de s .
@mITimITln 5 (s+027

Now we can use (2.4.15) to express the integrals over Schwinger parameters, and we obtain the
desired result

% Id-‘r

5 A22(p) + (@A) n(n+ 1) papy I8 () - (2.4.23)

Irﬁ,n;ab(p) =d4r

Higher rank. The basic ideas used to evaluate these integrals should be by now clear, and
the explicit examples show the method in all its details. Extending to higher rank tensor is then
matter of simple algebra and we omit the calculations. Identities for tensor integrals of rank up
to r = 6 can be found in appendix A.
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2.5 Integrals with three propagators

We will also be interested in three-propagator loop integrals. Unlike the previous case, we do
not have an explicit expression at our disposal. However, we will present a method to extract the
divergent part of three-propagator integrals in terms of two-propagator integrals. This will be
enough for our purposes.

2.5.1  Scalar integrals

The general setting follows what we did for the two-propagator case. The basic building block of
our construction is the loop integral with three propagators and two external momenta

diq 1
Qm)? [¢21M (g — p)*1™[(q + k)*1™s

Irgtl,mg,m3(p7 k) = J (Z.S.I)

where we allow for generic integer powers m; in the denominator. Unlike the two-propagator
case, there is no formula that can be used to evaluate the integrals I zl,mz,m (p, k) in closed form
for generic values of the external momenta. In the following we will often understand the explicit
dependence on (p, k).

In order to extract the divergence, we exhibit now a set of identities that express the three-
propagator integral in terms of two-propagator integrals and three-propagator integrals that are
less divergent than the initial one. By repeated application of these identities, we ultimately get
only three-propagator integrals that are finite, and all the divergences are made explicit in two-
propagator integrals.

An identity of this type is

Id

my+1,my,m3

- L [[(m1 +2my + ms — dYKE + (my + my + 2ms — d)p?
2mp“k 1
— 2my + my + my — d)p + K| I3, 1y,
5 d . (2.5.2)
+myp Iml,m2+1,m3—1 +mp Im1+1,m2,m3—l

27rd 2 rd
+m3k [ml,mz—l,m3+1 +m1k Im1+1,m2—1,m3

2 rd 27d
- m2(p + k) Iml—l,m2+1,m3 - m3(p + k) Iml_lastm3+1] '

Similar identities can be found for I¢ and I¢ but in order not to clutter the

my,mpy+1,m3 my,my,m3+1>
section they are collected in appendix A.

Sketch of the derivation. The derivation of (2.5.2) is described in [GN18]. Since it consists
in an algebraically straightforward but somewhat long calculation, and we do not provide any
additional insight, we only outline the main ideas.

The starting point is the identity

dq o n
") 27) 0gm (421 [(q — p)H1™ (g + k)21

=0. (2.5.3)
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Computing the derivative inside the integral we obtain

_ J d’q 1 .
@) [¢21"[(q - p1™[(g + K)2I™

(2.5.4)
q* —qp q* + qk
- |d - 2m1 - 2m2—2 - 2m3—2
(g-p (g+k)
and writing
1 1
ap=—3l(g=p7 = p* = 1, gk=Zlg+k? =k =", (255
with simple algebra we arrive at
mZPZIli],mz-f-l,m:; + m3k2['[7i7],m27m3+1
(2.5.6)

+m3Id

— d d
- (2m1 + m2 + m3 - d)Im],mz,m3 + mZI ml—l,mz,m3+1'

ml—l,m2+1,m3

Two similar identities can be found in considering g, —p,, or g,+k, inplaceof g, in(2.5.3). The

outcome is a set of three equation for I d L and 14

my+1,my,m3> “my,my+1,m3 my,my,m3+1 whose solution

is in appendix B.
2.5.2 Tensor integrals

We now want to consider three-propagator integrals with powers of the integrated momentum in
the numerator,

ddq 9a,9a, *** Ya,
Qo) [¢21™ (g — p)2I™I(g + k)2 ™

and rewrite it in terms of scalar integrals. The methods outlined for two-propagator integrals in

Igl,m2,m3;ala2._.a,(p’ k) = J (25.7)

section 2.4.2 are easily extended to the three-propagator case.
For the sake of brevity we will write the measure on the Schwinger parameters integral as

ds = dSl dS2 dS3 . (2..5.8)

Schwinger parametrisation of the scalar integral. We start by Schwinger parametrizing the

d

scalar integral Iy . m

5 and we then invert this representation to get a representation of the in-
tegral over Schwinger parameters. We therefore consider

+o0

1
Id — d— m]—l m2—1 m3—1 .
my,my,ms F[ml] F[mz] r[m3] J s (Sl) (SZ) (S3)
0 (2:5.9)
d
. JM e~ 152530 +2s2p=53K)g =207 = 53K7
Q2r)d

and in order to get rid of the mixing term 2 (s,p — s3k) g we now perform the shift

SHp — Sak Sop — S3k
q—q+ 2P_3 g+ 2D 3

, 2.5.10
S S1+ 85y + 83 ( > )

49



CHAPTER 2. ASPECTS OF PERTURBATIVE QFT

that gives

+00
2

1 _ ddq _
I8 s = st s1)M (5 )Ml (5)mmle—A J— e 51, 5.
123 I'[m 1T [my] T'[ms] ] (s1) (52) (s3) (271.)0,’ (ZSH)

where we introduced the shorthand notation to make the formule slightly lighter,
S=s51+5+s3, A = —(s1 + S5 + 53)(52p — 53k)% — 53p% — 53k7. (2.5.12)

This expression is now an immediate extension of (2.4.16) and can be treated in a very similar way.
The integral in g can now be done using (2.4.14); inverting the equality to obtain a represen-
tation of the integral we finally get the desired identity

e = (4m)2 Tim 1 Timy ) Tims 12, e (2513)

T’ ()M () (5!
ds y
) )}

Schwinger parametrisation of tensor integrals.  For tensor integrals we proceed analogously.
We start from

Id

mi,mp,m3;a|as...,a,

+00
1 J < -1 -1 -1
= ds (s)™7 (s2)™7 (s3)™7 -
Flmy 1Ty Tlmy] J 5 ? 3 (25.14)
ddq —(s1+52+53)4%+2(s2p—53K)g— 500" —53K*
) WCI(aIQaz"'Qa,)e - T,
and using (2.5.10) as well as the definitions (2.5.12),
Irfll,mz,myalaz.“,ar
+o0
1 J < -1 -1 —1 A
= ds (s))™™ (sp)™ 7 (s3)™ e
Clmy 1 Timy ] Ulms] ) ! 2 3 (2.5.15)

ddq Sop — S3k Sop — S3k )
Joe (a0 25 Yoo (a0 2525 ) e

This expression is now an immediate extension of (2.4.16) and can be treated in a very similar way:
Since the symmetrisation is left explicit, the expansion of the integrand in powers of ¢ reflects the
binomial expansion, and the tensor integrals can be performed using (2.4.17).

We now consider in detail some relevant cases.

Rank r = 1. Here we consider vector integrals,

+00
1

Id L= d— ml—l m2—1 m3—1 —-A .
my,my,m3;a F[ml]F[mz]F[m3] J S(sl) (SZ) (53) e

0 (2.5.16)

d
. d’q < o+ SZPajs3ka> e_ng.
Q2r)4
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Only the term independent of g contributes to the integral, and the result is

+0o0
J B 1 (s sp)m(s)™ !,
Iml mp,mz.a — d ds +1 e
(4m)2 T[my1T[m,] r[m3] 0 (35)2
+oo 1 1 (2.5.17)
S 1 e, [ as (s)™~ (s2>'"21 (s3)™ oy
@4m)2 Tlm 1 T[my] Tims] )t

and now the two integrals can be recast in terms of scalar integrals by means of (2.5.13) so that
d
Iml ma,mz;a — 4”pa my Iml ;my+1,m3 —4r kﬂ ms I my mz m3+1 * (2‘518)

Rank r =2. The Schwinger-parametrized representation of the rank-2 tensor integral is

Id

my,my,msz;ab
+o00
1 J _ —1 -1 -1 _—-A
= ds (s))™ ™ (sp)™ 7 (s3)™ e -
Clmy 1Ty 1 Tlms] ) : : :
d%q (s2p — 53K)(aqp) (25.19)
2n 949y + 27

(Szp = 53k)a(52P = 53K)p) 57
_2 .

The term of degree 1 in g does not contribute to the integral, the other two pieces can be evalu-
ated with (2.4.17) and simple algebra, leading to

Idl my,msz;ab
oo mp—1 my—1 m3—1
_ I o a5 ST
(475)g 20[m]TImy1lIms] (S)2Jrl
+eo (S )m| 1(S )m2 1(S )m'; 1 (Z‘S'ZO)
+ 7 I ds —! 2 i, 3 e
(47)2 I'my1[my] Ims] (5)2

< [(52)?Paps — 2 52 53 Pabry + (53)*kaks) »

and these can be recast in terms of the scalar integral using (2.5.13); the second integral clearly splits
into three scalar ones with different m;’s,

74 — 4”5 Jd+2
my,my,mz;ab — 2 ab my,my,ms

+ (471')2 [m2 (my + l)papb my, m2 m3+2

(2.5.21)
+4
— 2my my paky Iy my.my+1,my+1
-+
+ m3(m3 + 1) k.ky I j_m2+2 mg] ’

that is the type of formula we needed.
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Higher rank. The algorithm naturally extends to the case of higher rank tensors. The cal-
culations are not particularly illuminating and are notincluded here. The final resultsupto r = 6

can be found in appendix A.

2.5.3 Another relevant formula

Here we want to present a formula that allows one to relate the scalar integral 1 fil | tointegrals in
lower spacetime dimensions and two-propagator integrals,

I (p. k)
_ 1
87(d — 2)[(pk)? — p*k?]

[szz(l’ + K I} (0, k) = PP (K = PRIy (p) (2.5.22)

+ pk (p + K I8 (p + k) — k> (k> — pk)[fl(p)] )

Since If},(p, k) isUV finitein d = 4, applying iteratively this equation, starting from I{},(p, k)
at some high dimension, we can extract the divergence in terms of two-propagator integrals.
The formula is discussed in [GN18], but here we provide a simpler derivation.

Derivation of (2.5.22).  The starting point is (2.5.18) in the case m; = my = m3 = 1; contract-
ing both sides with p, we get

Pa It 1.a(p. k) = 4z p? my IS (p. k) — 47 poms T3 (p. k) . (2:5.23)
We can easily relate the left-hand side to scalar integrals in dimension d via

o 14 ) = -k [0 @’ = p?
a‘11l;a\F> 2 (27Z)d qZ(q _p)Z(q + k)2
1 1 1
=~ 10 + S 1o+ k) + 5P 1L (0. K).

The right-hand side of (2.5.23) is conveniently manipulated using (2.5.2) and similar identities in

(2.5.24)

appendix A. Here we need

152 (p. k)
_ 1 _ 2\ pd+2 1 o504
= oo 22— )k + P, 0+ P () (2529
1 27d 1 24
— k)1 k) — —k~I{ (k
+4ﬂ(17+ )1 (p+ k) I 11(k)
and
I (p. k)
S S _ 2\ d+2 1,904
= ST e 2~ Dk G b+ T R (2526)

1 1
=+ I(p+ 0 = TP

where we have also used elementary relations between two- and three-propagator integrals. Sub-
stituting these two expressions in the right-hand side of (2.5.23), we can solve for I ijﬁz(p, k), and
the result is (2.5.22).
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2.5.4 Summary

Tensor three-propagator integrals can now be analysed and epsilon-expanded in a completely ex-
plicit way:

1. rewrite the tensor integral in terms of scalar ones;
2. reduce the scalar integrals to two-propagator integrals and the integral [ an for some D;
3. use (2.5.22) to reduce I{}; to two-propagator integralsand I}, which is finite as d — 4.

Appendix A collects the formula derived in the present section to pursue these steps.

2.6 The heat kernel method

The diagrammatic procedure outlined in the previous sections has been successfully employed for
along time to study properties of QFTs and compute observable amplitudes. As a consequence,
developing techniques to effectively carry out the calculations of the expressions represented by
the diagrams is a very active area of research. However, in some cases one is interested in the renor-
malization properties of a certain theory, that are in general encoded in the effective action. Eval-
uating it via diagrammatic techniques can be quite cumbersome and not very efficient, especially
if one is interested in the one loop behaviour to start with.

Through the heat kernel one can give a rigorous definition of functional determinants. In
turn, through (2.2.26), it allows one to compute the 1-loop effective action directly from the
knowledge of the operator that regulates the quadratic fluctuations, at least in a large variety of
interesting cases.

We now define the heat kernel of a differential operator, and describe how this tool can be
used to evaluate the determinants that appear in the expression for the 1-loop effective action.
Mathematical discussion of heat kernel theory can be found in [Vasos, Gil7s, Gil8o] while for a
more physically motivated procedure the reader should consult [DeW67a, FT82b, BD84].

Let us consider the initial-value problem for the evolution equation

(0t + Ar) u(x,t)=0, u(x,0) = f(x), (2.6.1)

where A, is an elliptic differential operator of even order r defined in R" with coordinates x,
t is a formal time and f(x) is the initial condition. We allow for the possibility of having some
connection defined on R", so that the operator as well as the function u might carry the corre-
sponding internal indices. Typically for us R" is the spacetime, thus A, is constructed out of the
spatial derivatives; this implies that the parameter ¢ has mass dimension [f] = —r.

The solution to the problem (2.6.1) can be formally written as

u(x, 1) = (e f)(x). (2.6.2)

Introducing eigenkets for the position operator {|x)}, so that f(x) = (x|f) etc., we can alter-
natively express the solution as

u(x, 1) = j dly (x| 1) (4119 (2.63)
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This expression can be identified as the convolution of the initial datum f with akernel K that

can be interpreted as the matrix elements of the operator e A,

u(x, 1) = de Kt x, 9. A)f (), K(t;x,3.8,) = (x]e”" 1), (2.6.4)
provided that K satisfies the differential equation with boundary condition
10, + A K53, 380 =0, K(O;x,:4,); = 6,80 = y), (26.5)

where i, j, k are the possible internal indices mentioned above. The knowledge of the kernel K
is therefore equivalent to the ability of constructing the solution of the original problem (2.6.1)
for any initial condition f.
We can now go a step further towards the definition of the determinant of the operator A,
through the relation
logdet A, = TrLogA, . (2.6.6)

The trace Tr is understood in the functional sense, thus considering both discrete (internal) as
well as continuous (spacetime coordinate) ‘indices.” Explicitly, considering an operator D, it reads

TrD = trJd"x (x| D|x) = Jd"x (x| D';|x) , (2.6.7)

where tr is the trace over internal indices only, schematically denoted by i. Then, the Log in the
right-hand side of (2.6.6) is a functional that typically produces a nonlocal operator. For a positive

number A we can write
+00

e—/lt
logd =— Jdt — (2.6.8)
0

up to a formally infinite constant that is independent of A. Extending such relation to the differ-
ential operator we have

+00 +00
logdetA, = —tr J% (x]e7™r|x) = — J% Jd”x tr K(t;x,x; A,). (2.6.9)
0 0

This integral is in general divergent over in both limits. Since ¢ has canonical dimension [¢] =
—r < 0, and we are interested in studying the ultraviolet behaviour of the theories, we consider
only the possible divergence in the lower bound.

An asymptotic expansion for the heat kernel near 7 = 0% is known in the general case of an
elliptic differential operator A, of order r:

(xe"r|y) = K(t; x, y; A

D al Gy A (1~ 0Y), (2.6.00)

/2
R )” =

where ag’) are the heat kernel coefficients and are generically nonlocal. We emphasize the depen-
dence on the spacetime dimension 7 in the coefficients: They depend on n explicitly (except in

the case r = 2, as we will discuss later). We thus have

J di 3 B, it (2.6.11)

k>0

logdetA, ~ — (47[)"/2

54



2.6. THE HEAT KERNEL METHOD

with the definition

B(A,) = Jd” B (x,A,) = Jd”x wal”(x,x:A,), (2.6.12)

where b§("> is defined up to total derivatives. We will also refer to these as ‘heat kernel coefficients’
and we will mainly work with them because they have a simpler structure and contain all the
information relevant for the physical applications that we will consider.

We can use the previous expressions to evaluate (2.6.9). It is clear that the integral in 7 is
indeed divergent at the lower bound. There are many ways to regulate it, such as dimensional or
{-function regularization; here we will simply introduce an explicit UV cut-off A,

(k—n)/r
j LY (L) B @, (2615

! k>0

logdet A, =

(47[)n/2

where we rescaled the integration variable to make it dimensionless by introducing a mass scale p.
The divergent contributions thus read

1 p(n)
2 ~ B ( r) (n) A
logdetA,| =- [ E AP+ By7(A) lo —]. 2.6.1
g o (47[)n/2 = n—p (A)) g L ( 4)

This expression matches the expected structure (2.3.8) but is now obtained without a diagram-
matic expansion. Notice that the log A-divergence in n dimensions is given by the by coeffi-
cient regardless of the order of the differential operator.

In usual diagrammatic calculations, one can in general introduce a cutoft in different ways,
and only the logarithmic part is independent of arbitrary choices. Similarly in (2.6.14), only the
logarithmic term is universal.

In the next sections we explore properties and provide explicit expressions for the coefficients
b;c"). Before getting there, we give some further remarks.

With the previous results we can evaluate the divergent part of an effective action as

1 "
Loy = logdetA,  Ty| = log = Jd”xb x),  by=bA), (2.6.5)

(47[)"/2
where we have focused on the logarithmic divergence. In case of more complicated combinations
of determinants one has to use the appropriate generalisation of the b, density. For example, for
the case of I}y in (2.2.26), we have

- 1 det Ay detA,
M=%

(m) () () ()
og—————— b, =0bn (A4) +bn"(A,) = 2bx" (Agp) = bn" (H), (2.616
2 g[detAgh]z det H ( A) n ( fﬂ) n ( gh) n ( ) (2 1 )

These formule are the most important results of this section: directly from the knowledge of the
differential operators, one can construct the coefficient b,, and in turn evaluate the logarithmic
divergence of the 1-loop effective action.

Considering two differential operators A and A, we can study the determinant of their prod-
uct following the decomposition

og det[ ] =logdet A + logdet A’ . 2.6.17
log det[AA' logdet A + log det AY ( )
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Focusing on the universal logarithmic contribution, we can compare the two expansions (2.6.14)
for both sides, we get the very important equation

BY(AN) = B{(A) + BS(A). (2.6.18)

We stress here the very important fact that such relation is true only for the integrated coefficients
labelled with k = n. Simple examples show that the power-law divergences do nor satisfy a simple
relation like (2.6.18).3

As a final remark, we will focus on the case relevant for quantum field theory calculations in
which the heat kernel is useful for evaluating effective actions. Remembering that the coefficients
bi") are defined up to total derivatives, as discussed in (2.6.12), we can promote (2.6.18) to the local

identification
BI(AN) = b (A) + bIV(AY, (2.6.19)

once again only for k = n.

2.6.1 Second order operators

The most important case is that of second order differential operators
Ay=-V>+ X, (2.6.20)

where V = 0 + B is a covariant derivative in some representation and X is a covariant matrix in

the internal indices sometimes called ‘potential’. This is the most general case of a positive elliptic

second order differential operator. Any second-order differential operator can be cast this form.*
We denote the curvature associated to the covariant derivative with W,

Win = [V, Vil (2.6.21)

Base case: the negative-Laplacian A, = —9°

We start analysing the simplest case of a trivial bundle and vanishing potential. This is a positive
self-adjoint differential operator and serves as a base example on top of which more complex cases
can be constructed. The associated heat equation (2.6.1) can be explicitly solved in terms of the
heat kernel K, that reads’

1 2
K(t:x, y; —0%) = ——— o~ (x—074t 2.6.22
(t; x, y; —0%) r— (2.6.22)
where x> = X,,%,,. The heat kernel expansion is therefore rather trivial, with by = 1 and all

other coefficient vanish, b, = 0 with p # 0.

*It is important to notice that here we are discussing rather delicate notions in differential geometry and mathe-
matical analysis. The derivation we followed here was quite heuristic and therefore inconsistencies like this one are
tolerable and worth further study.

*Possible terms with a single derivative ¢,,V,, can be eliminated with a redefinition of the connection.

SThe calculation goes as follows. By translation invariance we can set y = 0. Introducing the Fourier transform
K(t; p) of the spatial coordinates of K (but not of ), (2.6.5) becomes

0, +P)K(;p) =0, K©O;p=1.

that can be explicitly solved with a Gauf8ian K(#; p) = P Fourier-transforming back in x we obtain (2.6.22).
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If there are indices not corresponding to a gauge structure, so that the operator reads (A,)'; =
—5}02, the heat kernel (2.6.22) gets multiplied by 5;- and the coefficient by becomes the trace in
the identity over the internal space, by = tr| = §;, corresponding to the number of components.

Heat kernel expansion for general A,

We now consider the case A, (2.6.20) in full generality.
Aiming at an expansion of the form (2.6.10), we can start from the explicit solution (2.6.22)
and introduce a power-law correction

K@ x,y;A0) = e~ (=914 Z c,((")(x, k. (2.6.23)

(4rr)d? >0

We are then interested in the ‘diagonal’ terms c,(cn) (x, x). Plugging this into the heat equation for
the operator A we find a set of recursive differential equations between the coefficients that can
be solved k by k. The algebra is quite lengthy and we do not reproduce such calculations here,
as they are beyond the scope of this work; [DeWo3] provides more detail in the curved spacetime
context. Comparing the expression (2.6.23) with the expansion (2.6.14) we can then find the heat

kernel coefficients bg,n)(Az); before giving explicit expressions, we make some general remarks.
. The coefficients bg,") with even index p are in general nonzero and are given by
B (Ag) = tref”(x,x). (2.6.24)

The trace runs over the internal indices. The c,((n)(x, x) are local covariant polinomial con-
structed out of X and V (and thus W) and they have mass dimension 2k. The coeffi-
cients bg,")(Az) are therefore gauge invariant, as expected. The coefficients c,({")(x, X) may
also contain total derivatives that we discard in the identification (2.6.24).

. The coefhicients bg)n) with odd index p vanish identically,

b (A2) = b (Ag) = ... = 0= b1 (A). (2.6.25)

. The coefficients b(pn>(A2) do not exhibit an explicit dependence on the spacetime dimen-
sion n. They may have an implicit dependence on the spacetime dimension if, for example,
the covariant derivative V or the function X contain terms with the metric 8,,,, however
for general V and X in A;, n does not appear explicitly. For simplicity we will drop the
superscript (1), unnecessary in this case, and write b,(A,).

We stress that the last point is specific for the case of a second-order differential operator. For
higher-order operators, the coefficients bg,”) do exhibit an explicit dependence on the spacetime
dimension, as we shall discuss later.

We turn now to some explicit expressions relevant for this work, whose derivation, as men-
tioned, is outside the scope of this work, since they consist of calculations of some computational
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complexity with techniques that we do not use in the further developments. We thus quote with-
out proof the first few values for the coefficients b,(A,),

bo(Ay) = el (2.6.26)

by(Ay)) =tr X, (2.6.27)

ba(Ay) = tr [%WmnWmn + %XZ] : (2.6.28)

be(Ay) = tr [ - % (VW) + %Wmankam (2.6.20)
- %XWmnWm,, + %XVZX - é)ﬂ .

where [ is the identity in the internal space. The cases relevant for physics are from p = 0 to
p = 10; such expressions are all known and can be found e.g. in [Gil7s, Vasos].

2.6.2 Fourth order differential operators

In this work we will also be interested in fourth-order differential operators. We will focus on
operators with the structure

Ay =V*4+V,,VVy+2N,V,, +U with Viun = Vim » (2.6.30)

where V,,,,,(x), N,,(x) and U(x) arelocal covariant matrices in internal indices. This is the most
general operator lacking the three derivative term. The symmetry condition on spacetime indices
1 .

~W,,, thatis nota

2
differential operator. We stress that there is no requirement concerning self-adjointness that is im-

of V,,, follows because the antisymmetric part then multiplies V,V,,; =

posed on (2.6.30), therefore no further constraint is obeyed in general by the coefhicient functions.
An explicit constructive procedure as the one outlined for second order differential operators
is in this case less immediate.® However, we can extract important information for this kind of
operators considering compositions of second-order operators. Indeed, on Lorentz and gauge
invariance grounds, given that bg,") have mass dimension p and are the trace of local covariant
quantities, the basic building blocks are know. Then by studying particular decompositions

Ay =10 A,, (2.6.31)

and then on top of the factorisation Ansatz (2.6.17) and (2.6.19) we can in principle collect some
information to reconstruct the desired coefficient, at least for the one with index p = n.

This method was first used in [FT82b] to derive the coefficient bg4)(A4) in curved geometrical
background in order to compute the 1-loop effective action in quadratic gravity. We will review
the derivation (in flat spacetime) to give a complete explicit example of the procedure. Then, we
will apply the method to compute bg6)(A4) in flat spacetime, for which the calculation is more
involved. The derivation of this coefficient constitutes a new result in heat kernel theory and was
presented in the appendix B of [CT19].

¢Consider, for example, the ‘free’ case of a power of the Laplacian, A = (—9%)" with positive integer m. Following
the procedure to solve the associated heat equation as done in footnote s, we arrive at K(t, p) = exp(—t *™), but we
cannot explicitly compute the expression in x space when m # 1.
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As a final remark, before presenting the calculation, notice that the combination A,A, in
the right-hand side of (2.6.31) produces an operator that is not self-adjoint. Such operator cannot
therefore be interpreted in terms of a path integral over bosonic variables; however, as discussed in
section 2.3, fermionic variables allow for a physically motivated understanding of the expression.
Indeed, the heat kernel asymptotic (2.6.10) does not require self-adjointess of the operator (but
only ellipticity).

We will use the two following cases.

1. The first case of interest is of two operators with same gauge connection but different po-

tentials,
Ay =V>+ X, Ay =V2+X'. (2.6.32)

The composed operator Ay = A, A’ has coefficents
Von = =6unX +X"), N,=-V,X', U=XX'-VX', (2633)
and therefore

V=Vm=—-nX+X"). (2.6.34)

2. Thesecond case that we consider consists of operators with two different connections B,,+
K,,, where K, transforms in the adjoint representation of the gauge group. We thus have
the two covariant derivatives

\Y%

SH

VK, , Vp=0,xB,, (2.6.35)
whose curvatures are, setting W, = [V,,, V.1,
Wr;t_'_n = [Vrir_w V;’l_'_] = Wyn + [Kp, K] £ (V,, K, — V,K},), (2.6.36)

where V,, K, = 0,,K,, + [B,,, K,] . For later application, it is also convenient to compute
the derivative of the curvatures,

VEWE =V, [Wm,, +1K,, K, +(V, K, - V,K,)

(2-6.37)
| Kops W + (Koo K] £ (V0K = V,K,) |
We now consider the Laplacians with these two connections,
A, =—(VE)? =-V2£2K,V,, ¥ (V,K,) — K, K. (2.6.38)
Their composition,
Ay =ALA_, (2.6.39)
has the desired form (2.6.30) with coefficients
Vin = =4V (K + 2K?6,, — 4K (K,
N, =-V’K,,—V,V,K, +V,K> + K, K>
- K*K,, — 2K,V ,K,, — K,,V, K, + 2K, W, ,
(2.6.40)

U=-V>V,K,+ V?’K?-2K,V,V,K, + 2K,V K>
—(V,K,)* + K* + (V,K,)K?> - K’V,K,
=2V KWy = 2K Ky Wiy + 2K,V W
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In this case we have that

Vium = =4V, K,y + 2(n — 2)K> . (2.6.41)

Heat kernel coefficient b£t4)(A4)

The requirement that the coefficient by is a scalar and a local expression of mass dimension 4
implies that it is the trace of some linear combination of W, Wy, Vi Vs (me)2 and U.
Other possible invariants such as V,,N,, are total derivatives that we discard. The general form
of the coefficient is therefore

4
B (Ag) = o [py WoaWon + 02 VeV + 23 V243U, (V=Vo),  (26.42)

where p; are real numbers. Although the coefficient has dimension 4 regardless of the dimen-
sion of the spacetime under consideration, and therefore the general form just given is true in
any spacetime dimension n, we focus on the four-dimensional case in which we can apply the
factorisation Ansatz.

We now show that the parameters p; in (2.6.42) take the values

1 1 1
pPL=z P=57 P3=—, pa=-—1. (2.6.43)

6’ 24 48
This method of computation allowed [FT82b] to obtain this result for the first time. In [Gus9o],
the same formula was derived using an asymptotic expansion generalising the second-order case.

The interested reader can find the coefficient for a generic fourth-order differential operator, in-
cluding the ~ V3 term, in [BVSs].

Decomposition 1.  Expanding the general expression (2.6.42),

4
By (Ag) = tr | py Wiy Wn + 4 (py + 4 p3) [X2 + X"?]
(2.6.44)
+ (8p2+32p3 +p4) XX/] .

where we discarded total derivatives in U. We observe that we have an explicit dependence on the
spacetime dimension # in this expression, given by the contractions of the metric inside V,,,,,.
From the factorization we get that the expected heat kernel coefficient is, using (2.6.28),

BSP(Ag) = ba(Dy) + by(Ay) = tr [éWmnWmn + % (X% + X’2]] . (2.6.45)

Requiring that the coeflicients of the various contributions coincide, we obtain the following
three independent equations

6p =1, 8pp+32p3=1, 8pr+32p3+py=0. (2.6.46)
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Decomposition 2. In this case, from (2.6.40) it suffices to focus on the much simpler case of
an abelian gauge field, with vanishing connection B,, (and thus vanishing field strength). We can
also consider a constant field K,,,.

Specialising the factorization to this case, we get

b (Ag) = by(Ay) + by(A_) = 0; (2.6.47)
evaluating (2.6.42), we obtain
B (Ag) = [16 py + 16 p3 + py] K*. (2.6.48)
We therefore require that the argument of the square brackets vanishes,

16 p, +16p3 +ps =0. (2.6.49)

Result. The final system of equations for the decompositions is (2.6.46) and (2.6.49), whose
unique solution is (2.6.43).

Heat kernel coefficient b(66)(A4)

We now use the same principle to compute the coefficient b(66), that must be the trace of a covari-
ant quantity of dimension 6. Taking into account the possibility of cyclic permutations inside
the trace sign, of dropping total derivatives and considering the various symmetries, the general
expression is

B = tr [kt (VouWon)” + k2 Wy Wk Wi + k3 Vi Vi Viem
+ kg Vi VeunV + ks VVV + ke VooV u Vi Viem
+ k7 Vi V2V + kg Voo Vi ViV + kg VY2V
+ k10 Ve Vak Wonke + k11 W Ve Vi Vien + k12 V W W
+ k13 Vo Wk Wk + k14 Wyn Ve Ny + k15 Vi Vo N
+kigVVuNy+ki NyN, +kigUV ],

(2.6.50)

where the trace is over internal indices and k; are real coefficients. Their valuesin d = 6 found

below are
k=-L =L _ L _ L _ 1
77307 7450 T 3600 YT 4800 T 28807
1 1 1 1 1
k__’ = TA~> = N k__7 k — T 75
673 77120 87 740 T 2400 07 12 (2651
1 1 1 1 1 o
k = =, k = -, k = -, k = —=, k = ——,
11 6 12 24 13 6 14 3 15 6
1 1 1
k = —, k = -, k =—-7.
16 12 17 6 18 12
To determine k; we shall exploit the factorization property (2.6.19), i.c.
BBy M) = bo(Ag) + be(Ay). (2.6.52)
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where bg(A,) is given by (2.7.4).

A complete general study using the two decompositions presented is difficult due to the com-
putational complexity, however we can deal with enough special cases to fix all k;. When compar-
ing the two sides of the relation (2.6.52), it is important to take into account that they are defined
up to total derivatives and that the terms can be cyclically permuted because they appear under
an overall trace. Furthermore, one has geometrical relations between the invariants, for example
as a consequence of the Bianchi identity, which is relevant since derivatives of the curvature are
dimensionally allowed. Combining these ingredients, one can relate various contributions that
are a priori independent.

Decomposition 1. Evaluating the general expression of the heat kernel coefhicient (2.6.50) in
this case we obtain

bO(Ay) = tr [k1 (VW) + b W W Wi
+ (kg + 6k + 6kg + 36kg + k5 + 6k — ky7 + 6k1g) X' V2X'
+ (2(kg + 6k7 + 6kg + 36kg) + k15 + 6k + 6k13) X' VX
+ (kg + 6k7 + 6kg + 36kg) X V2 X (2.6.53)
— (6k1a + k13) (X + XYW, Wi
— 6(k3 + 6ky + 36ks) (X + X'%)
— 6(3(ks + 6ky + 36ks) + k;) (X X% + XZX’)] .

The expected coefficient from the decomposition Ansatz (2.6.19) is

b (Ay) = be(As) + be(Ly)
1

1 2 1
=1tr [ - % (Vmen) + EWmnVVnkam - E(X + X,)WmnWmn (2.6.54)

+ %(XVZX +X'VIX) — %(X3 + X’3)] .

Comparing (2.6.54) and (2.6.53) gives

1 1 1
ki =——, ky = —, ks + 6k, + 36ks = —
=730 2745 3T 37 36
k13 + 6k12 = % , k6 + 6k7 + 6k8 + 36k9 = % , (2.6.55)
1 1 1
k k = -, k =——, kic = —— .
15 + 6k 3 17 G 18 B

Decomposition 2. We consider the following special cases.

1. Abelian gauge group. In particular this implies V,K,, = 0,K,, and [W,,,, K] = 0.

We first compute (2.6.52). We focus on the terms with 0, 1 or 4 derivatives, and a basis
for such invariants is given by

K®,  K%,K,,  (0,K,0%*0,K,),  K,9*K,. (2.6.56)
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We furthermore consider the term W, K20, K,,,. Evaluating the general expression of the
b(66) coefficient (2.6.50), we obtain
bO(Ay) = 8(4ks + 24k, + 64ks + kig) K°
— 12(4ks + 24k, + 64ks + kig) K*0,,K,,
— (4ke + 8k + 2ki5 — k7) K,,0* K,

+ (12kg + 8k7 + 16kg + 16kg + 6k 5 + 8k 6 — 3ky17 + 4k 13) [(2657)
@K )020,K,)
+4(kys + 4kig — k7 + 4k1g) Wy K?0,K,, .
From the decomposition in terms of b(66)(A2) we have
bO(Ag) = be(AL) + be(A_) = —%Kma‘*Km - %ameaZanKn. (2.6.58)
Comparing (2.6.57) with (2.6.58), we obtain
Ay +24k, +64ks+hig=0,  Ake+8ky+2kys—kpy = %,
kis+4kig—ki;+4kig=0, 4k +24kys +764ks+kig=0, (2.6:59)
12k + 8k + 16 kg + 16 ko + 6 ks + 8 kyg — 3 ky7 + 4 kg = —%.

. K, covariantly constant, V,,K,, = 0 for all values of m, n. This condition in particular
implies that 2V, V1 K,, = [Wy,,, K,,] = 0, that in turn leads to a number of nontrivial
relations, in particular we need tr([K,,, K, W, W},,) = 0. All the remaining invariants

can be written as a unique combination of

K%, K,K,K,K,K,K,, K?K,K’K,, K,K,K,K.K,K, (2.6.60)
2.6.60
KWWy K*KpyK, KKy, KpK,WoWo, WK, K, K2

Computing (2.6.50) directly, we get
b (Ag) = tr [ — 8 k3 K, K, K, K,,K,K;, — 24 k3 K,, K, K,, K K, K},

+ (64 ky + 48 ks +2k17) K°K,, K*K,,
+ (24 k3 + 64 k4) K*K,, K, K, K,
+ (—8ks+64ky+512ks —2k7 +8kg) KO (2.6.61)
+ (8kip +2k13) K2 Wy Wi,
—4(ky3 — k17) KKy Wi Wi
—8(ky7 — 2k18)WmnKmKnK2] .

Using (2.6.37) we can evaluate the coefficient from the decomposition,

b (Ag) = be(Ay) + be(A_)

1 1
_ [— = KK Ki KKy K = 2= KK, KK KK (2.6.62)
1 1 2
- KK KKy + KKK KK = EKG] .
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Comparing (2.6.61) and (2.6.62) we get
24k _L —8ky+64kys+512ks+8kjg—2k —
3 _15 4 3 4 5 18 17 = 45 ’
1

k13_k17:0’ 64k4+48k3+2k17=—ﬁ’ 24k3+64k4:%’ (2663)

—k17+2k18=0, 8k12+2k13=0.

3. Generic unconstrained K, focusing on the terms with one K, or two of them contracted

together. A basis of such invariants is

KmVZVnWmn ’ KmVVnkvanm » Kmenkakn ’
KmVanmV/nk s KmkaknWmn » KmV4Km ’ (2'6-64)
KnViWin VKo, K*WiiWin s K WinKWin -

Computing (2.6.50) directly, we get

bO(Ay) = tr [2(k11 + k13) KV Wien W
= 2(4k1z + k13) KV u Wiem Wik
— (2ky1 + k1) K, V2V, W,
= 2(4k1y + k13) KWV Wi
—2(kyy — k13 + k14) KW VWi (2.6.65)
— (4kg + 8k + 2kis5 — k17) K, V4K,
— 4 (ke + 4k + k10) K ViWinV, Ky
+2(ke + 8k7 + kig + 4k 1y + ky3) K2 Wi, Wi,
— (2kg + 16k; + 2k10)KkanKkan] .

We can compare to the decomposition

b (Ag) = be(Ay) + be(A)

1 1
= tr [ - %Kmvé"Km - EKkaWknvnKm (2666)
1 1
+ %sz,mw,m - %KkanKkan] :

In this case we obtain (the two K KW W terms give the same equation)

2k11+k14:0, 2k11—2k13+2k14=0,
4k6+8k7+2k15—k17:31_0, 81612"'2161_3:0’
1 (2.6.67)
2k6+16k7+2k10+8k12+2k13=%, k11+k13:O,
1 1
4ke+ 16k +4kyy=——, 2ke+ 16k +2kig=—.
6 7 10= "3 6 7 10730
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Result. The final system of equations is given by (2.6.55), (2.6.59), (2.6.63) and (2.6.67). This
system is over-determined, with the unique solution for k; given by (2.6.51).

That some of the equations are actually redundant gives a non-trivial consistency check of the
calculation. T also checked some of the coefficients k; expanding the effective action in terms of
Feynman diagrams, using the calculation techniques developed in the earlier sections of this chap-
ter. We do not reproduce such calculations in this thesis: they are only a further check, and the
techniques employed are those used elsewhere in the thesis, thus they would not add any relevant
information.

2.6.3 Odd-order differential operators

There are instances of odd-order differential operators that are relevant for physics, in particular
when describing fermionic fields. The key property in order to construct the determinants of
such operators is the factorisation Ansatz. Indeed, composing odd-order differential operators,
one obtains a differential operator of even order, for which the already developed framework in
principle applies. The heat kernel coefficients of odd-order differential operators can therefore be
related to those presented above.

We specialise to the case of fermions in some representation of a gauge group G, so that the
covariant derivative reads V = d + B, being B the gauge field. We focus our attention to first-
and third-order differential operators, in 4 and 6 dimensions.

First-order differential operators

The most natural example is the Dirac operator A}y, describing a spin—% field interacting with a

background gauge field
Ay =iV, V=0+B, F,,=[V,,,V,. (2.6.68)

Similar considerations apply, e.g., to the Rarita-Schwinger operator for spin—% fields. The first
observation is that the Dirac operator squares to

1
El—‘mnan ; (2.6.69)

the right-hand side of (2.6.69) is a second-order differential operator whose determinant was de-
scribed in section 2.6.1. However, in order to apply the formalism there, it is important to identify

Apy=-V>=-V2 -

the correct covariant derivative appearing in heat kernel theory. The operator Ay carries both
gauge and spinor indices; an identity matrix in the spinor space I is indeed implicit in the first
term of (2.6.69). The general covariant derivative in (2.6.20) shall take into account such full vec-
tor structure, and in terms of the covariant derivative V introduced in (2.6.68) it therefore reads
IV. The associated curvature W, can be then expressed in terms of the usual Yang-Mills field
strength as

Woun = Fppy (2.6.70)

. . . 4
Let us start with the case relevant to 4d physics, namely the coefficient bE‘ )(Allp) that can be
derived from b4(Apy). The trace in (2.6.28) runs over the full vector structure of the operators,
namely over gauge as well as spinor indices, and we can therefore compute it as
1

[ 2
b4(A2‘I’) =t I_SZanan + §anFamenFab = _5 trg anan ’ (2'6-71)
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where the trace is now on the gauge indices only. We used (A.1.2) to evaluate the spinor trace.
Notice that, although the coefficients for second order operator do not depend explicitly on the
spacetime dimension, (2.6.71) and (2.6.69) depend implicitly on it through the I" matrices. We
finally arrive at

4 1 1
bi (Arg) = 3 by(Apy) = ~3 UG FonEn - (2.6.72)
For 6d theories, the relevant contribution can be evaluated with similar techniques starting
from (2.6.29),

6 1 4 2
b (Arw) = 5 bs(Baw) = 1 | 7o (Vi For) + EananFpm] : (2:6.73)

where again the remaining trace is over gauge indices only.

Third-order differential operators

Third-order differential operators emerge in describing fermionic fields in higher-derivative theo-
ries as the natural fermionic analogues of (VF )2 gauge theory or \Weyl2 gravity. The structure
that interests us is

Agy = ivi4 .. (2.6.74)

The idea is once again to consider a composition with some other odd-order differential operator
A’ and apply the Ansatz
n 3w) = bn (&) + bn (Azy). (2.6.75)

General expressions are impractical to manage, so we don’t analyse this case any further. We will
directly compute the coeflicient in the case of interest.

2.7 Further remarks

271 Extension to curved geometry

Up to now we only considered a background internal connection. It is natural to consider the
extension of a background geometry as well; indeed, the formalism presented can be extended
to the presence of a nontrivial background geometric connection. Since it is not a main topic
of the present work, we only briefly quote some main result to give the reader an idea of how
the formalism can be adapted to curved geometry and how such results can be useful in studying
QFT on a curved geometry, but we will not go into any detail of the derivation. We follow [FT83,
BD84].

Curved geometry is represented via a metric g, and general covariance is achieved introduc-
ing the full covariant derivative V,, = 9,, + I}, + B,,, where I" is the Christoffel connection
and B the gauge one. Then the asymptotic expansion (2.6.10) can be extended in curved space-
time for generic differential operators by introducing several geometric objects generalising the
flat spacetime quantities, such as the geodesic distance between the points x and y in place of
the Euclidean one |x — y|.

We thus obtain a generalisation of the regularised expansion (2.6.14) for a covariant differential
operator AS. Focusing on the logaritmic divergence, we now have

2
logdet A% = —
0g de 0 (47[)"/2

B log L, B 4%) = J d"x\Jg bY(88),  (2.7.0)
U
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where now the coefficient b, (A®%) extends the flat spacetime expression (2.6.28) and includes geo-
metrical contributions as well. Such additional terms involve the Riemann tensor R,,,.s and its
contractions, namely the Ricci tensor R,,,, and the Ricci scalar R.

The result (2.7.1) can be conveniently used to obtain the divergent part of the 1-loop eftective
action in the presence of a geometrical background without breaking general covariance:

1 (n)
I}y = logdet A%, I = d" b,, b, = by (M%), 7.
(1) = logdet W] = " Gn )n,2 MJ x\/g by (&%), (2.7.2)

where an appropriate generalisation of b, is constructed in the obvious way if the effective action
is a combination of different operators, cf. (2.6.15).
Second-order differential operators

For physically relevant application, the most important example is
A =—-g"V,V,+X, (2.7.3)

with, in general, spacetime and gauge connections. Such operator arises considering ordinary-

derivative quantum fields on a curved geometry. The kernel K (2.6.23) can be adapted to this

case and the study discussed for flat spacetime can be replicated as done in [DeWé67b].
Particularly relevant for applications is naturally n = 4, in which case the relevant coefficient

reads
1 T TP |
by(2) = tr[ W, W™ + =X~ ~XR
12 2 6
1 1 . (2.7.4)
+—R,, R™S — —R_R™ 4 _—R
180 ™M 180" ™" 72

now contractions are with the metric g. The trace is over gauge indices; the terms in the second
line are implicitly multiplied by the identity in such space, hence the trace reduces to a factor of
the dimension of the internal space.

The other case relevant for this work and for many physical applications is n = 6. With the
same considerations just stated, we now have

1
60

1
(Vmen) %Wmnu/nkam +

72
1 1 1 1
12XWmnWmn + EXVZX 6X3 — ﬁXRm,,,SRm"” (2.7.5)

17 1 |
+ 45360 Rmnqupqrersmn - 1620 Rmnquqsnrersp + @(RIC) .

b6(A ) [ iRmnrsznWrS

We did not write explicitly terms that vanish if R,,, = 0 (i.e. if the geometry is Ricci-flat) as the
tull expression contains more than 30 terms and it is not useful here; the interested reader can
find it in [Vasos, Gilys].

As one can see already with these simple examples, the number of terms that can appear in
the expression of a given heat kernel coeflicient grows very quickly with the dimension if a curved
geometry is considered.
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Higher-order differential operators: b5‘4)(A4)

The factorisation Ansatz (2.6.17)-(2.6.19) can be extended to curved spacetime. Indeed, [FT82b]
not only obtained the flat spacetime result (2.6.42),(2.6.43), but actually extended the analysis also
to the curved spacetime case considering the operator

A = (—g™V, V) +V™V,V,+2N"V, +U. (2.7.6)
On dimensional and covariance grounds, the starting point is (again (V' = V,,,,))

4
bft )(A‘a) =t [pl WmnWmn + D anan + D3 VZ + P4 U

(2.7.7)
+ Ps Rmann + P6 RV + P7 RmnrsRman +Ppg Rmann + Do R2 ’

then, studying the same decompositions that we introduced before, but applying the complete
formula (2.7.4), they obtain

1 1
PL=c P2= 1 P3 =2 ps=-—1,
1 1 ] 1 1 (2738)
P5=—8, P6=Ea P7=%7 PSZ_%, P9=%’

where the first four p; are of course (2.6.43). Analogously to the second-order case, the last three
terms in (2.7.7) are multiplied by the identity in the internal space.

For simplicity and for the application of our interest, we focused only on the flat spacetime
contributions in deriving b(66). As we saw, the calculation was already quite involved, however
an immediate extension of the result presented here would be the inclusion of curved spacetime
contributions. This produces a proliferation of terms that are in principle allowed to appear in
the general expression, but this is merely a technical difficulty and not a conceptual obstruction in
the extension of the calculation presented here. For example, the coefficient in curved spacetime
would allow one to compute the 1-loop UV divergences in the six-dimensional conformal super-
gravity. With this result it would then be possible to verify the expectation of [BT1s, BT16] that
the conformal anomaly of the higher derivative (2, 0) conformal supergravity coupled to exactly
26 (2,0) tensor multiplets vanishes.”

2.7.2  Dependence on the spacetime dimension: the coefficient bi")(A4)

As we have stressed repeatedly, the decomposition ansatz works only for the logarithmic diver-
gence. Indeed, if one tries to apply it to compute bﬁ,”) with p # n, inconsistencies arise. There-
fore one needs other methods to compute such contributions that go beyond the scope of this
work.

For reference, and in order to provide an example of the explicit dependence of the heat kernel
coefficients on the spacetime dimension, we quote here the result from [Gusgo] for bg")(A4)
adapted to flat spacetime,

1
I'[;n] _
= [P, W+ —— VY, +;VV—U]. (2.7.9)
N 12

T A4m+2) ™M™ 8(n+2)

7This statement is the six-dimensional counterpart of the cancellation of the conformal anomaly in the four-
dimensional system of N = 4 conformal supergravity coupled to 4 N = 4 vector multiplets, see [FT84, FT8s].
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When n = 4, the result (2.6.42)(2.6.43) is reproduced. The expression (2.7.9) is incompatible
with a naive factorisation of the heat kernel coefficients, for example because the ratios of " func-
tions generically produce factors of \/; and itis unclear how to generate them from second-order
operators.

In the context of heat kernel theory, it would be interesting to understand if the factorisation
Ansatz could be extended to the power-law divergences, if we allow for some kind of correction
or dressing with numerical functions.

2.7.3 Comments on self-adjointness

In section 2.3 we have discussed the path-integral interpretation of the determinant of differential
operators. When we use independent anticommuting variables we can realize the determinant of
any arbitrary differential operators. On the other hand, when dealing with bosonic variables we
have to impose self-adjointness constraints.

Let us analyse here some cases relevant for this thesis in some detail. Consider now a theory
for a bosonic field ¢; with action

S = J @i[-V? + X1;0;. (2.7.10)

Clearly, the antisymmetric part of X does not contribute because the product ¢;¢; is symmet-
ric in the indices. Requiring that the operator A, for the quadratic fluctuations is self-adjoint
therefore amounts to choose X symmetric,

S = Jqo,- Bolye. A =-V24X.,  Xy=X;.  (a7)

For complex fields we require that X is hermitian, X7; = X;.
For fourth-order differential operators the situation is a bit more complicated. In section 2.6.2
we have considered operators of the form

Ay =V*+V,,VuV, +2N,V,, + U, Vior = Vim - (2.7.12)

This is the natural form that emerges when expanding an action on a background, since it is easy
to simply push all derivatives to the right by applying the Leibniz rule.

In general, the coefficient matrices do not enjoy particular symmetry properties on internal in-
dices, although, as mentioned above, if the Gaufiian functional integral is performed over bosonic
variables only the self-adjoint part of the operator contributes to it. However, it is not clear how
to make self-adjointness manifest when the operator is written in the form (2.7.12).

In order to consider self-adjoint differential operators, it is convenient to represent the oper-
ator Ay in the form

Ay=V*+V, V.V + N,V + VN, + U, Vier = Vium - (2.7.13)
The relation between the expressions (2.7.13) and (2.7.12) is

Vior = Vg » N,=N,+=V,.Vou’ u=U+V,N,. (2.7.14)
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Up to this point, (2.7.13) is merely a rewriting of the previous form for the differential operator.
However, the self-adjointness condition can be made manifest in the expression (2.7.13) through
the symmetry properties

(I}mn)T = IA/mn ’ (Nm).l‘ = _Nm > U% = ﬁ . (2.7.15)

where T indicates the relevant condition depending on the reality of the fields, i.e. it is transpo-
sition in the real and hermitian conjugation in the complex case. We now analyse how to con-
veniently express the heat kernel coefficients bf) (Ay) and b(66)(A4) for the self-adjoint operator
(2.7.13).

Considering the expression (2.6.42), (2.6.43) of b5t4)(A4) we can directly substitute the equiv-
alents coefficients functions according to (2.7.14). Since we drop total derivatives the result is sim-
ply (setting V=V,

BI(A) = tr [i W, W+ 0+ Lp2_ ﬁ] . (2.7.16)
12 24 48

Similarly we can adapt the expression for bg6)(A4) in (2.6.50) to the form (2.7.13). In terms of

the new coefhicient functions we obtain, via direct substitution from (2.7.14), (again V=v,)

bg6)(A4) = u [k (Vmen)2 + ko W Wi Wim + k3 Vo Vit Viem
+ kg VeVenV + ks VVV + k6 VoV u Vi View
+ k7 Vo V2V + kg Vo Vo V.V + kg VY2V (2717)
+ k1o Ve Vik Wonke + ki1 WV Vi Vin + k1o VW Wi 7
+ k13 Ven Wi Wik + kia Wy Vo Ny + k15 Vi Vi N,

+kigVVuNy+ k7 NyN, + kg UV,

where the new coefficient k; are

N 1 A 1 A 1 A 1 A 1
ki=——, ky=—, k3j=—, —, ks=——,
=730 2745 37 360 * 7 480 > 7 2880
N 1 A 1 A 1 A 1 A 1
=——, =, kg==, ko=, kp=-2,
=~ 120 77120 87 60 7 2407 T T4 g
. R 1 ) 1 . 1 . (2.7.18)
k11—0, k12=ﬂ, k13=_65 k14—_§a le_O’
N N 1 A 1
kig =0, kg =—=, =——.
16 17 G 18 2
The relations between k; and k; are
ke = ke + Skys — 1k kg = kg + +k
6 = ke + Skis = 7 k7, 8 = ks + 2 kie
A 1 1 A 1
kio = kio — k15 + ~k17 kyy = kyy + ~kpg. (2.7.19)
10 1075 15+4 17 11 11+2 14
kis =kis—ki7, ki = kig + ki3,

with k; = k; otherwise.

70



2.8. EXAMPLES AND BASIC APPLICATIONS

2.8 Examples and basic applications

In this section we apply the formalism discussed so far to some specific cases, in order to provide
concrete examples as well as derive preparatory results useful in the following chapters. Moreover,
we will justify some of the claims done in the introduction. Diagrammatic calculations are stan-
dard textbook manipulations, e.g. [Ramgo]. Heat kernel results are an immediate consequence
of [FT83].

2.8.1  Self-interacting ¢* theory in 4d flat spacetime

Here we consider the theory defined by the Euclidean action

1 A
Syt = 3 J'ddx [0,"(0 0@ + I(p“] . (2.8.1)

We will consider the heat kernel calculation of the divergent part of the 1-loop effective action
and compare it with the diagrammatic calculation.

Following the background field quantization prescription, we shift ¢ — ¢y, + @ for some
background ¢y, in the action (2.8.1). The quadratic sector in the fluctuation then reads

2 1 A
Sfpﬁ =3 Jddx 90, Ay, = —0% + §¢b2, (2.8.2)

where we integrated by parts and discarded total derivatives. The effective action thus reads

1 A
Loy = 3 logdet Ay, = —<exp [ - J qubz(pz]) (2.8.3)

clp1

We now evaluate the divergent part of the effective action using the heat kernel method and
then the diagrammatic approach.

Heat kernel calculation

The divergent part of the effective action by virtue of equation (2.6.15) is

1 A 1
F(p4(1)‘oo = _m log ; J b4(A2(p) s b4(A2(p) = §/12¢b4 s (2,8,4)

where we applied the general expression (2.6.28) of the heat kernel coefhicient. We therefore have

1L 2 A[ 4
F¢4(1)‘w=—m§10g;J¢b . (2.8.5)

This divergence can be reabsorbed with the coupling constant renormalization

342
(4r)?

3

2
(4,,)2’1 : (2.8.6)

Ap) = AAN) -

log 2, BAG)) =
u

in agreement with the results in the literature and classic textbooks, such as [Ramgo, KSFor].
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O

Figure 2.1: Naively divergent contributions to I ).

Diagrammatic calculation

From (2.8.2), the associated integral reads

I 4(1) = - exp J ¢b >C1I)I . (287)

The divergent contributions at one loop are represented in figure 2.1; we have a tadpole renormal-
ization of the propagator, that vanishes in dimensional regularisation, and a 1-loop term for the
4-point function. Higher point contributions are finite by power counting; we ignore them in
the following. The relevant term in the expansion is

Loty = ;<<J £¢b2(p2>2 >c1PI' (2.838)

There are two ways of connecting the @ fields, thus we get an extra factor 2, and therefore
2

f6 Jddﬂl dny [dp (D) [ (121> G(n1. 1) Gy ) (2.8.9)

oty =
Then, using the representation of the propagator in momentum space we can write

dip diq elm=npeiltn=m)q
Qn)d2x)d P*q?

2
Lty = —% Jddﬂl dny [ ()1 [¢b(ﬂ2)]zj (2.8.10)

Now we can eliminate the the momentum ¢ from the exponential shifting p — p — ¢; finally
we can factor in the integrand the structure fil (p) that we have explicitly evaluated in (2.4.3),

A dip . _
Loy = 16 Jddfh dny [ (m))? [y ()] J(zﬂ)del(m mp 1é (p). (2.8.11)
Expandingin d = 4 — 2,
11(17)’ Gn )2 + finite, (2.8.12)
and the effective action is thus
F(ﬂ“(l)‘oo (47[)2 : 16 J ¢b . (2.8.13)

(2.8.13) corresponds to (2.8.5) with the identification log % = %
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2.8.2 Self interacting ¢* theory in 4d curved background
We consider the following extension to curved geometry of the flat spacetime action (2.8.1),
S8, = ddx\[[l mng.@ 0 +1”R2+i4] (2.8.14)
(P4 g 2g m®P On@ 2'—‘ @ 4'(P s -0.14

where E is a real dimensionless parameter and R is the Ricci scalar of the metric g. This extra
parameter E is necessary to renormalize the theory on a curved background and to construct a
renormalizable stress tensor operator even in the flat spacetime limit. For later use, we note that
the stress tensor derived from the action (2.8.14) is

2 0

Toin = — — 5%
mn \/égmagnb 5gab (p4
! a A b (2815
=0, @ 0,0 — Egmn 0,90 Qo_gmnﬁ(l) e

- 1 -
+ :'(Pz <Rmn - EgmnR) —-= (Vman(.o2 - gmnvaaa(Pz) .

We focus here in the case d = 4. To compute the 1-loop effective action with the heat
kernel approach adapted to curved spacetime presented in (2.7.1). The operator associated to the
quadratic fluctuations reads, after expanding @ — ¢, + @,

— A
A, =-V>+ER+ §¢b2 , (2.8.16)
and we can therefore evaluate the 1-loop effective action and the associated divergence according
w0 1 1 A
g _ g g _ 4 g
F(p4 =3 log det Ay s F(p4 ke ) log ; Jd x\/é by(A%). (2.8.17)

The coefficient for the operator (2.8.16) is given by (2.7.4) with W,,,, =0 and X = ER+ %(;bbz,

A L
.8.18
(65_ 1)2 2 1 mnrs 1 mn (2 ' )
T RO g Rers BT = g R R

Besides the renormalization of the coupling already encountered in the flat spacetime case (2.8.4),
o _ - = _ 1
arenormalization of the parameter Z is induced, except when the conformal value E = B, = :

is considered.® Moreover, we have ¢y-independent higher-derivative geometric contributions.
These results reproduce those in [Tom82, BD84].

2.8.3 Matter fields on a gauge background

We consider here a two-derivative scalar @* with action

1 1
Sp =5 Jd"x (V") (V") = 3 Jd”x @ (V) F | (2.8.19)

$This is however not the case at higher-loops, explored for example in dimensional regularisation in [ Tom82], hence
the classically conformal theory is not a fixed point of the renormalization flow.
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where V = 0 + B is the covariant derivative associated to the index @, and an analogous one-

derivative spinor fields pe! possibly in a different representation described by

S, = Jd"x oy P gh = J d"x P (A )P Wb (2.8.20)
Such actions emerge, for example, when considering couplings between gauge and matter fields
expanded on a gauge background. The operator associated to the bosonic field is therefore the

negative Laplacian —V?Z; that appearing in the spinor Lagrangian is the Dirac operator Ajy.
The effective actions are immediately evaluated as

—logJQZgo e Se = %logdet[—vz] , (2.8.21)
—logJQZl[/ e™Sw = —% logdet A}y, (2.8.22)

where we assumed the spinor to satisfy a Weyl condition. Using heat kernel, the logarithmically
divergent parts read

1 A )

F(p‘oo - _(4”)n/2 log — ern)C by, by = by(=V7), (2.8.23)
= — — _pm

RPLO B (4ﬂ)n/2 log J'dnx by, by, = —=bn"(Ayy). (2.8.24)

Let us specialise now to the case of four and six spacetime dimensions.

Four dimensions

The evaluation of the bosonic contribution comes directly from (2.6.28). The operator acts on
gauge indices, so that the covariant derivative is the gauge one and W,,,, = F,,,,,. The trace there-
fore acts on the gauge indices and is on the representation in which the field lives. The result
reads

1
by = by(—V?) = 73 %o Fon Fonn (2.8.25)

The contribution of the spinor can be obtained from (2.6.72); as discussed there, the trace acts on
both gauge and spinor indices, and the result reads

by = —b\ (M) = —tr\pF o (2.8.26)

where the trace is on the representation of the gauge group which the spinor belongs to.
Both the divergences obtained from (2.8.25) and (2.8.26) are proportional to the Yang-Mills
kinetic term and therefore induce a renormalization of the gauge coupling.

Six dimensions

The evaluation of the bosonic contribution comes directly from (2.6.29); as before W,,,,, = F,,,
and the trace is on the representation of the scalar field. The result reads

1

1
b6 = b6(—V2) = tr(p —@(Vman)z + %

anFnkam] : (2'8'27)
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The contribution of the spinor can be obtained from (2.6.73); we get
__;® _ 4 2_ 2
b6 - _b6 (AI‘P) = try _E(Vman) - EanFnkam . (2-8-28)

Unlike the four-dimensional case, the divergences obtained from (2.8.27) and (2.8.28) are not
proportional to the Yang-Mills kinetic term. Usual-derivative fields in six dimensions induce the
higher-derivative terms in agreement with the discussion motivating (1.3.1).

Scalar supermultiplet. We have two complex scalars and one Weyl fermion; upon dimen-
sional reduction this becomes the full 4d hypermultiplet. The divergence is controlled by

. 1
béscal = 4b6(_v2) - b(66)(lv) - _5 trG (Vman)Z > (2/82«9)

where tr,, = try = trg is the trace over the gauge group representation of the supermultiplet, as
mentioned in the introduction in (1.3.5). We observe the cancellation of the divergence associated
to the F3 term, consistently with supersymmetry.”

2.8.4 Quantization of Yang-Mills theories: generalities

We consider the Yang-Mills action in Euclidean spacetime

1 1
SYM = ——2 Jd"x trfundanan = —2 Jd"x Fr[nan)%n N (2.8.30)
2g 4g

where F,, = [V, V,] is the field strength tensor for the covariant derivative V = 0 + A. We
use the background-gauge fixing functional defined in (2.2.17) with constant H to ensure formal
gauge invariance of the effective action.

With (2.2.24) in mind we proceed to expand the action around the background field config-
uration B,,, shifting the quantum field

A, > B,+A,. (2.8.31)

We will make the quantum field A, explicit in all expressions and consider V,, and F,, as
functions of B, only. The covariant derivative and the field strength tensor transform according
to

V= Vu+A4,, F,,— F,,+V,A,—V,A, +[A,,A,]. (2.8.32)
Therefore we have
2
(Fun)” =2Fpul Ay Ayl + 2V 0 AD(V Ay = 2(V AV, AL - (2.8.33)
and integrating by parts, dropping total derivatives,

2
Cund (Fun)~ = = A% [V P80y + (VY ) = 2F i f7F] AS

5 (2.8.34)
= - Am ' [_(V )5mn + (van) - 2an] An >

?This can be easily understood using, e.g., the standard N = 1 4d superspace formulation: the Yang-Mills field
strength F,,, is part of the spinor superfield strength W, and thus constructing an invariant cubic in the latter is not
possible.
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where in the second line we have written the fields in the adjoint representation.
The action thus reads

S = o5 | d AS [Baaln Al = 2L [ (VoA (A ass)
g

2 mn
g

where we have introduced the Yang-Mills operator
(Do )mn = —=(V*)8yn = 2F . (2.8.36)

The other term in (2.8.35) can be eliminated with the gauge fixing choosing H = 1/g%. A dif
ferent choice of H gives the possibility of cancelling more terms, and this freedom will be used
in chapter 4. The contribution of det Ay, must be taken into account, since, as computed in
(22.23), Ay, = —V? clearly depends on the background field.

Before proceeding to the calculation, we make some remark on the Yang-Mills operator. First,
we observe that it is acting on both the spacetime and the internal gauge vector structure of the
quantum field, namely the couple (m, a), where m is the vector and « is the gauge index. The
covariant derivative in A, 4 acts trivially on the former, and therefore the associated curvature is

Winnlot = [V . Valif = Fouh 6. (2.8.37)

We further notice that the operator A, 4 is self-adjoint. Recalling the discussion in section 2.7.3,
since the gauge field is real this amounts to verify that the term —2F,,, in (2.8.36) is symmetric.
This again refers to the whole vector structure of the quantum field, that carries a spacetime as
well as a gauge index, thus we need to verify that Fib = Flw which is indeed the case for the
curvature F in the adjoint representation, since it is antisymmetric in both sets of indices.
Following (2.2.26) and (2.6.15), the 1-loop eftective action that we want to evaluate is therefore

defined by the first term in the action (2.8.35), and we have

1 det AZA 1 )
I; = = log ——=— = —logdet A, 4 — logdet[-V~]. .8.38
(hyw = 5 108 [detAgh]2 5 log et Ay 4 — logdet[ ] (2.8.38)
The divergent partin n dimensions is
I; S S UL b, = b,(A 2b,(-V? 8
(I)YM|00 - _(4ﬂ_)n/2 08 ; X by, n = by(Aoy) — n(=V7). (2- -39)

Coupling with matter. We want to compute the gauge sector of the effective action of a Yang-
Mills field coupled to real scalars @ and Weyl fermions ¥ with Euclidean action

S=Sym+ S, + Sy, (2.8.40)

with Syy defined in (2.8.30) and the matter contributions in (2.8.2), (2.8.3). We ignore addi-
tional matter interactions that do not contribute to 1-loop corrections. Indeed, applying the
background field method with a classical solution with vanishing matter fields, a gauge invari-
ant potential V" (e.g. a Yukawa coupling) is at least third order in the fluctuations, thus can be
dropped. In formule, the the expansion reads

A, = B,+A,, Q- @, ¥Y->Y. (2.8.41)
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The Yang-Mills term expands to (2.8.35); the matter terms do not change form but the co-
variant derivative gets evaluated with the background value for the connection. The quadratic
Lagrangian therefore reads

S [ [ AL aih Al + 30/ 00) 00+ WA 1Y
(2-8.42)
——= |d"x (V- A% (V- AY),

s [ an a0

where Ay, is the Yang-Mills operator (2.8.36), Ay, = —V? and A,y is the Dirac operator
(2.6.68).

As done in (2.8.3) the last term can be eliminated with the background gauge fixing condition
and constant H. The quadratic sector of the gauge-fixed action is thus given by the first line of
(2.8.42), and therefore we obtain

1 det Ay 4 det Ay,

Iihy==lo
m g 5
=3 logdet Ay 4 — logdet Ay, + > logdet Ay, — 3 log det Ay
where Ag, = —V?2, however it is important to distinguish it from the operator of the scalar fields
Ay, as they generically carry different internal indices.
The divergent part of the effective action (2.8.43) is given by (2.8.38) with
by = bu(Bo) = 2by(Agy) + by(Bag) = B (Ayw). (2.8.44)

2.8.5 Yang-Mills theory: four dimensions
The divergent part of (2.8.38) in 4d is

Nyl = (47[)2 log = Jd“x by, by = by(Ay) — 2 by(—V?). (2.8.45)

We now evaluate the coefficients for the two operators from the general expression (2.6.28). For
the Yang-Mills operator A, 4, the trace acts on the whole vector structure of the fields, indexed by
the couple (m, @). Therefore

by(Agy) = tr [i

12anan5rk +2FmFpi| (2~8~46)

where, in the argument of the trace, the spacetime indices have been written explicitly while the
gauge ones are left implicit. Performing the trace over the spacetime structure and writing explic-
itly the trace in the adjoint representation, we get

1 5
by(Arp) = tradj [ganan +2 kaka] = 3 o [anan] . (2.8.47)

The ghost operator carries only gauge indices, thus the associated covariant derivative is the gauge
covariant derivative and W,,, = F,,,. The contribution is therefore

by(— Vz) = trad} [anan] (2.8.48)
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We thus get for by in (2.8.45)

11 11
by = 6 adj [anan] = 6 Cy FonFon » (2.8.49)
and the associated divergence is thus
_ 11 C2 A 4 a pa
FlYM |°o = —F (471-)2 10g ; J.d X anan . (2850)

This infinity can be reabsorbed renormalising the Yang-Mills coupling constant according to

1 1 22C A 31
e g = ——— =G,
g (n) g(N) 3(4rn) M (4n)* 3

(2.8.51)

that is the familiar textbook result, e.g. [Ramgo, Weig6]. The interpretation of this result is that
the coupling g decreases with increasing scale y, and the first-order solution suggests g — 0 as
U — 0, that is asymptotic freedom.

In order to consider usual-derivative matter, we specialise (2.8.44) to the four dimensional
case. Using (2.8.25) and (2.8.26) we generically get

by = by(Bg) = 2b4(Ag) + D ba(Bp) = D b5 (Ary)

(@) ") (2852)
11 1 1 8.
=~ g FonFon + 75 D tr Frun o + 3 Dty Fp o
(@) (¥)

where the sums run on the possibly various scalar or spinor species. We indicated explicitly that
the traces are to be taken in the representations in which the fields live. We remind here the reader
that (2.8.52) is written for real scalar fields and Dirac spinors obeying a Weyl condition.

Quantum Chromodynamics (QCD).

Let us consider QCD with N colorsand ny flavours, namely a SU(IN) gauge theory with n f
Dirac fermions in the same representation of the gauge group. From (2.8.52) we therefore have no
scalar term and the fermion sum reduces to a factor 2n . The factor 2 arises because the fermions
are Dirac and thus we take into account the two Weyl components for each fermion. We therefore
arrive at

11 2
b4 = (ZN - gnf C‘P) Fr(r):nFrgn ) (2853)

where C; = N for SU(N). The divergence can be reabsorbed renormalising the Yang-Mills
coupling obtaining the standard result

g /11 4

P =5 (TN =37 Ce) (28.54)
T

The coupling g is thus asymptotically free for small number of fermions; on the other hand for
large n 7 the 1-loop result suggests the presence of a UV Landau pole.

78



2.8. EXAMPLES AND BASIC APPLICATIONS

N =4 super-Yang-Mills.

Now we consider the maximally supersymmetric case, namely N = 4 super-Yang-Mills theory.
This theory describes three complex scalars (i.e. six real fields), four Weyl fermions and the gauge
field corresponding to three chiral multiplets and one vector multiplet in terms of the N = 1
classification.

All fields are in the adjoint representation; plugging the numbers in (2.8.52) we recover the

celebrated result

11 1 1
b4 = <_F + E -6+ 3 . 4) tradj anan = 0, (2‘855)

namely all divergences cancel, hence the beta function vanishes.

2.8.6 Yang-Mills theory: six dimensions

The divergent part of (2.8.38) in six dimensions is

1
I_‘IYM|00 = _(47[)3

log A Jd6x be , bg = bs(Aag) — 2 bg(—V?). (2.8.56)
M

We now evaluate the coefficients for the two operators from the general expression (2.6.28). For
the Yang-Mills operator A, 4, the trace acts on the whole vector structure of the fields, indexed by
the couple (m, ), therefore we have

17 2 1
by(Azy) = adj [% (Vman) + EanFnkam] . (2.8.57)

The ghost operator carries only gauge indices, thus the associated covariant derivative is the gauge

covariant derivative and W,,,, = F,,,. The contribution is therefore

1 1
b6(_V2) = tl‘aldj [_@(Vman)2 + %anFnkam] . (2-8'58)

We thus get for bg in (2.8.45)

3 2
b6 = tradj [g(vamn)z + EanFnkam] s (2-8-59)

that gives the spin-1 contribution to f, and f3 anticipated in (1.3.3).

Supersymmetric theory.

We present here the result for N = (1,0) ordinary-derivative super-Yang-Mills theory as com-
puted in [FT83] with the heat kernel method. We consider the action

2 _
_ _é Jdéx —_ <%anFm,, +iPYY — D 1) , (2.8.60)

(1,0) SYM

where W is a Dirac spinor satisfying a Weyl constraint, ®; are three real auxiliary fields and «
has dimension of mass.
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The auxiliary scalars can be integrated out the path integral as they do not interact; in order to
get the 1-loop divergence in the gauge sector we expand on a background with vanishing fermion.
From the previous results we have (2.8.43) with (2.8.44) given by

6 1 2
o aysiae = Do(B24) = 2bs(B2) = b (A1) = 3 trogy (ViuFo) - (2.8.61)

Once again, the F 3 divergence cancels, and (2.8.61) implies the value anticipated in the introduc-
tion in (1.3.1). Although the divergence cannot be reabsorbed with a renormalization of the terms
in the action, we observe that V,, F,,, = 0 is the equation of motion. Therefore, the six dimen-
sional (1,0) super-Yang-Mills theory is on-shell finite. The coefficient in (2.8.61) is furthermore
gauge-dependent, as discussed in [BIMS18]. The six dimensional (1, 1) super-Yang-Mills theory
constructed by combining the (1, 0) super-Yang-Mills with a scalar multipletis 1-loop finite even
off-shell, as discussed in [FT83] and [BISis] (cf. (2.8.29)).

2.9 From Euclidean to Lorentzian correlators

The discussion so far was done entirely in Euclidean signature. In this framework one can address
many QFT questions, as we have seen analysing some examples. However, in some practical ap-
plications one requires a Lorentzian perspective. Such applications typically rely on the notion of
time; in the Euclidean formulation all the directions are equivalent, whereas with the Lorentzian
signature time is indeed singled out.

Time plays a prominent réle in the description of a physical system, as it corresponds to the
causal evolution of the system itself. This is thus relevant for computing scattering amplitudes
and expectation values. The latter case is what interests us in chapter s.

The Lorentzian path integral naturally produces time-ordered correlators. These can be very
easily derived from the Euclidean correlators via the Feynman ie prescription as described in text-
books such as [Sreo7]. However, we will need Lorentzian correlators that are not time ordered.
In this section we explain how these can be calculated and we then provide the explicit example of
the construction of the 2-point function.

Remarks on the notation. We change the notation compared to the previous sections of this
chapter. Here we explicitly label quantities in Euclidean signature, so that, for example, the 2-
point correlator of a free boson is written as

dqu e!9E(XE~VE)

2 0y2 -2
— , g; = (gp)” + 1417, (2.9.1
i g £ = (qg (2.9.1)

GE(XE’yE) = Ggy = (p(xp) (yp))g = J

and we reserve subscript-free symbols to Lorentzian quantities.
In this way we make contact with the notation that will be used in chapter s.

2.9.1 Description of the procedure
Starting from Euclidean correlators
GE(xf, ..., xp) =G}, = (p(x}) - - - p(xP))g

= J Do o—S' o] (p(x]lg) (Xl (2.9.2)
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2.9. FROM EUCLIDEAN TO LORENTZIAN CORRELATORS

we can construct Wightman functions, namely Lorentzian correlators for products of fields with-
out time-ordering,

Olp(x!) - -+ - p(xM|0) = (@p(x1) - -+ - p(x™)) . (2.9.3)

For brevity we suppress the indication of the vacuum state |0). There is no direct path-integral or
diagrammatic technique for deriving Wightman functions; this is emphasized in contrast with the
time order correlators, that follow from the Lorentzian path integral. One can construct Wight-
man functions with the following procedure, detailed in [Haa92] and reviewed in [H]JK16],

(p(x) - - p(xM) = lim GE(x, ..., xE) = lim (@(xp) - -+ - @(xP))y
/=0 /-0 (2‘9.4)
with (xllf:)o =i (x*0 + €k, el >e?> - >e">0,

namely every Euclidean O™ component acquires an imaginary part corresponding to the time
coordinate, while the real part is sent to zero according to the rule that the bigger the real part is,
the more on the left the operator sits in the product.

A detailed derivation of these results relies on algebraic and axiomatic approaches that go
well beyond the scope of this thesis. The interested reader can find all the details in the refer-
ences above. However, we can intuitively understand the prescription in the following way. The
Lorentzian momentum (H, 13) generates translations and time evolution, therefore an operator
O transforms according to

O(XO 55) — einO_iiﬁO(O) e—in0+i§ﬁ‘ (2"9.5)
The Euclidean operator OE(x%, X) = O(—ix%, X) therefore satisfies
05(x, %) = eHXE=1XP () o HXi+ 5P, (2.9.6)

Consider a Euclidean correlation function where there appears the product of the operators O
and O’. We want to construct the Wightman correlator with O at the left of O’. From the
relation (2.9.6) we obtain

(- Opxp) Op(yg) ) = (- 0(0) e HEEIDHEDPO1(0) o), (2.9.7)

and we can therefore see that the prescription (2.9.4) ensures that, for a positive Hamiltonian, the
exponential is not blowing up, and this applies to any couple of of operators in the correlator.

The prescription is in position space, and a simple prescription for momentum space corre-
lators does not exist. In Euclidean CFTs one can use conformal symmetry to fix the spacetime
dependence of the correlation functions (cf. the discussion in the introduction), and then the
prescription (2.9.4) can be directly applied to construct the various Lorentzian correlators. In
[BG20] the momentum space perspective was considered. The momentum space expressions are
much more involved than the simple prescription (2.9.4), but it provides a framework that can
be conveniently employed in the conventional perturbative QFT approach adopted in this work.
In this perspective, correlators in position space are expressed in terms of their Fourier transform;
the O™ component of the momenta can then be integrated to compute the limit € — 0 of
(2.9.4). Then, one can rewrite the resulting expression introducing an integral over a whole oth
Lorentzian component manifestly restoring at least part of the symmetry.
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CHAPTER 2. ASPECTS OF PERTURBATIVE QFT

Appendix B summarizes the techniques from complex analysis that we will need to perform
such integrals. In the next section we consider the example of the 2-point function of a scalar
in order to illustrate such principle. We assume the reader to consult the appendix to follow the
analytic step and the notation.

2.9.2 Two-point function
Of particular importance is the 2-point function,
dqu eldE(XE—VE)

Qm)? [gF)i+e gt = (a0 + 131> (2.9.8)

G (xg. yp) = (@(xp) 9(¥p))g =
a = 0 corresponds to free fields; 0 < @ < 1 is the relevant case for interactions in dimensional
regularisation. We will thus specialise our analysis for these values of the parameter.
We want now to compute the Lorentzian non-time ordered correlator (@(x) @(0)) (the sec-
ond coordinate can be made nonzero via translational invariance). Applying the prescription
(2.9.4) we set

WO =ix"+e, yE=0, e — 0%, (2.9.9)
and we need to compute
- 1= 0.0,:0
T . A7\ o [dap  emdix+idke
=lim | ——¢e'?™* | —
e—0

Qryd [g21+e 0] @2r)d-! 27 (g2 + 137"

(p(x) p(0)) = ll_f)r(l)‘[ (2.9.10)

The ¢? integral can be treated using the Cauchy’s theorem, following the procedures described
in appendix B.

Free theory (a = 0).

Considering the integrand for complex qg , from the denominator we have two poles qg = +i|q].
We have to close the contour on the upper half-plane since € > 0. Then the integral can be
evaluated with the residue theorem
+00 +o0
0 _ 04040 0
qu M 2 J. dq —iqoxog[q] ,

—_— — = —e (2.9.11)
J o @@rvar

7
2r
—0o0
where the limit € — 0 has been considered and qg = ig°. The notation § is given in (B.r.7).
In this way we can rewrite the integral expressing the Lorentzian 2-point function (2.9.10) as

da .
(@(x) p(0)) = 27 J(zﬂgid o954 (o)

Interacting theory (0 < a < 1).

We can extend the integral for complex values of ¢¥ considering

+0oo +0oo
J’ dqg e—qu0+iqge J’ dqg e—q%xo+iqgs

27 (@2 + 117" L2 [+ i1al) ™ gl - 114

, (2.9.13)
]1+¢x

—o0
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af bl O
$ilg| > )ilq|
e —i|q| e —i|g|
S S
2 2" () (b) (c)

Figure 2.2: Definitions of the branch cuts and the integration contour for the integral (2.9.13).

where the phase choice and the branch cuts for the two complex exponentials are defined as in

0
figure 2.2. Given the exponential e'%¢ with € > 0 we close the contour on the upper half-plane
as depicted.

We can thus compute the € — 0 limit of the g0 integral in (2.9.10), as

+00
J’ dqg e—qu0+iqg€

o114+
27 12 +137] " (oxd)
+o0 -
_2gqu+wﬂJ@£ et 4 el—¢" -3l
27 [(@° + 1gD)"*+* dg® [¢° - |g]]*

—0o0

—0o0

o

and we can therefore evaluate the 2-point Wightman function as, using also (A.2.5) to express the
sine in terms of I" functions,

2 diq el 9% d ©[—q°—14l]
— (2.9.15)

[1—allla+ 1] J2n) [(¢° + 11"+ dq° [q° - |gI1"

Also notice that in the limit & — 0 we indeed recover the result computed for the free case,

<¢uwmm>=—r

e[—4¢° - I311

2 J diq x4

PO = e+ 11 ) 2 0 + 131 40

(2.9.16)

d% . _

since ® = §, the derivative of the step function is Dirac’s delta.
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Chapter 3

Conformal anomaly of free scalar

fields

This chapter is about the investigation of the conformal anomaly and its significance for the spe-
cific example of the non-conformal scalar field in four spacetime dimensions. The scalar field cou-
pled to a background gravitational field represents the simplest example in which one can consider
non-conformal deformations, and has the added advantage that there is a free parameter, such that
for one special value the theory becomes conformal.

We first comment and provide further insight on the general definition for the anomaly given
in (1.2.38). After that, we analyse the action of the generically-coupled scalar, explain the idea of the
calculation and construct its building blocks. We then cover the calculation itself and conclude
the chapter with a comparison with the literature.

The work presented in this chapter has been published in [CGNi8], where, however, the em-
phasis is on the results, while the technical aspects are mostly omitted. Here we cover the material
in greater detail.!

Notation. Spacetime indices are m, n, ... = 1,...,4. We use a positive definite metric

gmn = 5mn + hmn ; (3‘0'1)
the associated covariant derivative is denoted V,, with curvature

Rmnac = 2a[a 20 T R, = Raman s R = gmann . (3'0-2)

cln rla “cln >

Section A.4 gives the expansions in /4 of many relevant quantities.
When some quantity is intended in some specific dimension D, we denote it with a super-
script, for example
D)mn (D) _
g( ) Emn = D, (3~0'3)

and we will consider D =4 or D = d =4 — 2¢ in dimensional regularization.

In this chapter, the symbol of expectation value (...) is intended as a regularised, but not
renormalised quantity, thus computed in d dimensions and generically divergent in the £ — 0
limit.

"Notice that in [CGN18] the calculation is done in Lorentzian signature; here we work in Euclidean space to make
more contact with the rest of the thesis.
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3.1. CONFORMAL ANOMALY FOR NON-WEYL INVARIANT THEORIES

3.1 Conformal anomaly for non-Weyl invariant theories

We consider the general expression (1.2.38) of the conformal anomaly extended to non-conformal
theories as well,

A P)(x) = lim | O™ () = (8P Ty()] (3:11)

The first term on the right-hand side of (3.1.1) is to be computed considering the four-dimensional
trace (ie. g@mghy = 4) after computing the regularised expectation value of T},,,,. For the sec-
ond we take the classical trace before computing the expectation value. Below we will discuss the
dimension in which the second term is taken; such a term removes the classical violation of con-
formal invariance, reflected in a non-vanishing trace of the classical stress tensor. The anomaly
therefore encodes the contribution to the trace of the stress tensor entirely given by quantum ef-
fects. Furthermore, in a regularized (but not renormalized) non-conformal theory, the two terms
on the right-hand side of (3.1.1) by themselves have divergent and nonlocal contributions which
disappear in the difference: this is the reason why the difference must be taken before removing
the regulator.

There is an ambiguity in the definition of the second term in (3.1.r). We can evaluate the trace

in 4 orin d dimensions, namely we can consider
(&9™T,,) or (g™ T,,,) . (3.1.2)

This means that, in evaluating the trace, the contraction of the metric with itself produces factors
of 4 or d = 4 — 2¢. This difference has consequences in the & expansion of the expectation
value. In the latter case one gets additional terms, so it seems to be a non-minimal regularization;
however, since in this case g, = d holds before and after computing the expectation value,
one has the advantage that

(gD T,,y = g DT, (3.13)

thus with this choice the two operations of taking the trace and taking the expectation value com-
mute. This is no longer the case if the trace is taken in four dimensions. From (3.1.3) we have
moreover the identity

2 6
<g(d)mnTmn> =—-———T, (3-1'4)

\/E oo

namely the d-dimensional trace can be obtained as the Weyl-variation of the regularised effective
action T

For the special example of the scalar field studied here, we find that the difference between the
terms (3.1.2) is proportional to [JR. We will comment more in detail on the different choices in
(3.1.2) for the case studied here; however, in most of the calculations we will focus on the latter case,
that is computationally somewhat more convenient, as, owing to (3.1.3), all the relevant quantities
can be obtained from the regularized expectation value of the stress tensor. In fact, if the trace
inside the bracket is taken in d dimensions we arrive at the alternative formula

A D) = lim [(g(‘”"”’ - g(d)'"”)<Tmn(X)>] : (3.15)

Before entering into the details of the spin zero case, we would like to present a general argu-
ment why (3.1.1) produces a finite and local result in one-loop calculations.
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CHAPTER 3. CONFORMAL ANOMALY OF FREE SCALAR FIELDS

3.1 One-loop finiteness and locality of </

The expectation value of the operator T,,,(x), in a theory regularised with dimensional regulari-
sation and ignoring terms of O(¢), reads

P, (x)

(T (x)) = + Foun(x), (3.1.6)
where P,, and F,, are the pole and the finite part of the expansion of the expectation value.
In general such an expectation value is divergent since the pole term is nonzero, and thus requires
renormalisation to produce a finite result. As implicit in the results of chapter 2, it is a general
result in renormalization theory that the pole P, islocal.

We compute now the two terms of the expression of the anomaly in (3.1.1); it is convenient to
define P(x, D) = gP™ P, (x) (and similarly for F). We obtain

P(x,4 p
O T 0) = T 4 e d), (g0 T 00) = o 4 Fad). (317)
Expanding in powers of & yields
gV T () = (™" Thn()) = 2P' (x,4) + O(e) , (318)

where the ’ indicates derivative with respect to second argument. We therefore have
A D(x) = 2P (x,4). (3.1.9)

We can furthermore notice that the terms in P,,,, contributing to (3.1.9) are only those with an

explicit factor of g,,,(x) , and not other tensors for which the difference between a contraction in

different dimensions vanishes (e.g. g?™"g,,,R = D R, but g™ R, = R both for D = 4

and for D = d). We will verify this explicitly in the case of the non-minimally coupled scalar.
Finally, we will see in (3.2.7) that for the model under consideration

(e T) = (€™ T,) = 2" @ OR + O(e"), (3.110)

for some function f, whence the difference between &/® and @ is proportional to [IR.
Notice that it does not mean that the two quantities are related by a different finite counterterm
in the effective action, since this would require <&/ (D) = G(I') for some functional G, that does
not seem to be the case.

However, this is a peculiarity of the model considered here. In general, for a non-conformal
theory, one might have other contributions to the pole of (g™™T;,,), projecting their shadows
in additional terms in the difference (3.1.10). Therefore, the definition of &P will still be finite,
but the relation between D =4 and D = d will then be more complicated than in the present
case.

3..2 Idea of the calculation

On dimensional and covariance grounds, the most general expression for & is

1 ) .2 L2
= — @ R + fRic“ + yRiem” + 6 JR] , 111
180(47)? | 4 4 ] (1.1

86



3.1. CONFORMAL ANOMALY FOR NON-WEYL INVARIANT THEORIES

for some numerical coefficients a, f, y, 6. We want to obtain this quantity starting from

(Tn) = J'g(l’ e T s (3.1.12)

where S is the action for the scalar field @ with a geometrical background.

Doing the quantum calculation on a generic geometrical background is very complicated. Of
course, the curvature terms vanish on a flat spacetime background; however, we can use the fact
that around a flat metric,

&mn = Omn + Ny » (3-1-13)

OIR starts at order A', while the other terms quadratic in the Riemann tensor start at order h?
(explicit expressions are in appendix A). This means that we can perturbatively evaluate the expec-
tation value (T,,,) and thus the anomaly expanding in powers of h. Conversely, the covariant
structure in (3.1.11) can be similarly expanded in A, and comparing these two results we can obtain
enough information to determine a, f, y and 6.

The ingredients that we need in order to perform such a perturbative calculation are the ex-
pansions of the action and the stress tensor according to

S=850 4504 5@ 4 T =Too! + Thon + ..., (3.1.14)

where the superscript (k) corresponds to the collection of terms of © (h*). The expectation value
(Tnn) to be computed is then

(Tmn(x)> — <(Tr£lon)(x) + Trglln)(-x) + ... )e—(S(l)+S(2)+...)> (3115)

©)

where (-++)(o) refers to the expectation value in the free theory. Expanding to second order we
have

(L) = = (T 05 D)
0)
~{(TRs?) + L {TRsOsO) —(TRs")  Ge)
o 2 0) )
+ O,

where in the first line we have written the term that contributes to first order in A, and in the
second line we have given the contributions of order two. As we shall see, evaluating the anomaly
at this order is enough to reconstruct its expression.

The pole of the expectation value of the stress tensor is a local generally covariant expression
with four derivatives acting on the metric. This constraints the expression to be of the form

(Tonn)

= [al VuVu.R+ @y gJR + a3 IR,
o (4r)3e

+ oy gy R* + a5 RR,,, + @ ZunRae R + a7 R4 R, (3.1.17)

b bd
+ ag R* Rmacn + a9 Rmac Rnacb + @10 Emn RacbdRac .
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Any other term can be related to those written above via Bianchi identities and symmetry ar-
guments. We can then obtain the anomaly from this expression implementing the prescription
(3.1.5), that yields

= 3 [a2 LR + ay R2 + ag RiC2 + aqp Riemz] . (3,1,18)
(47)

Indeed, only the terms containing explicit factor of the metric g, contribute to the anomaly,
following the discussion around (3.1.9).

3.2 Action and relevant interactions

We start with the action for a free real scalar in d dimensions
1
S = —EJddx \/g(p(—D+ER)(p. (3.2.1)
The stress tensor can be obtained from (2.8.15) in the 4 = 0 case,

1
Tyn = 0 PO — Egmnaa(paa(p

= 1 =
+ -:'(pz (Rmn - EgmnR) - = (Vman(p2 - gmnvaaa(pz) >

(3.2.2)

and it is covariantly conserved, V"T,,, = 0, for any E. In d dimensions, the action is confor-
mally invariant if and only if

_ d=2 _ 1. (23]
d_4(d_1)9 '—‘4_6’ 3.2.3

[1]

—
(e —
- =

accordingly, the trace of the stress tensor vanishes on-shell for & = &, since
gD Ty = (d = 1DE-E)D(9?) . (3:2.4)

In particular, in the 4-dimensional case the trace becomes
| Py
gV T = 562 - 1D D(¢?). (3:2:5)

Remark. Let us comment on one aspect of the divergent part of the expectation value of the

trace of the stress tensor,
(g™ T,,) ~ O(¢p?), (3-2.6)

where the precise numerical factor can be obtained from (3.2.4) or (3.2.5). (¢?) contains a local
pole in & as well as finite nonlocal contributions. On dimensional grounds, the only quantity
that can appear in the pole is the Ricci scalar. We therefore arrive at the result

(gPmT, = f(D% + 6, (3.27)

for some function f (D). This expression implies (3.1.10).
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3.2.1 Expansion in powers of &

We can explicitly give the expressions (3.1.14)

1
s0=-1 J 4% 00,0,0, (3.2.8)
| | _
Sh = _5 Jd4x [(am(pan(p - Eémnaawaa(p> - H(pz (aman - 6mnaaaa)] Rpn s (3.2.9)
| 1 1 1
5@ =3 Jd“x [—thahaman(pan(p + S0 PO P = 5 0,00 + (3.2.10)

+ Nyah g0, 90,0 + E (%hRU) + R@)] ,

where RV (R@) is the Ricci scalar at first (second) order in A, for which explicit formule are
given in (A.4.1). Similarly,

0 1 -
iim) = 00, @ — Eémnaa(paa(p —-= (aman - 5mnaaaa) (P2 s (3-2'11)

n_1 1 = h_ 1
,%n) = Eémnhacaa(pac(p - Ehmnaa(paa(p + :‘(pz (Ié'”3 - EémnR(1)>

1-
- 38 (zaaha,, = SuOph — Oy — Oy + a,hm,,) o (¢?)  (an)
-B (5mnhac - hmnéac) aaac (goz) s

with expansions given in (A.4.1). In the formluz above, all curved metric factors have been made
explicit and expanded in A. All contractions are therefore done with the flat metric, and we low-
ered all indices to avoid ambiguities.

We do not need to make the expressions in position space more explicit. Rather, we write
them as momentum space integrals in order to extract the Feynman rules that will be used in the
calculations. We do it in the next section.

3.3 Building blocks of the diagrammatic calculation

3.3.1  Order O(h°)

The 0%-order term S© corresponds to the free action, that allows us to employ the formalism
introduced in the previous chapter to perform the calculations. In particular, the propagator
corresponding to S © is, in position and in momentum space,

ddp oiP(x=Y) 1
ol 2 G(p.q) = ?5[p+q]- (331)

G(x,y) = J

3.3.2 Order O(h')

Expressing in terms of the Fourier transform @(p) and h,,, (k) we can write

s L[4l d% dlk

2 S amyiamyiamyd O+ 4+ K10 €@ b (k) VP 4) (3:3:2)
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and
d d
©0) d%q d°p i
Trn = ptq V. (p,q), 3.
i J G Gy € #(p) 9(@) Viun(p, 9) (3.33)
with
1 -
Von(p, @) = E(p “@)Omn — P(m4n) T+ d((p + Dup+ @)y = Opn(p + q)2> . (3.3.4)

SD hasadelta function as a consequence of the integration over the spacetime coordinate, that s
absentin T They have an equivalent Feynman rule because the stress tensor is computed from
the variation of the action with respect to the metric, and this operation essentially corresponds
to isolating the metric perturbation in the definition of S

We represent (3.3.2) and (3.3.3) as

s ~ Va0, @), (3.3.5)

0
’”Sl”) . ~ Vo0, @) . (3-3-6)

For the vertex coming from .S M the wavy line corresponds to the external, non-quantum, gravi-
ton A,,,. On the contrary, in the vertex from the stress tensor the indices are ‘internal’ to the
vertex. Notice in particular that there is no conservation of the momenta in the T, term, as it
corresponds to an external source.

In constructing the correlators that correspond to the expression we are interested in, nu-
merical and combinatorial factors (such as the % in (3.3.2)) will be treated explicitly; the diagrams
merely constitute a pictorial representation of the expressions we will obtain.

The vertex enjoys the following symmetry properties:

Va0 @) = Viuu @, 0) = Vi (=0, =) = V(D @) . (33-7)
For later use we also notice that

(k — p)? K2

Pm an(k -p.—k)=- ) kn + ?(k - p)n . (3'3'8)

L . . D
Moreover, we can trace over the indices of the vertex contracting with 55,,”) , where we keep D
unspecified for now,

o k? + (k — p)*
i’ Vin(k = p,—k) = (D = 1) [E = Ep] p* - ————

2 (D-2). (3.3.9)
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Finally we have the following identities, obtained by direct calculation of the two propagator in-
tegrals at the critical value 2 = B,

dk 1

(27r)d kz(k—
dk 1
Qr) k2(k — p)? r Vo

=0,

E=5,

(3.3.10)
=0.

(k,p—k)

E=E,

3.3.3 Order O(h?)

We need to consider the following terms

d d d d
S(z):—l‘l/dqdpdkdE hackhrsJZ
GG iania )d(p(p)(p(q) (k) h.s(2) - )

Olp+q+k+1] I/Vacrs(k,f,P,q)-

The delta function implements conservation of the momenta in the vertex; we represent it graph-

ically as
S(Z) ~ acrs(k’f’ P q) s (3'3'12)
p+q+k+t=0
and the momentum-space rule is given by
1
I/I/at:rs(k’ t, p, Q) a(cr)s(k H+E acrs(p, CI) (3.3.13)
with | . |
1
Woas(k, £) = ~ 3 BraBorsht+ g 8ucckt = Zuckirty
1 | | (3.3.14)
- Z5rsk(afc) + Ek(a6c)(r€s) + Ef(a6c)(rks)
and
2 1 1 1 3
a(CI?S(p> q) acquS + 46rspapc - Zéac5rsq2 - Zaac&rsp2 + Z6r(a5(:)qu
1 1 1 1
- EQ(aéc)(rps) + Eér(aéc)sq2 + E‘Sr(aéc)sp2 + EérSQaqc
1 1 (3-3.15)
+ E(Sacprps - Q(aéc)(rQS) - p(aéc)(rps) + §6acp(rqs)
1 1
+ Eérsp(a%) - Zéacérqu - p(agc)(r%) .
For the stress tensor the other relevant term is
d d
1 d’q d’p d% 1
Ton = J @ni@ni@nt P o(p) (q) By (k) Vannirs (P14, ) (3:3.16)
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where the three momenta are now independent. We represent its contribution as

k
(1) i (1)
mn . h,.g A ~ Vinrs(k, €, q) (3:3.17)
mn [
whose corresponding rule is
Visalrs (e, £,9) = Vs (k. ©) + 2 Vil (k + €, @) + E Vi (9) (3:3.18)
with
1);0
Vi k, t) = 5m(,5s)nk - 26mnk(,fs) (33.19)
—-E (5m(r5s)n(k + f)Z — 6pn(k + f)(r(k + E)s)) P
1):1 1 1
Vn(zn);rs(p, q) = Q(mén)(rps) + 5mnq(rps) + Eém(rés)nq 2 Eémnérsq P, (3-3-20)

1

1 1 1
mn rs(Q) _‘I(r s)(m4n) — 2q26m(r5s)n + EérSqun + Eémn‘b“h - Eamnarsq2 . (3-3-21)

Once again, the wavy lines are the external gravitons; in the vertex for the stress tensor the
indices mn are internal and there is no conservation of the momenta.

3.4 Calculation at O(h')

The calculation at O(h') are straightforward; however, we consider them in some detail in or-
der to lay out the strategy to be used in the second order calculation, where the computational
complexity renders reproducing here the details impossible.

3.4.1 Expectation value of the stress tensor in perturbation theory

From (3.1.16), at first order in the metric perturbation the expectation value of the stress tensor is

(Tn(X)) o1y = —< Thn (x )S(l)>(0) . (3-4.1)

We can expand the correlator as

1 dd d ) dd dd i
—(T0 sy = J L it | 2L 2y (—p ')
©) Q2n)d(2n) 2r)d 2x) (3.4.2)

Vae®'sa") Viun(p, @) {@(p) (@) 9(p") 9(a")) o) -

The correlator can be evaluated via Wick’s theorem. Discarding tadpoles, the only independent
contribution is depicted in figure 3.1; a factor 2 arises because there are two ways of contracting the

92



3.4. CALCULATION AT O(h')

Figure 3.1: Diagram for (T,,,S™).

. 1 . . .
scalar fields, cancelling the 3 from the action term. Then, using the expression for the propagator
in momentum space (3.3.1) and with simple manipulations, we obtain

d d
) (1)> _lePM —ipx
Tmn S —_ h *
(T sV) =3 i el

| (3.4.3)
: mVac(—P +4. )V (=p+4.9),

where we have redefined the momenta to match the diagram.
Re-expressing the graviton A in terms of its position-space representation h,.(y) we finally

obtain
(19050 = [ty [LL 0T, () (3-4-4)
mn 0 = y (Zﬂ)d mnac\P)gc\Y) » 3-4-4
where T},,,,.(p) is the 2-point function of the stress tensor in momentum space, reading
T, _ [k ! Von(k k) V,.(k k
mnac(P) = (271-)d k2(k — P)2 mn(k — p,—k) Vye(k,p— k). (3-4.5)

Expanding the numerator of the integrand, T,,,,.(p) can be expressed as a combination of
two-propagator tensor integrals. Using identities in section A.3, we then can express the momen-
tum space 2-point function as a product of the fundamental scalar integral 1 fil (p) and of a tensor
structure involving the metric tensor and the eternal momentum p,

1
Tmnac(p) = mlldl (P) tmnac(p) 5 (3-4-6)
with
tmnac(p)
d*(165> — 82 + 1) + d(88 — 2) — 1652 + 165
= T PmPnPaDe
d*(3282 — 162+ 2) + d(162 — 4) — 328 + 32E -4 4
+ ED) NmnMacP (3-4.7)
d’(162> —8E + 1) + d(82 — 2) — 16E% + 162 — 2 5
- 16 (ﬂachPn + ﬂmnPaPC)P
1 g 1 )
+ SHmatleynP — 7 Paley(mPn)D~ -

8

The expression (3.4.6) is a completely explicit function of & since for the scalar integral I we
have the formula (A.3.2).

4
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CHAPTER 3. CONFORMAL ANOMALY OF FREE SCALAR FIELDS

Remarks. Two observations are now in order.

A general point is that, since nothing is breaking general covariance, the stress tensor is co-
variantly conserved, for any value of E. At this order in perturbation theory on the gravitational
field, this amounts to compute

. = o A TO 0 g
[V (Tmn(x)>]@(h1) = a’"( () S >(0)

d? .
=—i Jddy JQdee"”(x‘” P Tunac(P) hae(y) (34.8)
=0 ,

as a consequence of (3.3.8) that implies

PmTinac(p) =0, (3.4.9)

since it reduces to tadpole integrals.

Furthermore, we can explicitly verify that the mere act of regularising the theory does not
break classical symmetries. In the context of conformal symmetry, we can indeed see that the
regularised expectation value of the stress tensor is indeed traceless in non-integer dimension d if
and only if E = E,;. Indeed, at this order in A,

(dymn ¢ = (d) T(O) s
g™ (T )] gy = = < ) >(0)

adp (3.4.10)
= Jddyj(z )d tp(x » Tae(D) hac(y)

and therefore we turn to considering the momentum space expression

Zae(D) = 85 Tynae(P) = P* (Pabe = 8ach?) (d = 1) (B — B> I{, () , (3.4.11)

vanishing ifand only if E = =, as promised. This explicitly verifies the claim in the introduction
and the construction of the expressions for the anomaly in section 1.2.3.

3.4.2 Expectation value of the trace

In order to construct the anomaly for arbitrary Z, we need to evaluate the regularized expectation
value of the trace. As we discussed around (3.1.2) we have two different choices at our disposal,
and we analyse both of them in some detail.

For the d-dimensional trace, the expression can be obtained directly from (3.4.10) and (3.4.11)
by virtue of (3.1.3). For later use we give here the expansion in € of the momentum space expres-
sion, dropping terms O(¢),

P (Pabe = P*S4c) _
(4r)?

(62— 1) p? 6E-1DGBE=-1)
2 - 1 -
[ < FeTET 47r;42> 9

Tac(p) =
(3.4.12)
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3.4. CALCULATION AT O(h')

For the 4-dimensional trace, we start from the expression (3.2.5) and following steps com-
pletely analogous to those in section 3.4.1 we obtain

(4)mnT _ 1 6% 1 ddp dd —1px 2
<g mn>@(h1) = 5( E-1) (27r)d(27r)d ac(p)( q)2 5 ac( p+4.9)
i (3-4.13)
| qa —ip(x—y) =
= [ty [S e 2o .
with the momentum space-expression
- 1
ZaeP) = 5 P (Pape = 8acp®) (62— D) (E = Eg) Iy (). (3-4.14)
Expanding around four dimensions we have
i P* (PapPe — P*B4c)
Tac(p) = - (4 )2 .
6517 ) 65— 1) (3.4.15)
+2 - 1 + .
e e e o R

Remark. Weobserve thatboth 7,, and 7, vanish when the parameter Z has the critical value in

. - 1 . o o
four dimensions 24 = =. Their pole and nonlocal contributions in (3.4.12) and (3.4.15) coincide,
but they differ in their finite contributions. This is consistent with the expression (3.2.6).

3.4.3 Anomaly

We are now ready to take the trace of the regularised expression and thus obtain the conformal
anomaly, following the definition (3.1.1). We are interested in the result for arbitrary E, namely
also in the non-conformal case.

The four-dimensional trace of the expectation value of the stress tensor reads

[e ™™ (TGN 51y = (4)J ay J Q2x)? eI, e (D) hae(¥) 5 (3.4.16)

with the momentum space function given in (3.4.6). Taking the four-dimensional trace of the
representation and expanding in & we obtain

4
55"’)!Tmnac(p)

p2 (papc - 5acp2)
(47)2 (3.4.17)

(62— 1)* p 1 /11
S (L 2oy -log 2 ) - 2 (5 -58)|
[ 12 < Temremle ) T\ )

—_ —_ 1 . . .
For non-conformal values E # B4 = 5 this trace exhibits a pole as well as a non-local contribu-

tion  log P2
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CHAPTER 3. CONFORMAL ANOMALY OF FREE SCALAR FIELDS

The anomaly is constructed by subtracting the classical trace. From the expressions (3.4.12)
and (3.4.15) we see that both the pole and the non-local term match precisely those in (3.4.17) to
produce a finite and local result.

Considering first the trace in d dimensions, we obtain

18801 = lim [ 49T, ) = (5T, 00|
= ; — —69)2) .
180 (47)? (1 101 - 68) ) (3.4.18)

d dp —ip(x—y) 2 2
- |d y (27z.)de hac(y)p (papc - 5acp )7

and from the momentum-space expansion at this order (A.4.6) we can indeed see that the inte-
grand reproduces the expansion of [IR,

1
dD = ——(1-10(1 — 6E)2) IR + O(h?). ”

If, instead, we subtract the trace in 4 dimensions, we obtain

1 -
d® = T (1-=52)0R + O(h?). (3.4.20)

We conclude this section with some comments. The coefficient of IR in (3.4.19) and (3.4.20)
are different as a consequence of the difference between the finite parts of the expectation value
of the traces 7 and 7 in (3.4.12) and (3.4.14), as anticipated with general arguments in (3.2.7). It
is the one in four dimensions that reproduces the one given in the literature reviewed in (1.2.21).

At the critical value E = B4 = é, the expectation value of the classical traces vanish, as re-
marked at the end of the previous section. Correspondingly, and illustrating with an example the
general discussion in the introduction, the pole as well as the nonlocal term in (3.4.17) disappears,
and the finite part of that expression gives rise to the conformal anomaly proper. In this case &/ @
and o/ @ obviously coincide.

3.4.4 Covariant structure of the divergent part of (7,,,)

We can expand the ansatz (3.1.17) to first order in A,

1 1
(Tondoum) |oo = s [al 0,0,RD + ay 5, >RV + az 02R%| (3.4.21)

where once again the expansions of the Ricci tensor and of the curvature scalar are given in ap-
pendix A and 0° = 9,,0,,.
Writing the expression in momentum space and matching it with (3.4.6), we obtain
1 — 108 + 30%* 1 - 10(1 - 68) 1
=T = az = (3.4.22)

% 30 @ 360 . 37760°

Following (3.1.18), we can see that a; reproduces the anomaly (3.4.19). The calculation is alge-
braically involved but otherwise straightforward, and no new ingredient is necessary to perform
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3.5. CALCULATION AT O(h?)

k=p pta , k—p p(i q h k—p
P ac ac
A, L
k —
n mn q hrs o hac
N
k —q hrs k <?q hrs k
[2] [3] (4]

Figure 3.2: Feynman diagrams for the three correlators in the expression (3.5.1) of (T},,,(x)) 512

it; we therefore omit it. As a check, we can trace over mn indices, and indeed we obtain, to first
order in A,
ay +4a, +a 1 - 65)?
__L a 24 g (1205 OR, (3-4.23)
o (4r)? e 12(47)%e

which matches with the pole of (3.4.17).

g"" (Tn)

3.5 Calculation at O(h?)

The calculation here is a conceptually straightforward extension of the one presented in detail
for O(h). At O(h?), however, the algebraic manipulations and the intermediate results are te-
diously complicated* and essentially unprintable. All the technology to perform the calculation
has been already explained; here we provide all the conceptual steps necessary to understand and
in principle reproduce the calculation, but we then directly provide the result.

We have seen that the choice of subtracting the trace in d orin 4 dimensions induces a differ-
ent contribution proportional to [JR, while the other contributions to the anomaly, quadratic
in the Riemann tensor, remain untouched. Having clarified this point, at order h? we consider
the subtraction of the d-dimensional trace only, since it simplifies some calculations allowing us
to use the expression (3.1.5).

3.5.1 Perturbative expectation value of the stress tensor

Expanding the expectation value we have

1 /0 Dol (1) 1
T, = - <T(0) S<2>> + = <T shst >> - <T St >> . (3
( mn(x)>@(h2) mn (X) o2 mn (X) © mn (X) © (3.5.1)

We now construct the correlators, that we analyse somewhat explicitly one by one. The logic
follows that used at O(h1).

First correlator. We evaluate the correlator directly from the definition of the objects involved,

_ <T,s:;><x> s<2>>
0)

_1 j A %9 iy J dlp' d'q’ d'k’
2 )22 Qr)dQ2r)d2r)?

hao(k'Y hos(=p' —q' — k') - (35.2)

“Waers(', 4" k', =p" =" =k") Vo (0, @) {0(p) 9(@) (") 9(q")) (o) -

*Some of the calculations presented here have been done with help of the Mathematica package HEPMath, [Wiers].
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CHAPTER 3. CONFORMAL ANOMALY OF FREE SCALAR FIELDS

Excluding tadpoles, there are two equivalent contractions for the scalars, depicted in the diagram
[2] of figure 3.2. Inserting the momentum space propagators G(p, p') and G(g,q") and elimi-
nating the delta functions, we can then redefine the momenta as in the diagram and re-express the
gravitons A in position space. The result is

- (Tis®)
(3-5-3)
d d?
- Jddy ddz J’(zﬂ'?d (271';1‘1 ’P(x & lq(z Y hac(y) hrs(z) Tmnacrs(P, q)
with the momentum space expression
dk 1
Q2m)? k2 (k — p)

©

2
Toacrs(p, q) = J 5 Vin(k = p, k) Woers(k = p, =k, p+ 6, =q) . (3.5.4)

Second correlator.  Similarly we have, for the second correlator,
1 <T,§31>(x) s S(1)>
2 0

1[4 g g [ 4’ dlp” dg” ”
J TSI Fererre el A Rt R

Vi @) Va0, 4" Vis(0”, 4" {0 () (@) 0(0") 9(q") o(0") 0(a")) (o) -

Now we apply Wick’s theorem discarding tadpoles; the only independent contribution is shown
in the diagram [3] of figure 3.2. One scalar field coming from the stress tensor can be contracted
with 4 other scalars; the other scalar has thus 2 remaining possible contractions. The last con-
traction is unique. We therefore have a total of 8 possible contractions.

Inserting the momentum-space 2-point functions G(p, p’), G(q’, ¢"),and G(g, p"), we can
eliminate three momentum integrals; then, with usual manipulations and redefinition of the mo-
menta according to the diagram, we obtain

1 <T,§31>(x) s S<1>>
2 ©

(3.5.6)
dip a4
= [ty ata [ S0 L o e ) ) T ),
with
Trgs;l]acrs(]), Q)
dk 1 (3.5.7)
o G r o k= Pk Vaclk o 0up = ) Vit 4.k,
Third correlator. The last term gives
- <T,E$2(x) s<1>>
)
_ Jdd” d'q d’k z(p+q+k>xjd p' dlq' (kK)hys(—p' —q') - (35.8)
2 ) @ry@2n)d2r)d Qr)d (2 ol

Vinirs(ps 4 K) Vae 0, 4") (@(p) () 9(p') (g’ o) -
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3.5. CALCULATION AT O(h?)

In applying Wick’s theorem discarding tadpoles, there is only one independent contribution,
shown in the diagram [4] of figure 3.2 and there are two equivalent possible contractions that
give rise to it.

We can then proceed as for the other cases, inserting the momentum-space 2-point functions
G(p,p'), G(q,q"), by means of which we can eliminate two momentum integrals. Redefining the
momenta as in the diagram and re-espressing the gravitons in position space we get

- (Trﬁﬁ(x)s(l))
0)

L [d% diq sy et " (3.5.9)
_ ip(x—y) iq(z— ac rs _
= Jd y d%z J—(Zﬂ)d—(zﬂ')d e'PX=Y)old\Z=y) (y) h"”(2) Tmnacrs(P +4q, ‘1) s
with

dk 1 )

4 1
Tn[m]acrs(p, q) = (27[)[1 kz(k ~ p)z Vinyrs(k,p — k, @) Vao(k, p = k). (3'5-10)

3.5.2 Complete expectation value

The full expression for the expectation value (3.5.1) is therefore

ddp ddq io(x—1) ig(z—
miamge R0 hes(D) Toaers (p.) - (350)

where the integrand is given by the sum of (3.5.4), (3.5.7) and (3.5.10),

(T oty = Jddy ddzj

2 4
Tonacrs(P> @) = Trgm]acrs(P, q) + Tn[13n]acrs(P, q) + Tn[m]acrs(P +q.—q). (3.5.12)

Expanding the numerators of the loop expressions T one obtains a combination of two-
and three-propagator tensor integrals with up to six indices. These can then be reduced to scalar
integrals using the identities in appendix A. The two-propagator integrals are then fully explicit,
thanks to the identity (A.3.2) that can then be expanded in €. For the three-propagator integrals
can be expanded in € with the algorithm in section 2.5, but no closed-form explicit expression is
available. The final expression involves a local pole and then the finite part that contains nonlo-
cal contributions like 1/((pq)* — p*¢>)*, log %, log (p + ¢)* in the momentum space integrals.
Moreover, there are also finite nonlocal contributions coming from the integral I7,.

This procedure produces a very large number of terms that makes the expressions practically
unprintable. Due to this difficulty we do not give further details concerning the evaluation of the
loop integral; we will comment on the results and on the implication for the anomaly calculation
in section 3.5.3.

We conclude the section commenting on some aspects of the integral representation (3.5.11).

Remarks. Aswementionedat O(h!), the expectation value of the stress tensor must be covari-
antly conserved. Focusing on the perturbative order under present consideration, this condition
is expressed in formula as

0= [Vm <Tmn(x)>] @(hZ)

" 1
=0 <Tmn(x)>@(h2) - Eanhmr (Tmr(x)>@(h1) (3.5.13)

1
- (20mhm, - 6,h) <Trn(x)>@(h1) :

= POy (T (X)) 1y — 5
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It is possible to show that, with the expressions (3.5.11) and (3.4.4) for the second and first order
expectation value (7,,,(x)) , the identity is indeed verified. The principles behind the calculation
are analogous to the admittedly elementary first-order case in (3.4.8) and (3.4.9) — namely one
obtains explicit cancellations and tadpole integrals. However the analytic steps are now much
more involved (see e.g. the example of the spinor case given in [GN18]), and since they are not
instructive nor useful for this work they are not reproduced here.

Rather, we investigate with some more detail another conceptual foundation behind this cal-
culation, that serves also as demonstration of the algebraic gymnastics that is relevant for proving
covariant conservation, though in a somewhat less complicated setting. We consider the traceless-
ness of (T,,(x)) in d dimensions at the critical value & = E, that, as we mentioned already,
follows because regularization alone does not break conformal symmetry. We therefore extend
the first order calculation in (3.4.10) and (3.4.11) to second order in A, whose expression reads

[g(d)m" (Tmn(x)>]@(h2) = 5’(:,1'1) <Tmn(x)>@(h2) - hmn (Tmn(x»@(hl) : (3'5'14)

Using (3.5.11) and (3.4.4) we can express this quantity in momentum space
[g(d)mn (Tmn(-x)>] @(hZ)

d% d% .
N J dly dz | =L 2L oinCy)gia=Dp () hy(z) - (3.5.15)

Q2n)!2r)

d
. grm) Tmnacrs(p + q, _Q) - Tacrs(p) B

where we have redefined the momentum variables in order to simplify the symmetry under the
exchange of the two gravitons, that now takes the form of the simple exchange

(a,c,p) «— (r,5,9). (3.5.16)

Let us start analysing the first term in the square brackets, that is itself the sum of three difter-
ent contributions, (3.5.12). From (3.3.9) with D = d we immediately have that

) T ers(p+ q.—q) = 0. (3.5.17)

The next term requires some more work. From direct calculation of the trace, including a shift of
the integration variable k — k + g, we get

%1) Tn[gq]acrs(p +4,—q)
_ d—2jd"k [ 1 N 1 Ve p— K Vel —ki — @) (3-5.18)
4 )@ [RU=p? " R+ 2] T R T
By virtue of the symmetry under (3.5.16), the previous expression is equivalent to
(@) [3] o d=2(d% 1
mn Tmnacrs(p + ¢, —q) ~ — 5 J(Zfr)d 12k — p)? Vaelk, p — K)V,(k + g, —k) -

__d—2Jd"k 1

Vaelk, p = )V, (k — p, —k),
> Joni 2= (k,p = K)V,s(k = p,=k)
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3.5. CALCULATION AT O(h?)

where the equality is a consequence of (3.3.10). This expression is very convenient because reduces
to the 2-point function, so that
2

d d—
Snn) TrEn]acrs(P +q,—q) ~ _T

The third contribution gives, with a direct calculation that makes use of the identities (3.3.10)

d
(d) pl4] d [ d% 1

Tyers(p) . (3.5.20)

mnacrs(P, q) = B 2 K2k — p)? ki ksVae(k, p— k)
d[dik 1 (5:21)
= 5 (2”)11 kz(k _p)2 I/rs(_k,k _P)Vac(k’p - k)a
that is again the 2-point function
d
gn) ngtz]acrs(p, ‘I) = ETacrs(p) . (3-5-22)

The complete expression arising from (3.5.17), (3.5.20) and (3.5.22) shows that the d-dimensional
trace of (T},,), (3.5.15), indeed vanishes.

3.5.3 Anomaly

Equipped with the explicit expression (3.5.11) and (3.5.12), we are ready to compute the anomaly
for the generic non-conformal scalar.

Starting from the e-expanded expression, the evaluation of the traces in 4 and d = 4 — 2¢
dimensions is then matter of direct and conceptually straightforward calculation, although the
expression are rather long, as explained. Schematically the regularized expressions read

= _ 1\2
g(4)mn <Tmn> — —MDR + A+ O(),
12(47)% e (3523)
- (62— 1)? >
(g Ty = ———0OR + B + O(¢),
12(47)* e

for some A and B. The poles correctly cancel with each other and vanish, as does B, when
E = B4 = +. However, for generic E the functions A and B are very complicated with about
15000 terms each; most of these are non-local and come from the terms discussed after (3.5.12).
In the difference A — B, all these unwanted terms cancel, leaving a much simpler expression that
in momentum space contains less than 200 terms and combines correctly into the second order
expressions required for the covariant expressions in the curvature tensor; conceptually there is
no difference with the O(h') case in (3.4.18). We obtain
1 5
@ = ——— [Riem? = Ric? + (1= 1001 = 682) OR - 5(1 - 62°R?| . (3.
The coefhicient in front of LJR correctly matches the result from O(h') in (3.4.19). From the
expression (3.4.20) we can immediately deduce the value of the anomaly with the subtraction of
the four dimensional trace,
1 5
@ = —— [Riem® — Ric + 6 (1 - 5)OR - (1 - 62°R?) . 5.
180(47)2 > ) (3:5.25)
Aswe shall comment more in detail at the end of the chapter, it is the result &/ @ that matches
the one in the literature given in (1.2.21) obtained via heat kernel calculations.

I0I



CHAPTER 3. CONFORMAL ANOMALY OF FREE SCALAR FIELDS

3.5.4 Covariant structure of the divergent part of (7,,,)

We can apply the same principles followed at O(h'), to explicitly exhibit the structure of the
pole of (T,,,) atorder O (h?), that, on dimensional grounds, is the full answer. Writing out the
O(h?) expansions for all the contributions in (3.1.17), and matching with the second order results
of our calculations we get

o 110243022 Qo Loloa -6 1
= 30 ’ 2 360 ’ 37760
(1 — 62)? (1 - 68) 1 (3.5.26
B S - = - 3.5.26)
%4 144 ° s 36 %= 7360
T 45 8§87 90" 27 790" 107 360 -

The coeflicients ay, a, a3 match those computed at order O(h) (as they should), and there-
fore considering the trace we recover also (3.5.23). The coefficients ay, ag, @}¢, together with
the already considered @, reproduce the anomaly via (3.1.18). Moreover, since g™ (T,,,) ~
OR/e + O(£Y), it follows that

40(4 + a5 = 0 s 40(6 + a7 —ag = 0, 4(110 + ag = 0, (3.5.27)

as they correspond to the coefficients of R%, Ric? and Riem? in g™" (T)- We can see that the
coeflicients in (3.5.26) indeed respect this constraint, and this is a nontrivial consistency check of
the result.

3.6 Final summary and comparison with heat kernel calculations

With an explicit diagrammatic approach we have computed the conformal anomaly in the case of
the generically coupled scalar. We have used the definition

AP = g(4)mn <Tmn> - <g(D)mn Tmn) > (3.6.1)

with D =4 or D = d = 4 — 2e. We can rewrite the expressions in terms of the Euler density
[E4 and the Weyl tensor as

1 1 —_ 3 2 5 _
Md):—[——[E +(1=10(1 = 62)2) OR + >Weyl ——1—6;2R2],
1804z L 2* ( ( ’) et =3 ) 6
P S [—1[E +6(1-58)0R+ 2Weyl2 - 2(1 - 6E)2R2] e
180@dn2 L 277 2 2 '

The two expressions differ for the coefficient of IR as a consequence of (3.2.7). However, since
there seem to be no functional G such that &/?) = G(I') for some effective action I, we cannot
connect the two results via a different finite counterterm. We emphasize the contrast with the
anomaly proper, as discussed in chapter 1; moreover, as mentioned around (1.2.31), in that case

one also has the relation b = %c predicted with the counterterm argument of [Duf77], but it

. - 1 I
is not respected here for the non-conformal theory. Furthermore, for E # ca contribution

« R? appears on the right-hand side, violating the Wess-Zumino consistency condition (1.2.33).
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3.6. FINAL SUMMARY AND COMPARISON WITH HEAT KERNEL CALCULATIONS

As a consequence, the expressions (3.6.2) for &/?) cannot be obtained as the variation of some
functional.

AW gives full agreement with the heat kernel calculation. However, computing &/ is
more practical, since it follows from the expectation value of stress tensor only, cf. (3.1.5). This can
be even obtained in a fully covariant way from the covariant expression of the divergent part in
the 1-loop effective action, which in turn is easily obtained in the heat kernel framework. Indeed
we can make use of the expressions (2.6.15) and (2.7.4), and thus directly obtain

1 | R T S S o 2]
re =——— [—R — —Ric>+ —(1 — 6E2R?| . 6.
o (47)22¢ J Ve | fggRiem” = ggRic” + 7 ) (3.6.3)
Then, using
2 6
(Toun) = __5 mn l"g‘ > (3.6.4)

with a direct and simple calculation one can confirm our reconstruction of the covariant expres-
sion appearing in the pole of the expectation value of the stress tensor, (3.1.17).
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Chapter 4

Higher-derivative gauge theory in 6d

In this chapter we compute the 1-loop divergences for the higher-derivative gauge model (V F)*+
F3 in six dimensions. We do the calculation in the background-field method and with the heat
kernel approach. First we specialize the background-field framework to the case at hand, then we
apply it to the bosonic model. We then add the standard Yang-Mills term F 2 and we consider the
supersymmetric extensions. Finally we compute the divergences for the @ F F interaction with a
scalar field with a combination of diagrams and heat kernel.

This chapter is based on [CT19], except for section 4.4 whose results are still unpublished.

Notation. We use m, n,k,... = 1,...,6 for coordinate indices and flat Euclidean 6d metric
Omn- The position of contracted indices is irrelevant; sometimes indices are raised, but this is only
for legibility. The covariant derivativeis V = d + A.

For the gauge group we assume a simple compact lie group where % are generators of the
representation R. @, f3, ... are gauge group indices and the generators satisfy the following rela-
tions

trg (1%1%) = —Tr6%, (1%, 1P = fobryr (4.0.1)

where trg is the trace in the representation R. For SU(N), T = % in the fundamental repre-
sentation and Tg = C, = N in the adjoint representation.

In this chapter we write Tr for the trace in the fundamental representation and tr for the
adjoint.

41 (VF)? + F? theory: general considerations

We consider here the theory defined by the classical action

1 2
S: —; Jd6x Tr[(Vman) +27anFnkam]
1 ) , (4.1.1)
= ng Jd6x [ (VmFrgn) + VfaﬂyFanFnkFIZm] .

The overall sign is chosen in order to have a positive operator for the quadratic term, 0% + -+ g
is the dimensionless gauge coupling, and y is a dimensionless parameter.
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4.1.(VF)? + F3 THEORY: GENERAL CONSIDERATIONS

4.1 Degrees of freedom

In this subsection we will comment on the structure of degrees of freedom of the theory (4.1.1). We
will distinguish between ‘off-shell’ and ‘on-shell’ degrees of freedom. The former is the number of
independent real fields that are used to define the action, regardless of the dynamics; it indicates
the number of Lagrangian coordinates. The latter is half the number of initial real data necessary
to specify a solution of the equation of motion, thus it corresponds to the propagating informa-
tion. These definitions are motivated by the comparison with ordinary-derivative theories.

The theory describes a vector field with gauge invariance, hence it has d — 1 = 5 off-shell
degrees of freedom for each gauge index.

Since the action contains terms with up to four derivatives, the equations of motion are fourth-
order partial differential equations. The component A of the gauge field is non-dynamical, since
F% = 0. The number of on-shell degrees of freedom is therefore 2-(d —1)—1=2d -3 =9
for each gauge index.

For comparison, recall that the conventional Yang-Mills action propagates d — 2 = 4 on-
shell degrees of freedom for each gauge index. The additional number of degrees of freedom in
tr(VF)? can be made manifest rewriting the action as a massless vector interacting with a massive
one, which corresponds to the extra d — 1 = 5 degrees of freedom.

In order to do so, we supplement the action in (4.3.6) with a Yang-Mills contribution, accom-
panied by a parameter x with dimension of mass. Such a parameter is dynamically generated in
quantum power-law corrections, and it is necessary to discuss ordinary-derivative theories, which
are not scale free. Furthermore we neglect F*> since it does not affect the structure of the degrees
of freedom. We thus consider

1 2
Saor === J Tr [ (ViuFon)” + 62 Fop Fo| - (41.2)

We now introduce an auxiliary field A,, of mass dimension 1 and transforming in the adjoint
representation of the gauge group. We still use V,, and F,,, to denote the covariant derivative
and the field strength tensor of the original gauge field A,,. The action

2 1

K
Siof = —; J Tr [Eanan — k%Al Al — 2anVmA;,] (4.1.3)

gives back the original (4.1.2) on equations of motion of the auxiliary field, k2A! =V, Fon.
Shifting A — A + A’ the auxiliary field becomes dynamical and we obtain

2
Séof = _% J Tr [%anan - %(amA;l - anAlln)z - KZA;nA,,n + ] . (4.1.4)

The quadratic terms are now diagonal and we suppressed interactions. Notice that both the ki-
netic and the mass term for the massive fields have the wrong sign. This fact hints to inconsistency
already at the classical level, because the equations of motion allow for modes growing exponen-
tially at infinity. These solutions, upon canonical quantization result in negative norm states.
These facts reflect the same behaviour appearing in the four-derivative equations of motion of
the original action, see [Smiry] for a more complete discussion. However, on a formal level, the
Euclidean path integral that we are considering here is well-defined, since the action is positive.
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CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

4.2 One-loop divergences in (VF)* + F° theory

The derivation of the 1-loop effective action in the 4-derivative theory (4.1.1) in 6d follows the
heat kernel construction with background field quantization illustrated in chapter 2, generalising
the the 4d case discussed in appendix C of [FT82b] and reviewed in [Casi7].

We therefore start expanding the action (4.1.2) about a solution A,, = B, + A,, to extract
the operator for the sector quadratic in the fluctuation. The gauge fixing contribution will be dis-
cussed afterwards. The calculation is somewhat tedious, but follows the same principles that were
applied to the Yang-Mills case in section 2.8.4 without adding any new ingredient. We therefore
do not reproduce all the algebraic steps.

From the kinetic term (VF)?* we get

2 1
Tt (Vi Fpn) = — EA;’n [5mnv4 +4F,,V? =2 (Vi Fip 8 + 2V Fipy 81m) Vs
af )
—2(V,V, Fip) + 4kaF,m] AL (4.2.1)
1
= S (VnARVA(V, A7),

where the term in the last line is singled out because it can be eliminated with a gauge fixing as we
will explain later on. The interaction term F> gives

3
Tr (anFnkam) - A(rln [(5 [m(ré

3
n]_Z

3 3 3 @ g
- <Z[kaa Fkn] + ZFr(an)r + gFrkFrk(Smn>] An,

an5’k>v,vk +3 (ka[m “5,’3) v,
(4.2.2)

where F,, and V,, depend on the background B,, and a, § are indices in the adjoint repre-
sentation. In order to get the expressions (4.2.1) and (4.2.2) we integrated by parts and expanded
all derivatives with the Leibniz rule (i.e. the derivatives in round brackets do notacton A,).

The terms in (4.2.1) and (4.2.2) enclosed in squared brackets constitute the desired differential
operator, expressed in the form (2.7.12). As we explained in section 2.7, only the self-adjoint part of
the operator contributes in the path integral, therefore one has to perform the procedure described
there in order to impose the symmetry requirements (2.7.15). In doing so it is important to take
proper care of the vector structure, since the fields carry the two indices (m, @).

As aresult of such manipulations, the quadratic part of the fluctuation of the action in (4.1.1)
can be written as

1
5 = 3t [ [ A5 084 AL+ i (- V) (9,49 (+23)
and the self-adjoint four-derivative operator A, actingon A% has the structure
Ng=V+ VUV + NV + Vi N + U, Vik = Vr (4-2.4)
where I7rk, N k> U are local covariant matrices in the internal (a,m), (B, n) indices reading
% k
Vedmn = (4 + 3Y)an5rk - 67/F[m ("5”]) >
. 1 1 3
(Nk)mn = 5 (2 + 3}/)V}'F‘rkémn - E (4 + 37) VrFr(m(Sn)k - Eyv(an)k s (4-2-5)
A 1 3 3 2
(U)mn = _5 (4 + 37)Fknka + 5 (4 + 3Y)kaFnk + EyFrkFrkémn + 3V an .
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4.2. ONE-LOOP DIVERGENCES IN (VF)? + F3 THEORY

4.2.1  Bosonic theory

We now complete the quantization in the background field method; we choose here the conven-
tional background gauge fixing with gauge-averaging operator

G[A]=V,,A,,, H=-V2. (4.2.6)
The gauge-fixing term in the shifted action thus reads
GHG = 55V A =TT, Ay, (+27)
and exactly cancels the second term in the quadratic action (4.2.3).
We can therefore finally evaluate the one loop effective action (2.2.24) as
det A, , 1 det A ,

1
(1) = = log = Slog—F—, 4.2.8
2% (decag dectt 2 Wex(-VP (429)

where in the second equality we used Agy, = —V?, as derived in (2.2.23).
In the theory with gauge fields only, defined by the action (4.1.1) alone, the effective action
(4.2.8). The logarithmically divergent part is, adapting (2.6.15),

Ty _=- G log% J'be,, be = bO(N, 1) — 3bg(—V?). (4.2.9)

Starting with the explicit form of the coeflicient functions (4.2.4), (4.2.5) in the operator Ny,
and applying (2.7.17), (2.7.18) as well as (2.6.29) for the ghost contribution, we can compute the
coefficient bg in the divergent part of the effective action (4.2.9). Once again the calculation
follows the ideas presented for the Yang-Mills case in section 2.8.4; in particular when computing
bgs)(A4 4) one has to take proper care of the index structure (so that, for example, the curvature
W is (2.8.37)). Again, no new ingredient is added here, so we give directly the resul,

B a0 = [ 2 (V) + (2 =107 + 27 ) FunFocFin| . (420)
be(=V2) = tr [ - %(V,,,F,,,,,)2 + ;—OanFnkam] . (4.2.1)
‘We can write the result in the form
bo = | = 2PV Fun + 55 B3 Fun FoiFin| (422
where the coefficients read
oy =249, P34 =9 — 900y + %ﬁ : (4.2.13)

This reproduces the results quoted in (1.3.4). It is remarkable that the divergence proportional to
(VF)? turns out to be independent of the parameter y, although various terms in bg in (2.7.17)
generically do give y-dependent contributions to (VF )2. This fact is actually merely accidental
and happens only at the 1-loop level.!

"Higher-loop corrections do induce a dependence of f,4 on y, see [Grai6].

107



CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

The corresponding RG equations for the renormalized couplings are

83 2434y —45y° ,

2\ —
D= 350G W) prvFm

2, (4.2.14)

The flow of g is independent of the parameter y and the sign of the beta function corresponds
to asymptotic freedom. The fixed points of the flow of y are the zeros of its beta function, which
read y; ~ —0.897, y, ~ 0.059, y3 ~ 0.838. Since f(y) > O fory < yy or yp < y <
73, we have that y; and y3 are attractive fixed points of the flow. Requiring the positivity of
the Euclidean action does not fix the sign of the F 3 term in (4.1.1); we can thus define a second
coupling h? = y~1g? that may assume positive as well as negative values. Then, h? goes to zero
in the UV near the fixed points, namely the theory is asymptotically free also in A.

4.2.2 (1,0) supersymmetric theory

We now consider the supersymmetric version of the theory (4.1.1). In general one might expect
the action to admit a supersymmetric completion in the y = 0 case, since there is no supersym-
metric extension of the F> term.> Indeed, in the abelian case one can construct such a model
by inserting —0? inside each term that appear in the abelian limit of the (1,0) super-Yang-Mills
action in (2.8.60). Immediately we see that the auxiliary scalars become dynamical but with a neg-
ative kinetic term. However, it is not clear how to construct the non-abelian generalisation of this
model, because the gauge-covariant derivative is not supersymmetric covariant.

We rely on the action constructed in [ISZos]. Using an off-shell harmonic superspace formu-
lation, a complete (1, 0) supersymmetric action in six dimensions was obtained. The dynamical
field content includes the four-derivative gauge field A,,, the three-derivative Weyl spinor ¥, and
the three two-derivative real scalars ®; (with I = 1,2,3). In total, one has 9 + 3 bosonic
and 3 X4 fermionic on-shell degrees of freedom for each gauge index. In the case of the standard
(1, 0) super-Yang-Mills theory (2.8.60), with conventional two-derivative Yang-Mills kinetic term
for the gauge field, the fields ®; are the non-dynamical auxiliary scalars.

The derivation is very involved and significantly departs from the scope of the present work,
therefore we do not comment on the derivation, the reader should consult the reference if inter-
ested. The theory contains several interactions; the sector relevant to our calculation is?

St = —;—2 J d®x Tr [ (ViuFn) = 19V V2¥ — (V,,®,)°
- % L L Vi [Fo O] + 20 Vo LY (4.215)
+0(0¥,0%)|.
Note that with our definition of the coupling constant g (i.e. the choice of the overall sign of the

action) the gauge field term in (4.2.15) is positive definite but the scalar term is not, and this is one
indication of the non-unitarity of the theory. Notice that redefining the scalars ®; — i®; to

*Cf. discussion in footnote 9 on page 7s.

3Our notation differ significantly from that of [ISZos] where, e.g., the athors use symplectic-Majorana spinors and
define the scalar kinetic term with a symplectic form, thus leaving its negative definiteness implicit. They also choose
the opposite overall sign for the action, that translates in the opposite sign of the beta function for g in (4.2.28).
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4.2. ONE-LOOP DIVERGENCES IN (VF)? + F3 THEORY

change the sign of the scalar term, produces an imaginary @ interaction. We suppressed inter-
actions that are more than second order in the scalars and fermions, as they will not contribute to
the one-loop divergences in a gauge-field background.

Indeed, on a background where the gauge field is nonzero, A,, = B,,+ A,, while the spinor
and the scalars vanish, only the terms of S; ¢ explicitly written in (4.2.15) contribute to the term
for quadratic fluctuations, and we get

2 1 5
St = 28 J (A (&04),,, An + PAsp¥ — @ A0 P ], (4.2.16)

where for simplicity we suppressed gauge indices. The gauge terms have been eliminated with
the gauge fixing in (4.2.6). The four-derivative operator for the fluctuations of the gauge field is
given by (4.2.4), (4.2.5) with y = 0. The three-derivative fermion and the two-derivative scalar
operators are

Ay = iVV? + évrm,,an + T,V Eyy) = iV + LV, Fy)
) (4.2.17)
AZ(D = —V .

In the first form of Ay the derivative in the second term acts all the way to the right while in
the other terms it acts only on F,,. i ¥? is the cube of the Dirac operator Ay introduced in
(2.6.68).

Evaluating the effective action for (4.2.15), we therefore obtain

det A%A [ det Azq;] 2

1
Ty a0 =5 log H=-V?=Ay,. (4.2.18)

[ det Agh] ? det H det A31p ’

We assumed an analytic continuation for the scalar term in order to deal with the extra sign in
(4.2.16). We also used that the spinor contribution det Azy is defined for a Dirac spinor with
a Weyl constraint, so that the factor unit exponent accounts for the fact that the fermion ¥ in
(4.2.15) is chiral. The contributions of the ghost and gauge-averaging operators cancel against the
contribution of the three scalars ®; and thus we have

1 1
1—‘(1)(1’0) = E log det A%A - 5 log det A3‘-I‘ . (4.2..19)

As a result, the coeflicient of the logarithmically divergent part of the effective action (4.2.9) is
given by

A 6 6 6
Ly a,0) il logz Jbe(m), b(e()l,o) = b(6 )(A%A) - b(ﬁ '(Azy). (4.2.20)

(4r)
The gauge field contribution is given by (4.2.10) with y = 0, yielding

21 2 2
b(66)(A9tA) =tr [ — ? (Vman) + EanFnkam] . (4-2.21)

To compute the fermionic contribution, we construct a four-derivative operator by taking the
product of Asy in (4.2.17) with the standard Dirac operator that was analysed in (2.6.73),

Ay = Ay Agy =V + YLV, F) (4.2.22)
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CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

so that we can express the heat kernel coeflicient bg(A3y) via the factorisation Ansatz (2.6.19)

6 6 6
b (Asw) = b (Aaw) = by (Arw). (4.223)
Ay is then a four-derivative operator of the form (4.2.4) with the coefficients

N ~ 1
Vik = LounFon Or1c » Ny = EranVman >
| | (4.2.24)

N 1
U Ermnszmn + ZrmnrrkanFrk + EFanVkaan

Notice that the operator Ayy is by definition not self-adjoint, therefore the symmetry require-
ments discussed in (2.7.15) are not satisfied. To compute its bg coeflicient we thus apply (2.6.50)
and (2.6.51),*

4 8
b (Baw) = | = <oV Fo® + 3= FonFotFin (4:2:25)

15

The contribution for the Dirac operator was computed in (2.6.73). For the three-derivative spinor
operator Asy we finally obtain, from (4.2.23),

B (Bgw) = | = (Vi F + = FoFoi o (4:2:26)

Combining the bosonic (4.2.21) and the fermionic (4.2.26) contributions to (4.2.20) we conclude
that the full F? term cancels as expected and finally

11 2
be (1.0) = _? tr (Vman) . (4.2.27)
This is the result quoted in (1.3.8). The renormalized coupling in (4.2.15) is thus

2 G
3 (4n)®’

pg™>) = (4.2.28)
corresponding to asymptotic freedom. This agrees with the (recently revised) result of [ISZos]
(but cf. footnote 3 on the different notation). Note that the computation in [ISZos] uses a scalar
field ®; background while here we have used the gauge field background, thus providing an
independent result.

On the cancellation of F3 divergence. Let us also note that it is easy to check the cancella-
tion of F3 divergences in the (1,0) supersymmetric higher-derivative gauge theory (4.2.15) by
restricting the background to satisty V,, F,,, = 0. This is a particular on-shell background of
this theory. The operators for the fluctuations simplify in such a background, though retainin§
nontrivial information. Then, the spinor operator in (4.2.17) becomes simply (A]\.p)3 =iy
and also the vector field operator in (4.2.4), (4.2.5) (with ¥ = 0) becomes the square of the stan-
dard Yang-Mills operator in (2.8.36), i.c. A%A = (Ay4)%. Asaresult, the effective action (4.2.19)
reduces to

1 1
F(l)(l,o) = 5 IOg det (AZA)Z — 5 log det (All.ll)3 . (4.2.29)

#The trace in the general expression of the heat kernel coefficient acts on both gauge and spinor indices, as done for
the Dirac spinor case in (2.6.73).
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4.3. ONE-LOOP DIVERGENCES IN F? + (VF)? + F3 THEORY

We can then recognise such expression as

F(I)(LO) = 21—‘(1)(1,0)SYM + F(l)scatl > (4.2.30)

namely it is the combination of the effective action of the standard (1, 0) super-Yang-Mills and the
effective action of the scalar (hyper)multiplet (containing four real scalars and one Weyl fermion).
Each of them does not contribute to the F3 divergent terms as follows from in (2.8.61) and
(2.8.29), in agreement with supersymmetry requirements. Explicitly they read

1
L) aoysrm = 3 [log det Apy —2log det[—V?] — det Ally:| , (4.2.31)

L) seal = %[4 log det[—V?] — det AI‘P] : (4.2.32)

4.3 One-loop divergences in F>+ (VF)? + F? theory

It is straightforward to generalize the expression for the effective action to the case when one adds
to the action for the higher-derivative gauge theory (4.1.1) the standard Yang-Mills term,

2
s=—— Jd6x Tr [ (VouFpn )" + 27 Fpop Foge Fim + %FmFm]
; i L e (431
= 5 [0 [ (Vg 70 Pl S )
where k has dimension of mass.

This gives a natural way of interpreting the standard two-derivative Yang-Mills theory in six
dimension: the addition of the higher derivative action indeed makes the theory renormalizable.
On a gauge field background we can combine the expansions (4.2.1) and (4.2.2) for the higher
derivative terms together with (2.8.35) for the standard Yang-Mills term and we obtain the action
for the part quadratic in the fluctuation

1
S~ 5a I dbx [Af’n (N, ) AD 4 (V,,4%)( = V2 + KZ)(vnAg)] L (432)

where we have defined
Nyy= Ny +xboy. (4.33)

Here A , is the four-derivative operator derived in (4.2.4)-(4.2.5) and A, 4 is the standard Yang-
Mills operator (2.8.36). The second term can be eliminated with the background-gauge fixing
now weighted with the averaging operator

G=V,A,, H=-V>+x2. (4.3.4)
The effective action that follows from the background field procedure is therefore

det A 4

1 2
(1) = 5 log Agh = =V=. (4:3.5)

[ det Agh] 2 det H ,
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CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

Here we use the full heat kernel expansion (2.6.14) to include power-law contributions from
(4-3.5). Ignoring field-independent terms, we thus have quadratic and logarithmic divergences
that are determined by the total by and bg coeflicients,

e A
T, =——<—BA2+B10 —), 36
oo Gy (2B 6log~) (4.3.6)
B, = Jd6x b, by = by (Ny4) = 2b,(=V?) = by(=V? + &2). (43.7)

The coefficient bg‘) determines the logarithmic divergences in the corresponding 4 d the-
ory where its computation was done in [FT82b] (see also [Casr7]). In our analysis here we will
omit field-independent contributions that arise from &2 in H. For the operators in (4.3.5) in six
dimensions we get

by(—V? + %) = 1—12 tr Fopp Fo » (4.3.8)
®n v (3.9 .9,
by W) =—(5+ 57+ 37 Ve EpyFpp (43.9)

where we used (2.6.28) and (2.7.9). Then, from (2.6.29) and (2.7.17), (2.7.18) we find

6 21 2 9
b (M) = = oV Fyn? + (5 = 107 + 27 ) 5 Fyn Fo Fim

15 4
+ (249 +32) 2 Fy F (4.3.10)
) 14 4 mnt'mn > 4.3.10
1 1 1
be(—V? + k%) = % tr(V, Fop)? + 50 & FonFoic Fiom = EKZ tr Fpp Fop - (4.3.11)

As a result, the total values of the coefficients of the quadratic and logarithmic divergences in
(4.3.6) in six dimensions are

by = l—lzﬂm tt Fyp Fr (4.3.12)
b6 = KB At FunFo = 2 Po 0T Fon? + 5 a0 FunFutFi s (431)

where f,4 and fz,4 are those given in (4.2.13) and we have defined
pia==3-18vVa-5aVar = 2ar,  a=p A+ (s314)

From (4.3.12) we have a quadratic correction to k, however it is non-universal and absent in di-
mensional regularization. The contribution (4.3.13) can be absorbed with the known renormal-
ization of g2 and y given in (4.2.14) as well as a renormalization of x controlled by f, 4, with
the renormalization group equation

G
(4r)3

172 2\ 2,2 ©
= (-2 - 18- 62 )t
(-5 —18r-or & ny

B = =(Ben + o5 Poa ) 267
(43.15)

Near both the attractive fixed points y; ~ —0.897 and y3 =~ 0.838 of f(y) in (4.2.13), the
right-hand side of (4.3.15) is negative and thus k2 = 0 in the UV.
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4.3. ONE-LOOP DIVERGENCES IN F? + (VF)? + F3 THEORY

431 (1,0) supersymmetric theory

We now consider the logarithmic divergence in the (1,0) supersymmetric extension of the purely
bosonic model (4.3.1). The complete supersymmetric action is the sum of the (1,0) theory S(; o
(4.2.15) combined with (1,0) super-Yang-Mills action S g)sym discussed in (2.8.60),

2
K 1 =
Shoy=Sio - 5 J dO% Tr <§anan +iPYY - 0,0 ,) , (43.16)

Once again we focus on a gauge-field background, and we thus have

2) 1 -
S(,l(,O) = 227 J (A (A0),, An+ PN ¥ — @A), @] (4.3.17)

where we have eliminated the gauge term with (4.3.4). All the quadratic operators acquire k-
dependent terms,

AQ?A = A%A + K2A2A . Al3‘l’ = A3\Il + K'2A1\Il . A/ZCI) = AZ(I) + K'2 . (4318)

where Azy and Ajg are higher-derivative supersymmetric operators given in (4.2.17), while
A4 and Ay are Yang-Mills and Dirac operators defined in (2.8.36) and (2.6.68). The effective
action reads

det A, [det A’2¢]3]

1
| =-1lo [
MU0 T3 8 | [der Ay P det H det Ay

1, det A, [det(—V2 + k)2 (4:319)
—2% [det Ay [det(—V2)]? ] ’
where Agy, = —V?2 and one of the scalar contributions simplifies with the operator H = —V? +
k2. We can represent the corresponding logarithmic divergence as
F(/l)(l,O)Lo = —@ 108% Jbéa,ow
(4.3.20)

6 6 6 6
b 10 = by (NEy) + 2057 (=V2 + k2) — by (Alyy) — 265 (=V?) .

For the gauge field and scalar determinants the expressions for bg are given by (4.3.10) and
(4.3.11) with y = 0. For the fermion contribution we use the decomposition Ansatz as in (4.2.23),

6 6 6 6 14
b (Myy) = by (Arwlyy) = b (Arw) = b (Aw) + =7t g Frg (43:20)
with b(66)(A3q/) given in (4.2.26). As a result, the divergence (4.3.20) is

1 2
b 10) = KBy (1.0) € Foup o — @ﬁz(l,O) tr (Vo Fon)
29 (4.3.22)
Be10) = i P20 = 220,

where (10 is the same as in (4.2.27). The combination £ ) + % P24 is negative, therefore
as a result of (4.3.15) we do not have asymptotic freedom in the supersymmetric case, but rather a
Landau pole for K2,
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CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

As a final comment, notice also that on a background V, F,,,,, = 0, (4.3.19) admits a decom-
position analogous to (4.2.29),

' _
1—‘(1)(1,0) - F(Da,msm + F(Uu,omsm + r‘(l)(l,O)mscal ’ (43.23)
where the various terms are the contributions of massless (1, 0) super-Yang-Mills (4.2.31), its mas-

sive analogue, and a massive scalar multiplet,

1
F(l)(l,O)mSYM = 3 [log det[Ay4 + K2] —2log det[—V2 + K2] — logdet[Ay + K]] , ( )
4.3.24
I = 1410 det[—V? 4 k%] — log det[ Ay + K]
M aomea ~ o g g ¥ .

We therefore confirm also in this case the absence of the F?> in the effective action from the cor-
responding absence in each of the terms in (4.3.23).

4.4 Other matter couplings: @ F F theory

4.4.1  Overview of the calculation

In this section we consider a popular candidate for a scale-invariant theory in 6d, namely the
@F F coupling presented in (1.3.9). We continue the discussion from there.

In order to perform a consistent quantum calculation, we start at classical level with the fol-
lowing renormalizable 6d action

1 1
S = Jd(’x [Eam(p Om® + ;h(p3 - g%(p Tr [anFm,,]

1
— ? Tr [(Vman)z + ZJ/anFnkam] ]
| X . (4-4.1)
= Jd6x [Eam(p Ome + §h¢3 + ng(/’ FonFon
1
b 53 (V) 1 i FL P |

This action enjoys classical scale invariance and is renormalizable. Indeed, the couplings A, o, g
and y are classically dimensionless; the fields have dimensions [@] = 3 and [A,,] = 1 in units
of mass. We considered also the cubic self interaction in the scalar, that is allowed on dimensional
grounds and in fact required for renormalizability.

We approach the problem in the background field quantization framework. Setting @ —
¢p +@ and A, — B, + A, in(4.4.1), and using F,, and V for quantities related to B, the
quadratic sector symbolically reads

S = S® 4+ S@hee, (4.4.2)
1 a 1 o\ ap
50 = j 4 [ 50 (82) 0+ 0 (Aga)y Al + 545 (K AL (a)
1
Sgivge = 2 J d®x (V,A,) - [ = V] - (V,4,). (4.4.4)
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4.4. OTHER MATTER COUPLINGS: @F F THEORY

We will specify the differential operators later on. Sg&ge can be conveniently eliminated fixing
the background gauge condition and using the gauge-averaging operator (4.2.6). S @ displays a
crucial difference with respect to the cases analysed previously in the chapter: We have a mixing
term between the quantum fluctuations of the scalar and of the gauge field. We therefore cannot
resum the perturbative expansion in explicit determinant terms, and we are therefore left with

e T = det Ay, Vdet H J@(p DA S? , Agy = -V2=H, (4.4.5)
We can nonetheless make the effective action more explicit in the form

Ty =- J Do DS - % log det[—V?], (4.4.6)
clPI

where the functional integral is restricted to connected 1-particle irreducible vacuum diagrams.
Since S@ isnot diagonal in the quantum fluctuations for the different type of fields, we cannot
use the heat kernel approach to directly evaluate the 1-loop effective action.> We therefore start
analysing the problem with a diagrammatic approach focusing on the divergent contributions.

Since I{;y in (4.4.6) is a gauge invariant function of B, we can expand it in powers of such
background field and reconstruct the effective action from the first few terms. In dimensional
regularisation with d = 6 — 2¢, the divergent part reads

1
Tole = Gare Jd"x (@4, O, Oy, + an by + 0y by, 04 B 0B

+ agBY[6,n0" — 0,070, BE + ag [(V , F2) ] 3 (4.4.7)

+a, [P 9,y BY 0, By 0 Bl + O(B*, ¢, BY) | .

where in the third line of (4.4.7), [(V,, F%,)?] g3 represents the term in (VF)? thatiscubicin B
and has not been explicitly opened up for ease of writing. All the higher order terms © (B*, ¢, B)
that have not been explicitly written are fixed by gauge invariance. In order to reconstruct the
whole 1-loop effective action, it is enough to consider the five correlators corresponding to the
terms in (4.4.7). The diagrammatic expansion of such terms is shown in figure 4.1. There are
many diagrams and the Feynman rules are quite complicated, especially those involving many
gauge fields (quantum or background). Only diagrams divergent by power counting have been
included; tadpoles have been neglected. The crucial observation to simplify the calculation is that
we can resum most of the diagrams in terms of heat kernel contributions. Indeed, all the diagrams
that involve only one type of quantum field constitute the expansion of the determinant of the
corresponding differential operator, hence we can avoid their evaluation and extract such contri-
butions with heat kernel coefficients. Indeed, the first two diagrams of figure 4.1 represent terms
from % logdet A ; the second and third lines are terms from % log det A}ZZ. The perturbative
expansion can be therefore organised as

Iﬁ(l) = 1—‘diag + ik (4-4"8)

*One could in principle generalise the heat kernel machinery to the case of fields in different representations, but
it does not seems an efficient method to approach the problem at hand.
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CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

T
T K K =
X < =

Figure 4.1: Power-counting divergent contributions to If;y from ... Straight lines are the scalar; wavy
lines are the gauge field. Following the framework of background field quantization, internal lines are
quantum fields and external lines are the background field. Tadpoles have not been included.

where I'y is the term that can be computed in terms of heat kernel coefficients,

Iy = % log det A% + %log det Ay, — %logdet (—Vz) ,
1 d ©) 7y 4 O P
ik = _(47r)—32£ Jd x bg , be = by (A4 4) + bg (Asy,) — 3bg (=V?),
and Iy, contains the remaining diagrammatic contributions. For such term, we will evaluate
the diagrams in the conventional way.

4.4.2 Heat kernel terms

We start analysing the terms that can be cast in terms of heat kernel contributions.

The scalar field operator is simply
Dy, = —0% + hepy, (4.4.10)

and we can therefore immediately evaluate the contribution via (2.6.29)

1 1
b(Bap) = TSR pp0 Py — Py’ (4.4.11)

The gauge field operator instead acquires an additional dependence on ¢. The relevant part
of the gauge-scalar interaction reads

ap
@tr FyppFpp = Aj [2¢b 5n[m5r]kvrvk + 20, ¢y, 6n[mvr] + d)men] Ag ’ (4.4.12)
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4.4. OTHER MATTER COUPLINGS: @F F THEORY

where we dropped total derivatives, wrote the field in the adjoint representation and only the
rightmost derivatives act on A,,.

The term (4.4.12) modifies the differential operator Aﬁ 4 in (4.2.5); taking into account the
symmetry properties (2.7.15) to project on the self-adjoint part, we obtain

NG =V+V VIV + NV, +V N+ T,

( k)mn - (I/rk)m" + Géaﬂ(émrémk + 64Ok — 25mn6rk) ¢y

(4.4.13)
(N )mn . (Nr);ln% + Eaéaﬂ(érmanqbb - 6rnam¢b) 5

O = )b - 30, Fal,

where Vi, N, and U are the coefficients (4.2.5) arising from the (VF)?> + F? terms in the
second lines of (4.4.1). The contribution to (4.4.9) thus reads

BOWS) = bW, + [% + 18+ 6y ] oyt Fy Fyy

20 (4.4.14)
- ?N03 é,> +5 N o? o2y,

where bg(Al ;) was computed in (4.2.12) and N is the number of vectors. In the particular case
of a constant scalar background and setting k2 = 20¢y, this expression reproduces (4.3.13).
The gauge fixing contribution bs(—V?) was evaluated in (4.2.11).

4.4.3 Diagrammatic contribution

The free terms in S® determine the free propagators

1

Grn(x, ) = (AL ARG ) = & 67 J gin-n L
end’

(4.4.15)

ip(x—y) i
a 2"
(2m) p

G(x,y) = (@()p()) ) = J

We can then extract the diagrammatic contributions from the the general relation (4.4.6) con-
sidering the terms in the expansion

— (e~ S 1y S = SP — 27 JA"‘ 4 AP — 5 J@( 0%) @*: (4.4.16)

by direct application of Wick’s theorem with the propagators above we can construct the relevant
integrals.

In order to reconstruct the diagrams of I'y;,, we focus of the following interactions:

Jddx [V P+ @Vl A+ AL LV, VT Al + AL W B Tw Al (4.4.17)
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where the vertices in position space read

[0} [0}
Vil = —2;6W¢b6m[k6r]pés[,6k]nasap — zgéwém[k[a,]¢b]6n[kér]sas :

40 1
[V¢BA]g = g_za[m 11 Om » V(/?(E =3 hy, (4.4.18)

) 4
[V(pBAB]g _ _g_gfaﬂJ’B,e,B,}; 0, + g_(;faﬁya[me] By

W, given by the @(Bl) term in AZ 4 is more complicated,

(WE 1w = 215mnB,0r02 + ﬁ(lf/,ﬁ)mna,ak + terms with less derivatives, (4.4.19)

g2
where the coefficient V.2 reads
(Vrg)mn =20 apo Ok + 4 6,y 0, By (4.4.20)
+ 2(4 + 3)/)0[,,,Bn]5,k - 6y6[mB,]6kn + 67/(3[”B,]5km .
The three-derivative term as well as the first line in the expression for V.2 come from the expan-
sion of V4; the second line of V2 comes from V,V,, V, in A ,. We did not write explicitly
the terms with less derivatives as they are very complicated and we will not need them for the
calculation, as we shall see.
From the perturbative expansion of (4.4.16) we can extract the relevant terms in the diagram-
matic expansion of figure 4.1. We will make use of the general definitions for loop integrals dis-
cussed in chapter 2, that we repeat here for the reader’s convenience,

dp  Pm, " Pm
Id . em = J 1 . B e
st = | 2ol — P (+:421)
ddp Pm, *** Pm
Ig’c.m...m<,k>=J ——— : 4.
pesmymy Qo) P21 — 2L + K¢ (4-4.22)

We will focus on the divergent part of such integrals, that can be computed with the methods
described in sections 2.4 and 2.5. ©

Two-point function BB

The relevant term in the expansion of the effective action is

I'pp = —%< ( J' VA Aﬁ)z >C1PI (4.4.23)

that can be computed applying Wick’s theorem,

. jddx d'y G(x, y) VAL VEGIE Gihx,v) (4.424)

¢Some manipulations have been performed with Wolfram Mathematica and the xAct package, [MG].
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4.4. OTHER MATTER COUPLINGS: @F F THEORY

Substituting the propagators (4.4.15) and the expression for the vertex in (4.4.18), with conven-
tional manipulations we obtain

262J d gd Jddq
I'gp=— |dxd
BB = "3 y 22

where the loop integral is of the form (4.4.21) and its divergent part reads

€'Y 0y, BY (x) 0 BE(3) I8 i (@) » (4-4.25)

1
13, mk(q)‘ [qmqk - §5mk612] . (4.4.26)

-1
12(4r)3e
Substituting back the expression into (4.4.25) we arrive at

1 0'2
(471')35 6g2

1

Tgs|_ = J O B, [amap - 55,,,1,02] oy BY =0, (4.4.27)

which vanishes as a consequence of the (linearised) Bianchi identity.” This means in particular
that the beta function for the gauge coupling g is unaffected by ¢ at 1-loop in perturbation
theory.

Three-point function ¢, BB

We have two diagrams with three propagators. The relevant terms in the expansion of the effective
action come from

—l<< JV o>+ o [VE 15 AL+ AL V4 o n)3> (4.4.28)

6 cl1PI

and in particular read

Ly, = %< (J Vs ) (J @ Vouls AZ>2 >C1PI

. , ) (4-4-29)
a b a a
w5 ((Jastuima) ([owimas) )
Applying Wick’s theorem we can rewrite them as
Ty BB = Jddx dly diz (VI ()] G(x,y) G(x, z) -
VB VR G, 2)
(4-4.30)

+ Jddx d%y diz Gy, z) [[V(pﬂ(z)]f G (x, z)] :

| wiheorhv o alie. )|

7Indeed, we have, for any antisymmetric A,,,,

0 = 30,0y, Fy = 0°F,, — 0,0,F,, + 9,0, F, = 0= A,, [6,,0° — 20,0, F,

mYp* pn n“p* pm
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CHAPTER 4. HIGHER-DERIVATIVE GAUGE THEORY IN 6D

where in both terms we have two possible contractions, in the first case for the two scalars and in
the second case for the two gauge fields in the AVA vertex. Then, substituting the propagators
with conventional manipulations we arrive at

h 2
Fpyun =825 [dfxalya’z gy 0, B0 8, B2 -

d% A9 ey gt
J (Zﬂ)d(Zﬂ')d eKCelax Z)Iélll;mr(q’ k)
0'3 d d d Y pa Z pa (4‘4‘31)
+ 32? dxd%yd“z ¢y(x) 0y, Bs)(y) 0, By (2) -
d'k d’q _
J aniaei® e @),
where Ig“;mr is of the form (4.4.22), and we defined
I @k = J d%p (k= P)abns(q + P)a (@ + P)m(k — p), (4.4.32)
e Q) PP(p— *p+ k) ’ -

By power counting only the term with four powers of p in the numerator of the integrand in
Iys, are divergent, so

ddp Pa)Pa Pm Pr .
Ty 2 2 IV, + finite
Q) p=(p—@)*(p+ k) (4.4.33)

= I{y.amr(a(@ k) 8,5 + finite,

Imrsn(q’ k) =

and the divergent part reads

1 Oy
Ié Lk L , = __mrse .
211; mr(q )l 12 (4x )3 Lrsn(q )| 12 (47[)3 (4 4 34)
Reinserting (4.4.34) back into (4.4.31), we finally obtain
1 [2ho® | 843 J
I’ =—|=— 4+ == oy,, B% 0;,, B . 4.
nBB = e [3 2 13 gz] P O Bp) Om By (4.4.35)

Three-point function BBB

The B? term receives in principle contributions both from (VF)? and from F3. However,
as we saw above, there is no divergence associated to (VF )2 By virtue of gauge invariance we
therefore expect only a contribution with the structure

[F, Fh FL,] 3 = 20,,B%0,B (0, Bin — 30,,B]) (4.4.36)

up to total derivatives.
Two diagrams contribute to this term, with two and three propagators. We will compute
them and show that the final result for this divergence is

1 o’ 342y

I'ppp = @n)e % Jdd —=r*"9,B%0 Bf[akBm 30 Bk] (4-4.37)
1 o2 3+ 2)/

" (@n)e g J dlx == PP F R (4.438)
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4.4. OTHER MATTER COUPLINGS: @F F THEORY

Individually the two diagrams are both non-gauge invariant, however, when summed together we
recover the gauge invariant structure (4.4.36).

Two-propagator diagram. The relevant term in the expansion of the effective action comes
from

S ([otasvemmay),,,

and in particular reads

o=~ ([o V) (Jovalia)) . teso
Applying Wick’s theorem we obtain the expression
Tap = - Jddx dly G(x,y) [VE, 1% VEED)IL Gi(x. ). (4.4-41)

that with the conventional manipulations becomes

2p * [ ao a dp ip(x—y) fap «
4.4.42
- | BAG) BLO) 18140 (0) + 2 0B (3) BLG) 151, 0|

The expansion for the first loop integral was given in (4.4.26); the other is

1 1
it m(p)’ (4r)e &Pm (4-4.43)
Reinserting back into (4.4.42), with the usual manipulations we obtain
2 1 2
s = ———~— | d%x £ 9,,B¢ 0,B} [0, B, — 3 0,,B]]
(x)e3g (4-4.44)
1 O' d o
2_ | d4x f*PBE 9,B} 0,,[0,BL — 0,B}] .
(47r)3e 3g 4 " [ e " n]

Notice that to (4.4.44) only the second term in (4.4.42) gives a nonvanishing contribution;
the first one vanishes as a consequence of the Bianchi identity with the same mechanism described
in footnote 7.

Three-propagator diagram. The relevant term in effective action is generated by

_% ' < ( - _[ OV paliAs - J AR il ")3 >C1PI (4-4.45)

and reads

< <J¢[V<£‘]£A£>2 <JAa (W ip1m Ay) >c1P1' (4.4.46)

I21

l\.)I'—‘

1—‘BBB -
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Applying Wick’s theorem we get a factor 2 arising from the exchange of the two internal A fields,
so that the integral becomes

FBBB = Ja’dx d%y dz G(x,y) -

5 (4-4.47)
o
(VA Gl ) - (VAGE W@ Giir.2)).
After conventional manipulations we obtain
2 d? d
o q d%
b, = 16? Iddxd"yddzjw(zn)d e!10=9) k=0 g BY(x) 0y, BLy() -
3
L |58 BYE) (gm0, 0+ K THr3,0(6.0) (4-4-48)

1 :
_ E(Vul,f(z))fn 1§’12;mm(q, k)] + finite terms,

where, by power counting, the terms in the expression for W with less than two derivatives pro-
duce convergent integrals, as anticipated.
The relevant divergences read

1 Q(mérv) - 2k(m(sru)

d —
Ill2;mru(q’ k) © -

(@r)e 16
LS | (4-4.49)
1112 mu(q’ k)‘ (47[)3 . 1ﬂ12U IgIZ;mruv(q’ k)‘oo = mé(mréuv) :
Substituting these expansions into (4.4.48), we obtain
3 1 o2 13 + 6y
Tpssle = G x 2L f9" 9,, B 0, B 04 By — 30 B]]
1 5 , (4-4.50)
+ G 3g Jddx f*PYB% 0,Bn 0,,(0,Bf — 0,B] .
The result (4.4.37) is the sum of (4.4.44) and (4.4.50).
4.4.4 Result
We can write the result as
1
[ = @nye J d’x [ 00n®)* + 2,0 + a,0 F%, Fit,
(4-4.51)
+ ay(V, F&)? + ay FS, FLFL faﬂr]
with®
« _h—2+§62N a—w+[g+9 +3 ]aC w=-3¢
v T g7 0 N T T T T et =gt
ap = 3+ 10 53, (3+2)—+(1—é +23>C N
TR 4 20 2" "T16" )T

8 All the results from the heat kernel that were not derived for bg’)(Aﬂ 4) have also been confirmed via a diagram-
matic calculation. This constitutes a cross-check of the diagrammatic technology and of the heat kernel method.
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4.4. OTHER MATTER COUPLINGS: @F F THEORY

Notice that some divergences scale with N (the number of vectors) and others with the quadratic
Casimir C,; the former therefore survive in the abelian limit, while the latter disappear. We kept
the two parameters without specialising to SU(N) in order to emphasize the difference.

The beta functions induced in the renormalization of the divergences are

plg) = 2
10(47)3°
203 +2y)o? + (457 — 34y +2)8°C,
p(y) = — 2007 ,
sy — 3h' = 60N ho? + 160N (4:4:3)
4(4r)3 ’
fo) = 2(360y2 + 1080y + 439)g%cC, — 5h%6 + 40he? — 300N 6> + 800>

60(4r)3
A related model was analysed by [Gra2o]. Contact with the present calculation is achieved in the
abelian case with one vector; the beta functions agree in such a limit.

The RG dynamics associated to (4.4.53) is complicated due to the number of parameters in-
volved and no interesting fixed points appear to be present. However, we observe that we can have
fixed points of the flow of & and ¢ parametrised by g and y from the solution of f(h) =0 =
p(o). Thus if by adding other couplings with matter one is able to construct a fixed point for the
gauge couplings, this can be extended to a fixed point of the @ F F system, at least at 1-loop.

4.4.5 Generalisation: many scalars

An immediate extension of the model (4.4.1) is considering a multiplet of scalars ¢; in the trivial
representation of the gauge group. The action now reads

S= Jd6x [%(am(pi)(am(p[) + %hijk(Pi(Pj(Pk — 2Ly Tt [ Fy Fp]
o & (4-4-54)
- ? Tr [(Vman)2 + 27anFnkam] ] >
where the couplings now inherit index structure and A; . is chosen to be totally symmetric.

The calculation is completely analogous to the single scalar case and the integrals are exactly
the same. We therefore don’t reproduce it and simply state the beta functions arising in this case,

L 83G
PE™) = o
203 +2y)00; + (4577 — 34y + 2)g°C,
plr) =~ 20 ,
Bl ) = _4h,~m,,hjp,,hkpm = RnphmniPjiypy — 60N 6,0 Ry, + 160N 600, (4.4.55)
Wk A4y} ’
o) = _60(4117:)3 [2(36072 + 1080y + 439)g%6,C — Shymuhipny0;

+ 40h; k00 — 300N 6,004 + 806,~6k0'k] .

Once again N is the number of vectors and C, is the quadratic Casimir. We do not see any clear
way of manipulating this result further, we give them here for reference.
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Chapter s

Energy flux in qo4

In this chapter we compute the expectation value of the energy flux operator and its first quantum
correction in a state of fixed energy ¢ generated by a single insertion of the field. The purpose
is to understand the technical difficulties and develop the tools and the insightfulness necessary
to perform the computation in a more complicated tensorial state. As we shall see, the present
case already shows a considerable computational complexity and requires an analysis of 3-loop
diagrams.

In the calculation we will focus on 3 < d < 4, however the method naturally generalizes to
other values of d and the results can in general be analytically continued in d (modulo renor-
malization when d is an even integer).

After some general remarks on the problem at hand, we consider the free theory, that requires
special care, and then proceed to the calculations up to third order in the coupling.

The ideas and the results of this chapter have been published in [BCG20], where, however,
very little technical detail was given. Here we extend the reference providing much more detail.

Notation. Here we mostly work in flat four-dimensional spacetime of Lorentzian signature
Ny = diag(—, +, +, +). We also use light-cone coordinates x* = x? + x! and denote the trans-
verse coordinates as X.

We will indicate explicitly with subscript or superscript E when coordinates or correlators

are in Euclidean space.

s Introductory remarks

We consider the state generated by a single insertion of the field ¢ acting on the vacuum,

0(@) = J dx 1 () [0) | i>0. (5.10)

These are eigenstates of the momentum operator with vanishing spatial momentum. They have
the advantage that the excitation has definite energy and does not break the rotation invariance in
spatial coordinates.

A drawback of (s.1.1) is that since it is a momentum eigenstate, the plane wave is also spread
out on the whole space, and thus it represents an unphysical situation leading to divergences and
ill-defined expressions in certain situations. At the same time, since plane waves are eigenstates of

124



5.1. INTRODUCTORY REMARKS

the ANEC operator, the bounds coming from the positivity of the latter are the most stringent.
The state is thus better understood as the 6 — oo limit of the Gaufiian wavepacket'

lp(@)° = fddx e3¢ 5T p(x)]0) Go>1, (5.1.2)

where the significance of the condition §o >> 1 is that the parameter ¢ has to be large in order
for the state to have approximately definite momentum, and ¢ is the dimensionful parameter
setting the scale.

Specialising the expressions for ( Ez) in (1.4.6) to our case, we are thus interested in evaluating

(&)
where the numerator, the correlator of the energy flux operator, now reads
+o0
Z+\d-2 _ .
E@y=_jim (3) [ee? 0w [ar T @ he0). )
and the normalising factor is related to the 2-point function via
Ng= Jddx ¢ (p(x) 9(0)) . (5.15)

The steps of the calculation are the following.

1. Construct the relevant correlators (@T @) and (@@)y in perturbation theory in Eu-
clidean signature. This is done using the usual perturbative approach in Euclidean QFT
with dimensional regularization.

In this way, we obtain the correlators in terms of their Fourier transform, i.e. their momen-
tum space expression.

2. Derive the correlators (@T @) and (@) in Lorentzian signature from the Euclidean ex-
pressions as described in section 2.9.1. The procedure relies on complexifying the spatial
coordinates and manipulating the integrals involving the 0% Euclidean component of the
momenta. The idea is then to restore part of the Lorentz invariance by introducing the
Lorentzian momentum p° = —i p% and express the correlator in terms of a Fourier trans-
form in Lorentzian signature. This facilitates the comprehension of the expressions and
their manipulations.

For the (@T @) correlator, the relevant prescription is
N=ixP+¢, R=i"+¢, =0, E>¢>0, £¢-0, (516)

and in appendix B we explain how the 0™ components of the Euclidean integrals can be
manipulated in order to compute the &,{ — 0 limit.

"Notice that the regularization adopted here is different from the one mentioned in [HMo8] where also the time
component appears in the Gauffian factor.
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For the (@@) correlator, we set

N =ix0+¢, y=0, E>0, E>0, (5.1.7)

and the Lorentzian 2-point function is evaluated in section 2.9.2.
3. Dress (@T @) with the integrals and limits in (5.1.4) to compute (&(g)).
4. Evaluate the normalising factor N from (@) and normalise (&(g)) to obtain (Eg).

We start from the free theory, which requires particular care to reproduce the expected result,
as we shall see. Then, we extend the treatment to the interacting theory. As was mentioned for
(1.4.7), the answer is expected by rotational symmetry,

q

E)=—1 .
< q> Volsd—Z

(5.1.8)
Indeed, in the present case the result is known, but the calculation of (&(g)) needs to be fully
clarified before attacking more complicated states, because most of the technical complexity in
the calculation lies in it.

The Euclidean action that we use to compute correlators is

St = %Jddx <(0(p)2 + %(p“) . (5.1.9)

For the calculation, we find it convenient to introduce formal light cone coordinates also in Eu-

clidean signature, via

. 1
Pt =—ip £ p', PE_ = —Epi{, (5.1.10)

and similarly for the stress tensor and the Euclidean metric. The motivation is that we will obtain
Lorentzian expressions and set p% = ip?, thus the previous combination reduces to the conven-
tional null coordinates in Lorentzian signature.

The stress tensor associated to the action (5.1.9) is obtained from the flat spacetime limit of

(2.8.15), yielding

1 =
TrEn = arl;jzgo ()E(p - E(Smn(a(p)2 —-= (arl;jlal];(pZ - 6mn(aE)2(p2) s (5‘1-11)

that in Lorentzian signature becomes

1 -
T[lV = ay(p av¢ - Enyv(a(P)z - = (ayav(pz - nyvaz(pz) . (S-I-IZ)

In the previous expressions the additional parameter Z has been considered. In general, this pa-
rameter is necessary in order to have a renormalizable stress tensor operator, therefore in order to
construct a {@T ¢) correlator that has a consistent limit as d — 4 we need to take it into con-
sideration. However, since here we are ultimately interested in the energy flux operator E, such a
term is not relevant, as it reduces to a boundary term. Indeed, in the relevant component becomes
Z(0_)*¢? andis then integrated over the null direction to construct the correlator of the energy
flux in (5.1.4). Owing to this, we will disregard E terms in the calculation. We thus focus on

T _=0_@o_gp, T =0tpote. (5.1.13)
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5.2. FREE THEORY

Further remarks on notation. From now on, for the sake of brevity we will write

+00

T__(zt,z7,0) = T(z%), sz‘ T _(z-,zt,0)= J]_‘(zi) , % =0d. (s.114)

e Z
We understand the light cone coordinates also in Euclidean signature as explained in (s.1.10).

In the following, all the relevant information necessary to follow the calculation of the Eu-
clidean correlators should have been provided. However, the analytical steps are relatively in-
volved; therefore, in order not to clutter the section with technicalities involving complex analysis
reviewed in appendix B we assume that the reader is familiar with the results and the notation
described there. In particular this concerns the conventions that we adopt for the definition of
complex exponentials, the factors arising for contour integrals in the presence of branch cuts and
the expression of residues in terms of & and 6, that we recall here for completeness,

< 8[p°—1pl]

8[p° + Ipl1
5[pl = . = _P—m 0
p’ +|pl

, 5[p] = —, P’ =—ip}. (5.1.15)
—p° + ||

5.2 Free theory

s.2.1 The state

We start considering the state |@(g)) in (s5.r.1) in the case of the free theory. Such a state in-
duces a normalising factor Ny (s.1.5) given in terms of the non-time ordered 2-point function
(@()9(0)) ().

As we discussed in section 2.9.2, we can construct the desired Wightman function starting
from the Euclidean 2-point function,

dqu el 9E(XE—=YE)

w q% (5.2.1)

GE, = (@(xp)@(VE)) o) = J

Then we use (5.1.7) to obtain the Wightman function. One can perform the qg integral consid-
ering it in the complex plane and closing the contour on the upper half-plane, so that the integral
is given by the residue at qg = +i|g|. The Lorentzian (@) correlator is given in (2.9.12) and

reads . - .
diq . . de- CY e—i|(7|x +igx
x)p0 = 27L'J, '™ 6lq] = J — 2.2
(@(x)0(0))(g) 2 4] o120 (5-22)
The normalising factor in the free theory can be formally evaluated from (5.2.2),
0 S_ 0
Nc(i )= Jddx et <(P(X)(P(O)>(0)
d-17 (5.2:3)
=J " q 1 deo i1 Jdd—lzefﬁ;
Q2ryi=12|q]
the integrals in x give delta functions using (A.2.1), and we get
) d'q L | d-1=sr7_ 1217 s(d=1)
N ==z 7l 5lg — 14116 [é’]=5 d*='qélg - 1q116“"lql, (5-2.4)

17



CHAPTER 5. ENERGY FLUX IN (p4

where in the denominator we used the argument of the first delta function. Eliminating the inte-
gral with the (d — 1)-dimensional delta function we finally obtain

N = ga[q]. (5.2.5)

This expression vanishes for § > 0 and is ill-defined for § = 0. We can better understand it
smearing the integral with a Gauf$ian factor,

o 12
Nl? = Jddx '™ e o (p(x)p(0))
N (5.2-6)

d—12 . N
I I N S P O R ey
Qm)?=12|p| '

The integral over x¥ still gives a delta function via (A.2.1), while the integral over the spatial com-
ponents can be done with (A.2.2), and we obtain

3—d
d=1,5 (d%'p 12|52
Ng = T [ sia - e
! 24-1 |7l
a-1_%4 oo 1 (5-2.7)
- 2 _1 22
= - 2,,1[1 Volgi-2 Jdppd‘35[é—p]e i,
0

where spherical coordinates have been introduced. Eliminating the integral with the delta func-
tion, and using (A.2.6) for the volume of the (d — 2)-dimensional sphere, we get

T

122
= -1 cl=le"i7 T g1 0lq]. (5.2.8)
2d_2F[—2 ]

G
Ng

This expression is regular, although it does not possess a well-defined limit as ¢ — o0, as expected
from (5.2.5).

We can further understand the ill-definedness of (5.2.4) from the massive 2-point function
and considering the massless limit. Without going into too much detail, in the massive theory the
2-point Wightman function reads

d— 11—)’ e—iwl;x0+i[5)?
Qr)d-1 2w;

()P0, = j L ws= VA, (5209)

where @z > 0 is the energy associated to the spatial momentum p. The normalising factor
would thus read, with an immediate extension of the calculations in (5.2.3)-(s.2.4),

d—lﬁ i1 p
8[d — w51 8“9~ V[p] = ;5[4 —m]. (5.2.10)

J d¥x e 7 (@(x)p(0)),, = 7 j d

-

p

This expression does not possess a good m — 0 limit: for example, by virtue of the argument
of the delta function, one can add arbitrary combinations of § — m in the denominator before
taking the m — O limit. Indeed, there is no ‘natural’ way of considering the massless limit of a
motionless object.
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5.2. FREE THEORY

As a final point, we notice that the state (5.1.1) is very peculiar, and the norm of a more generic
state is qualitatively different from (5.2.5). We briefly comment on this without going into the
details of the calculation. Considering two field insertions (as opposed to only one as in our case),
results in a norm that depends on the correlator (@*(xp) @*( YE)) o)k that decays with a gener-
ically real power of the momentum. Indeed, expanding the correlator with Wick’s theorem, we
obtain

dqu e 4E(XE=YE)
J —, (5.2.0)

2 _ (4% ol G5 (x
<(.02(XE) (P2(J’E)>(0)E = (Gi:y) J = ol 9E0E yE)I 1(qg) & Qr)d [q%]z_%d

2x)?

where we used (A.3.2) to evaluate the loop integral. The qualitative difference now is that the
momentum decays with a non-integer power, resulting in a branch cut rather than a simple pole.
The Lorentzian correlator in this case reads, using (B.1.26)

qx
(fﬂ (x)qa (0)>(0) J' d— [CI — 14l (5.2.12)
@22
resulting in the norm
o O[q°
N; = Jddx ol ' (@*(x) @2(0))(0) x % . (5.2.13)

In general, the state constructed with 7 insertions of the field has a norm given in terms of the
correlator (@"(xg) @"(¥g)) (0)g- Upon Wick’s theorem, this can be cast in terms of nested [ 1(721)
integrals, that in turn once again result in a propagator that decays with a real (non-integer) power
of the momentum. Physically, this corresponds to the fact that the spectrum of a multiparticle
state is continuous even in the § = 0 case, as opposed to that of a single particle.

s.2.2  Correlator of the energy flux (&)

The starting point for evaluating the correlator of the energy flux at tree level (%)(O) is the Eu-
clidean correlator (@(xg)T(zg)@(¥E)) (0)e- We can obtain it by direct application of Wick’s the-
orem, starting from the expression for the stress tensor (s.1.13). The result is

(P(p)T (zp)@(VE)) o = (P(xE) 09(z5) 09(z) P(VE)) ) = 20GE, 0GE,,  (5.2.14)

where we discarded terms in which the two @(zg) are contracted together, as it is a tadpole inte-
gral that vanishes in dimensional regularisation. Writing the propagators in terms of the momen-
tum space integral (s.2.1), after the usual manipulations we arrive at

dqu ddpE e GE(x=2)E ol PE(Y—2)E
(@(xp)T (zp)e(YE) o) = — J qE PE » (5.2.15)
© enlen?  243p}
where a factor % comes from the light-cone metric k_ = —%k"'. The expression (5.2.15) is repre-

sented in figure s.1.
To get the desired Lorentzian correlator without time ordering we use the prescription (5.1.6),

d%qg dpg 1 4G:=2) g=ipz 0 0
)T (2)@(0)) ) = — ot olaR(E=0) pminES 216
(@(IT(2)9(0)) o) J(z @ 2gn qg PE (5.2.16)
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-=a|T

Figure 5.1: Diagram for (@T @) ). The tadpole contribution has not been included.

where we have set (formally, for now) @ =—i qg and p¥ = —i p% in the exponential. We can take

thelimit &, { — 0 by computing the integrals on the ot component, as explained in appendix B.
Consider first qg. From the denominator we have simple poles for qg = =+i|q]; the exponential

0
contains €€~ o in applying the Cauchy’s theorem we close the contour in the upper half-
plane. We can rewrite the integral in terms of 5[q] as
ddq ddPE ol 4(x=2) ,=ipz
VA
d d 2
Q2r)¢(2r) P

()T (2)9(0)) ) = — q*pt 6lq] e~iPES (5.2.17)

Now we turn to the integral in p%. From the denominator we have poles at p% = +i|p|; the
0
exponential contains ePE¢ and therefore we close the contour of integration in the lower half-
plane. The integral evaluates to
d’q d'p
2n)?(2n)?

We now use this expression to evaluate the correlator of the energy flux (&). As we shall see,

e 1x=2) e=ir2 gt pt §1q1 8[p] . (5.2.18)

<§0(X)T(Z)(P(O)>(o) =272

the answer will be ill-defined and will require further regularisation; however, it is instructive to
look into this example as shows all the essential ingredients in the following calculations.

Integration over z~. Integrating over the coordinate z~ we obtain the delta function of the

momentum conjugated to this variable, thatis p_+¢_ = —%(p++q+) = —%(po+qo+p1 +qb,
+o0
sz— (@()T (z5)p(0)) o)
e (5.2.19)
diq dip . S Ut -
=_8”3J/ etxqe—l(p +q')z + +5 1+ 1+ 0+ 0 5 5 )
2niny q pToélp +q +p +q°16lq]6[p]

The delta function sets p* +¢* to zero and in general allows us to exchange p* for —g* every-

where we wish. Therefore, effectively, for our purposes we can consider

(p(x) JT(Zi) (0)) (0
t
= 87T3J, ddq _ddp
(2m)d(2x)?
”J 441G 4% o= X01q1+i%-G =i p'zt
“2J@eay-tendt 1gl 15—l

. P | 1 = :
¢! e~ T [+ 25! 4 g 4 p0 4+ ¢"18[g18lp]  (5.2.20)

[q" + |g11*81p" + 191 — 15 — 41,
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5.2. FREE THEORY

where in the second step we integrated out the delta functions imposing the conditions on the
o component and shifted p — p — q.

Integrate over p'. This integration eliminates the delta function found above. The value im-
posed is the solution of p! +|g| = |p — §| that reads

| _ _PP—12qp

pp=—" provided lq] +p'>0. (5.2.21)
2[1g] + ¢']

In formula we can write the compact expression

S e - ~ 1P — 4l
slp' + 14l = 1P = ql1 = 8[p" = pilOIlg] + p'l T——
q +lql

where we also took into account the factor arising from the fact that the argument of the delta
function is a function of p!, thatis [¢' + |§]1/|p — G|. Therefore we get

, (5.2.22)

{(p(x) JT(Zi) #(0))(0)
-
L I T (5.2.23)
_1[d7'g a7 e"x0|4|+lx'qe_’PIZ+[ '+1711017] + pi]
4 ) r)d-12r)d-2 4] e AT

Large z" limit. Here we want to consider the limit in z*. This variable appears only in the
. . . . 1A o
exponential. To make the limit manifest, we rescale p — =D, that implies

dd_zﬁ -

d4%p . gp 1 1
: 0] , (5.2.24)

—, P = — ——
(z+)?=2 q' +1ql z* (z+)?

and makes also clear the need for the rescaling with d — 2 powers of z* in (1.4.6). It moreover
means that the whole vector p scales as ~ 1/z*, only the first components receives subleading
corrections. At leading order we therefore get

(0 [T 00
-
1= 4d-2aA Cas - (5.2.25)
v lj d7q dTh i oging, s +lal
(zh)4=24 J 2n)?-12x)? 2 lq]
where O[|g] + pL] ~ O[|G|] = +1 atthisorderin z*. We thus have, at this point,
_ Z+\d-2 N
lim (_> <(P(X)JT(Z‘)(P(0)>(0)
zts400\ 2 -
-1 (5.2.26)

2

d-1=z d-24 1 -
_1 Ju d”"p e—ix0|§|+i5c’-¢7e—iqls[q + 14|
2d (2”)11—1(2”)(1—2 |‘ﬂ

where we have also rescaled p — [¢' + |g]] p.
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Integration over p. We can see in (5.2.26) that the only place where p survives the limit is the
oscillating exponential. The integral over such variables results this (d — 2)-dimensional delta
function,

+\d-2
im (2)" ot [ 7 o0

zt—>+00
d-12 1 ~11d—1
=1L Jue—ixowmz.qw
24 ) @yt H

(5.2.27)
8141

Integration over 4. The integration implements the constraint § = 0 from the delta func-
tion,

+.d=2
lim (%) ((p(x)JY_"(zi) »(0)) )

zt—>+00
+oo _ (5.2.28)
_ 1 qule—ix0|q1|+ixlql [ql + |q1|]d :
22d—1n.d—1 J Iqll

The integral clearly receives contributions only for g' > 0,since ¢' +|q'| = 2¢"' O[4"].

Partial result. We are close to obtaining a first expression for the correlator of the energy flux
operator (&). At this point we have

+00
+

d-2 . 1,
lim (%) <(p<x>h<zi) 000 = 7 qule—”‘)q S g (5.2.20)

zt >+
0

If we now proceed with a naive integration over the x coordinate, with the Fourier weight e’ ax’
encoding the information about the state, we get an ill-defined result. This is actually expected,
since we observed a similar behaviour in the analysis of the 2-point function in (5.2.5). Putting
this problem aside for now, the expression now reads

o +\d-2
5@ = |atx e im (Z) (0w [T 00

zt—+too \ 2
+oo (5.2.30)

- # qul[qlld‘zjdxﬂ PR J ! o x'd! J 2%
T
0

We will nonetheless proceed to formal manipulations to get an idea of the kind of structures that
appear. The integral over the time coordinate x° gives rise to a delta function fixing the 0
component of the momentum. Similarly, the integral over x! fixes the first component of the
momentum to zero. However, the integral over the transverse coordinates X corresponds to the
volume of such directions. Formally the result thus reads

+o0

(@) = 2[,%”[,_3 Voly-2 qu' [9'1772 617 - ¢"1614"]. (5:231)
0
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5.2. FREE THEORY

Using then the integral on g to select the value ¢! = (provided g > 0) we finally have

—\ (0 1 —1d=2 or=1 @ =
(8@ = 7575 = Vols-2 (4172 5lq1 ©1a] (5:232)
where the ill-defined product of distributions reflects the fact thatin (5.2.31) the second delta func-
tion is supported on the boundary of the integration domain. Indeed, such manipulations are for-
mal and different manipulations in general lead to different results, once again as a consequence
of the fact that the expression is ill-defined and requires some additional regularisation.

s.2.3 Regularized result

The fact that the expressions (5.2.32) and (s.2.5) are ill-defined follows from the peculiarity of the
state that we are working with, and from the simplicity of the theory at hand. The definiteness in
momentum causing the singularity can be resolved by smearing the state with a Gauflian weight
asin (5.r.2). Thus, we consider the following generalization of the expressions (5.1.4) and (5.1.5) for

(&) and N:

+00

+\d-2 RN i .
E@F = _jim (T) [T 0w [ar T 00000, (23
o _lE? _lga
N§ = Jddx e (p(x) p(0)) ) = ——————0?T1eTITT G (5234)
2721

The normalising factor was evaluated in (5.2.6); here we focus on (5.2.33).
We can compute the correlator of the energy flux operator (&) starting from (s.2.29) and
integrating over the x coordinate with the weight associated to the state,
+0o0

(XI)Z 22

0 Sl 1 _
(8)° = # qul[ql]d‘zjdxo e’xo(q—ql)del T A1 2% e (s.235)
0

The integral over x° once again produces a delta function; the other GauRian integrals can be
performed using (A.2.2), so that

+oo
_ 1 _ s Lo
(8()° = ——=0"! qul[ql]d 27379 §[g—q'7. (5.2.36)
2d_17r7 0

Eliminating the integral with the delta function we obtain

_ 1 ades —lo%
(8(9)° = ———5 0" 1g" 27377,

2.
P (5-2.37)

1 2.
In the limit ¢ — oo, using (A.2.2) we have that ce”4° 9 > §[g], and identifying the remaining
d — 2 powers of ¢ with Volgad-2, we recover the ill-defined expression (5.2.32).
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Final result. Dividing the expression (5.2.37) by the regularised 2-point function (s.2.34)

G —1rl 1 _
pac o (8 a5l g
(Epf=tt 1T r (5:239)
N§ o Vol ga-2

that is independent of the regulator ¢ and matches the expected result (5.1.8).

5.3 Generalities on the higher-order calculation

The role of interactions. One of the defining features of a free theory is that the propagator
decays with an integer power of the momentum, while interactions produce a real exponent (or
combinations of logarithms).

This seemingly minor detail has important consequences in understanding how to approach
the problem at hand. Technically, as we saw in section 2.9.2, having an integer or real exponent in-
duces a qualitative difference in the construction of the Lorentzian correlator, since they produce
simple residues or branch cut integrals respectively. Physically we can understand the difference
in terms of a discrete spectrum as opposed to a continuous one.

Simple residues can be rewritten in terms of a delta function that in turn produces highly
singular and ill-defined results for the energy flux, as was explained in the calculation of the free
boson. In fact, we obtained a sensible result by introducing the Gauf$ian smearing. We can un-
derstand the issues with such an expression as a tension produced by the delta function 6[g].

On the other hand, branch cut integrals give rise to a step function ®[g]. The expressions
derived from such terms are thus less problematic, resulting in contributions whose meaning is
clear without the need of a Gauf$ian smearing. The introduction of such a smearing in this case
actually produces very complicated integrals.

In the following we will thus consider only strictly positive values g > 0. In this way we get
rid of delta-function like contributions of the type 6[4], and keep only terms with the structure
O[4]. This bypasses the issue of understanding the ill-defined structures multiplying the former;
as we shall verify, this is actually enough to obtain well-defined expressions from the latter, hence
overcoming completely the need of a Gauf$ian smearing. The drawback of this approach is that
the tree-level contribution is fully discarded. This means that the first nonzero terms come with
a higher power of the coupling A. This implies that we need to perform a higher loop calculation
to extract some nontrivial result. Since, as we shall see, the 1-loop contribution is absent, we need
to go at least to 2 loops (i.e. to order A% and A%).

Notice that an analogous regularization took place in the discussion at the end of section 5.2.1,
where the insertion of more than one power of the field was considered. This suggests thatanother
way of dealing the delta-function singularity is to consider a different state, for example the one
given by two field insertions. However, the price to pay for this choice is a significant increase in
the number of diagrams to be considered.

5.3.1  Outline

In this section we collect some general expressions concerning the quantities that we will need to
analyse.
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The starting point is to construct the (T @)y correlator in momentum space to the desired
loop order in Euclidean signature. Starting from the general relations of the functional integral,

(GEOT D0 = (PeT Gptn e 1) (531)

(OE’
where the correlator in the right-hand side is evaluated in the free theory. We can compute the the
expectation value expanding the exponential to the desired order in A and applying Wick’s theo-
rem. Then, using the momentum-space expression of the propagator and shifting the momenta,
we can cast the expression in the form

d, ad
d7qx AP i (x,-

ZEME ol VE=ZEDPE ( ()T , ) 22

(p(xp)T (zp)@(YE))E =

From this we can construct the Lorentzian (T @) correlator

d dq d? p
(2m)d(2m)?

(P(OT (2)(0)) = J e 24120 (@T (g, p)) (5.33)

via the complexification of the coordinates in (5.1.6)

xp=ix+&, =i+ ¢, =0, £>(>0,  £C-0.  (534)
In order to take the limit we perform the integrals in g and p, then writing the resulting ex-

pression in terms of

P’ =—ip}, q° = —igp. (535)

In general, the momentum-space correlator will involve contributions with & and 5,as wellas ©
functions from branch cut integrals.

In applying the complexification (5.3.4) to compute the Lorentzian (@T @) correlator (5.3.3)
starting from the Euclidean expression (s.3.2), keeping track of all the details of the notation makes
the expressions quite involved. At the beginning of the calculation, the exponential reads

ol (CE=ZD)E oi VE=2BPE — i (x=2)4 o=i 2p pi (E=0)a} =i CPY (5.3.6)

and the terms containing & and ¢ determine the relevant half-plane for applying the techniques
described in appendix B. At the end, however, these terms disappear since we are ultimately in-
terested in sending such parameters to 0. For brevity, in performing the calculations we will un-
derstand ¢ and { terms in the expressions, simply quoting in the text the relevant factor for the
specific step under consideration. Moreover, in (5.3.6) the part of the exponential dependent on
x and z does not play any role in the analytic continuation of the integrand; for the sake of
simplicity we will factor e’ (x=2)4 ¢=12P oyt from the start; this is justified at the end when q°

and p° are truly unconstrained integration variables and is consistent as it does not influence the
singularities of the integrand in the complex plane.

Then, the integration over z~ introduces a delta function

(@(x) J T(z%) p(0))

g gy (537)
= (27[;Idﬁel x4~ 250" 4a) 5[l 4 gl 4 p0 + ¢O1 (9T (g, p)) ,
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. . . . . . i gxO ..
and the integration over X, including the information relevant for the state e’ 9", has a similar
effect,

[ a2 o) [ ) 0100
ddpz o (5-3-8)
= 87° J(zTW Jd"q e= 7P 5171 6[g — q°156p" + p° + Gl (T 9(q. p)) .

In the previous expression we used the first two delta functions to manipulate the argument of
the third. Thanks to the delta functions the momentum space correlator is evaluated in the mo-

mentum configuration g = (¢, 6). Eliminating then the integral in g, we get

[ax e (g0 [ 1 0000
z (53.9)

dp _, =
= 872 J(zT?de_l 20 51p! + p° + Gl (0T 0(4. 0: p)) .

where we can furthermore consider p° = —g — p'.
The last step for the construction of the correlator of the energy flux is the large zt limit,
thus we arrive at

N2 g N
& = lim (5) [at e o0 [ 7 0100
- N (5.3.10)
+\d-2 dd —-iz'p N

= Jim (5) [ Lo 4 (oTo@ ).

zt—o00 \ 2

which is the object we are most interested in studying, as the complexity of this calculation mainly
lies in it.

s.3.2 Simplifying observations

We are therefore interested in evaluating (&) asin (s.3.10) with g > 0, up to order B A priori,
the number of diagrams is high, the Feynman rules involving T" are somewhat complicated, and
up to 3-loop integrals have to be considered; the task at hand seems therefore quite hard.

However, there are several simplifications that can be deduced at a very general level from
the expression (5.3.10) that we outline in the present section and that dramatically simplify the
calculation.

The origin of these simplifications is manifold. First, we only need terms that contribute to the
null components of the stress tensor. Second, 5[q] and 6[p] reduce to 6[§] and thus disappear
owingto g > 0. Third, terms depending on (p+¢)_ vanish, as a consequence of the integration
over dz~. We now analyse these three points in more detail.

5[q] and 6[p] do not contribute to the energy flux.  We start with 6[q]. Since the mo-

mentum ¢ is evaluated in the configuration (g, 6), 5[] « 8[¢°— 4|1 becomes 5[q = (g, 6)] x
6[4q] = 0 because g > 0.
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The term §[p] requires some more work. The delta function in (5.3.9) gives P =—g-p,
and the result is thus a combination of integrals of the type

- ; l s _ N
Jd"-lp j dp° & S1p1510° + G + p'1 £, P (k])

o o dlg+p =P .. .
:Jdd ijdpl o ST @ p b (k.

(5-3.11)

where {k} isa collection of loop momentaand f is a symbolic function representing the rest of
the integrand. The previous expression is then to be integrated over the loop momenta, but they
do not affect the present argument. Eliminating the delta function with the integral in d p! fixes
the value ,
1_49 —Pp
Ps = -
2q

provided P <. (5.3.12)

U RPN . :
Shifting p — =bh—ah, where 7 is a constant unit vector, the value pl becomes

A2

ph=apr - L1 (53.13)
Tz 2zt .
and thus for the original integral we get
i L
Am Jdd-zﬁjdp‘ TN £(q.p' g, (kD)
® (5-3.14)

- Jdd‘zﬁ ¢ £ (G, p, Gh, (K}) o () £(@ p, G, (k}) = 0.

that vanishes because the argument of the delta function is always nonzero. Notice that this ar-
gument crucially depends on the condition ¢ # 0 in writing the solution of (s.3.12).

As a consequence of this discussion, in the following calculations we will consistently drop
terms that contain 6[g] or 6[p], and this will prove to be a huge simplification. Effectively, these
terms arise in doing the Wick rotations and picking up contributions from the poles of the external
propagators 1/p and 1/g, that we can thus ignore.

Restriction to null components. In deriving the momentum space correlator (@T @(q, p))
we can take advantage of some simplifications. First, we consider only the terms (5.1.13) for 7.
Then, from the integral in z~ we have that the momentum p, _ vanishes, as represented by the
delta function in (5.3.7). Therefore, with the assignment of the momenta given in (5.3.3), in the
numerator we can neglect terms with p_ +¢q_, or equivalently trade p_ for —g_ and vice versa.*

Diagrams to be considered. Here we discuss some simplifications that we can make discarding
certain types of diagrams, on top of the previous considerations. A very immediate consequence
of dimensional regularisation of a massless theory is that diagrams containing tadpoles vanish. We
will now show that also diagrams in the (@T @) correlator of the type shown in figure 5.2(a,b),
namely a tree level diagram with the insertion of the 2-point function in one leg, and figure s.2(c),
namely a diagram where T is attached to some loop structure of dimension 2 that depends only
on p + g, do not contribute to the correlator of the energy flux operator.

*This is the momentum space perspective of the fact that we discard terms that are total derivativesin z~.
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Px ¢y
N
G(p.9)
—p— qTT (a) —-p- qTT (b) —P—QTT ©

Figure s5.2: Diagram types that do not contribute to the correlator of the energy flux. The grey blobs in (a)
and (b) indicate arbitrary structures. In (c), G(p + ¢) is a function of dimension 2 that depends on the
external momenta only through their sum; G(p, q) is dimensionless and depends arbitrarily on p and g¢.

Let us start with figure 5.2(a,b). The insertion of the 2-point function modifies the behaviour
of the propagator from 1/k% to 1/[k%]'** with 0 < @ < 1. Asa consequence, they produce a
Euclidean correlator of the form

d¥qp d¥pg ol 4w(E=2E) pi PE(VE=ZE)
Qr)d2r)? [p%]l—a q%

Here we consider only the term that was written explicitly, the one that can be obtained swapping

[Gi1? + kg < yp).  (5.3.15)

(@(xp)T (zp)@(yp)) J

xg and yg gives a completely analogous result.
The Lorentzian correlator {(@T @) can be then constructed via (5.3.4),

diqg dpg ol x-izlpta)
P A

We need to take the limit £,{ — 0 (we are understanding such parameters, as discussed around

()T (z)p(0)) ~ J (5.3.16)

(53.6)). Let us consider the integral ¥ first. Since the exponential contains el12¢=0) in applying
the Cauchy’s theorem we close the contour of integration in the upper half-plane. The factor q%
in the denominator gives simple poles for qg = +i|g]; in terms of ¢° = —iqg, we can therefore
write the integral as

ddq ddPE ol 4x—iz(p+q)
Qr)y'@m?  [pi]'=

—ip? . .
Turning now to p%, we have ¢~"E¢, thus in applying the Cauchy’s theorem we close the contour

()T (2)p(0)) ~ J [q*1% 5lq]. (5:3.17)

in the lower half-plane. The real exponent @ induces a branch cut with branch points p} =
+i|p|; using the results in appendix B we get

d. qd +125 O—|p
d%q d°p et‘tﬂ-t’Z(ﬁM)Mi[M]. (5.3.18)

Q) 2xn) (° + 1D dp® L (p° — | p)e
The full expression, including the contribution with xg and yg exchanged, reads
()T (z)(0))
d d
0< J d’q Qeiqx—izww)[qﬂZ .
Q2r)d(2r)? (5.3.19)
5[q] d 100" - Ipl] 5[p] d 10lq° - 4]l
0 =a g0 L0 —mne ] T 0 it 70l 70 — e |
"+ 1pD**dp® L (p° = |p) q” + gD **dq” L (¢° - |q])

(@()T (2)9(0)) ~ J
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—p—qT T

Figure s5.3: Diagram for (qu(p)(l). Tadpoles have not been included.

This is the final expression for the correlator in Lorentzian (@T ¢) signature; since it contains
6[q] or 6[p], by the arguments above in the section it does not contribute to the energy flux.

Consider now the diagrams in figure s5.2(c). Since the part of the diagram contains G(p +
q) that depends only on the combination pg + gg, and not on pg or gg singularly, and has
dimension 2, it must be a combination of 67+ (pg + gg)> and of +qf )2. The former term
vanishes because 671 = 0; the latter is eliminated by the integral in z~.

s.4 Contribution to the correlator of the energy flux of order © (Ah

The relevant term in (5.3.1) is

(pGep)TzR)e(p)y = —% Jd’jn (@ 090,00, (@) @, )0k ; (5-4-1)

applying Wick’s theorem we obtain

(p(xp)T (zp)p(yp))y = —Ajddn GE,dGE, 0GE, GE, (5.4.2)

where we discarded a tadpole term. Substituting the propagators in momentum spaces, we get,
after conventional manipulations,

1
(PCOT (zP(E)E
A (d%g dpg %%y of Ce=2p)aEel Ge—z0rE ki (Kf — qff — pf) (5.4.3)

4 ) )i 2n)? 2x)? @it I} (kg — g5 — pp)*

The diagram is shown in figure 5.3 with the assignment of the momenta as in the previous integral.
It does not contribute to the correlator of the energy flux as a consequence of the discussion at
the end of the previous section.

This result can actually be expected from the study of the renormalization of the theory at
order A in dimensional regularisation.? Indeed, at this order there is no wavefunction renormali-
sation in the massless theory, and in the stress tensor operator only E gets renormalized. However,
it was argued above that terms multiplying Z do not contribute to the correlator of the energy
flux operator &.

*We have analysed this aspect from the curved spacetime perspective in section 2.8.2.
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Px Py Py Py

k+q

-=a|T

a]T Ir Ir

Figure s5.4: Diagrams for (quqo)(z). Tadpoles have not been included. Only the first one gives a nonvan-
ishing contribution according to the simplification discussed in section 5.3.2. Only the relevant momenta
have been explicitly indicated.

5.5 Contribution to the correlator of the energy flux of order © (1%)

s.s.1 Euclidean correlators

The relevant term from the expression of the functional integral (5.3.1) is

2
(DT o) = 3ot 06 o0 o) - 5 [ @) ) s)

The diagrams obtained expanding with Wick’s theorem are shown in figure 5.4; momenta are
assigned using conservation in internal vertices. Given the observations in section s.3.2, only the
first diagram contributes. The corresponding term in Wick’s expansion is

)1
(p(xp)T(zp)p(yp)E" = 22 j d*n; G, 0GE| G, GT, 0GE, G, (5.5.2)

where d?%n; = d%ny d¥n,. We can understand the factor in frontin the following manner. There
are 4 options to connect the x vertex to the internal one, same for y with the other. Then, the
z vertex is connected to the internal vertices in 2(;) (;) combinations. An extra factor 2 arises
in the exchange of the two internal vertices. Therefore, the symmetry factor is just 1. Using
the momentum space representation of the propagator, (5.2.1), and with usual manipulations we
arrive at
2 dd dd
@1 _ A 9E @ PE i (xp—zp)q5 i (VE—2E)
(xp)T (zp)e(yE) :_J__e ETZE)ME o! VETZEPE .
<(p E E)P\VE )E 4 (Zﬂ)d(zﬂ')d
dékg dtg [k + g5 17
Q2n)! 2n)? g pi(ks + qp)* (kg — pp)*(1x — k)13

The extra factor 4 comes from the light-cone metric in the numerator in the integrand.
The integral in #y factors inside and can be identified with 1 fl(kE) that can be evaluated
with (A.3.2). We therefore get

(5-5.3)

d d
d“qg &ei (xe=ZE)qE of (VE—ZE)PE .
Q) 2rn)

J~ddkE [k]-é- + qE]Z (5-5-4)

d 1,7
Cm)® 2 p2 (ks + qu)2(ks — pp) (K327

(PpT )" = CS,, J
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where the constant in front reads

1 Yo _ 112
@ _ 22 F[2—2d]F[2d 1]

W gpd 4TI =2

(5-5-5)

s.5.2 Lorentzian correlators

We now construct the Lorentzian correlator complexifying the coordinates as in (5.3.4). In order
to compute the limitin &, {, we perform the integrals in qg, p%, k%, neglecting 5[¢] and 5[pl.

Wick rotate q¥. The exponential contains ei(g_C)qg, and therefore we apply the Cauchy’s the-
orem by closing the contour on the upper half-plane. We have two possible poles, from g2 or
(kg + qE)Z. The former would produce 6[q1, thus we focus on the latter, and the relevant pole is

qY = —kQ+i |k+q], that has positive imaginary part. With a formal delta function for ¢° = —ig?
we obtain

()T (2)9(0)) "

d d
=20y J 479 TPE pix—2 gizp
7% ) 2ryd2ry! (5.5.6)

.JddkE [kE +af1*  Slkg +q]
d _d 2
Co 3P 2k — pp)?p? 4

The notation is somewhat formal: the delta function is to be intended as integrated out to fix the
(complex, for now) value of @ = |7€ +q| + ik%. At the end the notation is however justified
as the 0™ component of each momentum is real. Furthermore, we isolated the factor ¢* in the
denominator to emphasize that it inherits a dependence on k9 from the expression for ¢°. We
use this abuse of notation to keep the expressions more compact.

Wick rotate pQ. The exponential contains ¢7P% | and therefore we apply the Cauchy’s the-
orem by closing the contour on the lower half-plane. We have two possible poles, from p% or
[tg — pe]?. The former would produce 6[p], thus we focus on the latter, and the relevant pole is
P = k% —i |%— g, that has negative imaginary part. With a formal delta function for 0 = —ipg
we obtain

()T (2)p(0))>"
d d
s 2C<2>Jd a9 AP ie-2q -izp |
(2n) gl (2ﬂ)d(2ﬂ)de € (5-5.7)
_ JddkE [kE + qf 12 Slkg + q] S[kg — pl
(2ﬂ)d [k%]z_tz_f q2 pz .

As in the previous case, the delta function is formal and is intended as fixing the value for =
|k — G| — ik9.
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Wick rotate k2. The values for ¢ and p° induce a term in the exponential for k%, that reads
e iEkE ; we thus have to close the contour for the k2 integral on the lower half-plane.
From the propagators we have simple poles from g> and p?, as well as a branch cut from
d - -
[k%]z_i.:fhe poles are kY = i(|k + g| £ |]), k¥ = i(lk — p| = |p]) and the branch points
k% = =i|k|. Using the triangular inequality we have

—|ql = 1k +q| < —|k| < =I|q] + |k +ql, (5.55)
I - - 5.5.
—|pl = |k = p| < —|k| < —=|p| + |k —pl.
Asa consequence, the denominators produce poles on the lower branch cutand poles in the imag-
inary axis between the branch points.
The poles would contribute with 5[q] and 8[p], and we are thus left only with the contri-
bution from the branch cut. Understanding the principal value prescription, we finally have

()T (2)p(0))>"
7 J@r)d2n)d (5:5.9)
dp [kt + ¢ 6[k 5[k — -
'Jd k [ +qd] [k +4q]6[ p]®[_ko_|k|]’
Qn)? |k2|2_5 q° p?

where the constant in front reads

2 Thd-1]

)b
C .
%d—S I'ld —2]

@l

= 8x? sinir[2 - ld] C;,% = (5.5.10)

32 (4r)
s.5.3 Correlator of the energy flux (&)

We now manipulate (5.5.9) to compute (&(g)). The values for Y and ¢° determined by the
delta functions are

P’ =K% |k -pl, q"=-k"+ |k +4q], (5.5.11)

while the step function restricts the range of k% to kO < —|k]|.
Inserting the information about the state and performing the integrations over the 0™ com-
ponents of the momenta, following from (s.3.9), we have

[ a0 | Tz o)

— C((ﬂ%b J d'p [ d? 'k emiZp.
C4r@ Jor)d-1 ) 2rydt (5:5.12)
~Ik] - - S
T K® e+ k0 — [RI] 8[p" + k| — I% — 51]
Ceo |IRI2 - (k0)2|2_§ k| |k = B [(1k = Bl — k2 — |5]]

142



5.5. CONTRIBUTION TO THE CORRELATOR OF THE ENERGY FLUX OF ORDER @(/12)

The argument of the delta function is analogous to the free case; the solution reads

55— 2k ;
pl = L2 P provided k| +p' >0, (5:5.13)
20k! + [k]]

and therefore the integral over p! can be carried out,

| dtx e | %) 0!

)b . -
_ G [d?p Jdd_lk
8z>¢* J 2m)'=> ] 2m)?~! (5:5-14)
—|%| - it -
k' (k] et = 5[q” + k0 — |k
Jdko[ 1] [ 1]

LR = wopfPE KIL0R =B - k02— 15P]

where we also took into account the factor coming from the derivative of the argument of the
delta function, (k! + |k|)/ |k + p|. The large z* limit can be then considered by repeating the
argument for the free case in (5.2.24). We thus rescale p — Z% P, take the limit by discarding p

compared to %, and then further rescale p— [k + |%|] p. The result therefore is

+\d-2 o
E@) = tm (3) |t ™o [ 164 00)®!
zZT =400 z~
2)b
. Ca Jd"‘zﬁ
24+ 72 72 ) (27)d-2 (5:5.15)
— 04 20 %1l [l w1zn?=" —ipk
J’dd—lk dko(s[q + kO — [k|| [&' + [Kk|]" 7P
2)d-1 J - -4 L ’
(2r) % ||k|2—(k0)2| 2|k|(|k|—k0)2

We can use the argument of the delta function to simplify the denominators; performing at the
same time the integral in p we obtain

2)b
(2 i
(@)Y = —2—.
22d d+1 q—6—§d
]d—l (5.5-16)

~Ik| e .
'Jd‘“% Jdko 8lq° + K° — |k[] 8 2:[/;] (k! + K|
—e |21kl = q| 2 ||

At this point we can integrate over the transverse components k, that effectively fixes |k| = |k!|,
. 7 - . 21
and we can also integrate over k¥, that fixes k* = |k| — g provided |k| < X

C(’Zl")b +0o0 @[q__zlkll] [kl+|k1|]d—l
(€@)? = W()_ld Jdkl T (5-5.17)
22 gd+l 2737 21k — g2 ||
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Now, since in the numerator only positive values for k! give a nonzero contribution, the integral
becomes

1_
d—1 ~2b 2
(8@)? = 2 C"’T(” Jdkl k]H
22d d+1 0 q 2k1
5.5.18
4c<2>b r[l — 1T[d - 1] .
@l 2

- (47r)d+1q_9_2d F[%d -2]

where the integral has been done since it reduces to a Euler Beta function (A.2.7),

I\)I'—'

]d—2 I[3d = 11T[d - 1]
= oy : (5-5.19)
0 [q WIS 2157 T[3d -2]
Substituting back the value of the constant cs (pT(p in front, we arrive at
1 2
) 2 rrid - 11
(&@)"? = . (5:5.20)

12(47[)%‘1—2 (79_2d F[%d - 3]

5.6 Contribution to the correlator of the energy flux of order O (1)

5.6.1 Euclidean correlator

The relevant term in the expansion of the functional integral (s.3.1) is

(@(xp)T (zp)p(yp))s)

1 Y 3>
3,<¢x 0900, (py( Jmco ) OF (5.6.1)
13
=~3a5 Jd"m Ay dn3 (@ 00200 (@) (92)* (93 @) o -

Applying Wick’s theorem, discarding terms that contain tadpoles, we obtain the diagrams given
in figure 5.5, where we show the relevant momentum assignments. Only the first three diagrams
can give a nonvanishing contribution, as a consequence of the simplifications described in sec-
tion 5.3.2.

We now focus on these three diagrams.

First diagram.
The relevant term in the expansion of (5.6.1) is

no_ A
on__ 2

(p(xp)T (zp)p(yE) >

jd”m 619G, Gy Gy Gy G 0G5 Gy . (5.6.2)

The numerical prefactor can be understood in the following way. The external x vertex can be
connected in 4 possible ways to an internal one, that can be connected to the z external vertex in
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prw—t w+q—t

p—k k+q
-=a|T -=a|T
Px Py @y Px
p q
q p
p q
k k+p+q k k+p+q
=T =T

Py w Py @

@
\X /y PDx (Py Px
1T

I I

—p—qT T

Figure s5.5: Diagrams contributing to (quqo)(3). Tadpoles have not been included. Only the diagrams in
the first line give a nonvanishing contribution according to the simplification discussed in section s.3.2.
Only the relevant momenta have been explicitly indicated.

3 -2 possible ways. The two free legs of the internal vertex under consideration can be connected
in 4 - 3 ways to another internal vertex. Similarly, the external y vertex can be connected in 4

ways to another internal one, but now there are only 3 ways of connecting this latter vertex to the
z vertex. The remaining legs of the internal vertices can be finally connected in 2 different ways.
We thus get a total multiplicity factor of 4 -3 - 412, an extra 3! comes from the permutations of
the internal vertices, and thus we are left with an overall %

Using the representation of the propagator in momentum space, integrating out the internal
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vertices and organising the momenta as in the figure, we arrive at

3)1
()T (z) ()
PE dqu ddpE o (XE—ZE)GE oi (VE—ZE)PE

8 Jani@n)y aipi (5.6.3)
_ JddkE dwg dit; [kE + qf 12
@m)? 2m)? 2m)? Wik (wg — k) (tg — k) (kg + gp)2(kg — pp)*

where in the numerator of the loop integrand we made use of the equivalence of p_ with —q_
and the extra factor 4 comes from the light cone coordinates.

The integral in wg and 7§ can be factored inside the kg integral, and they both reduce to
1 ldl (kg) whose expression is given in (A.3.2). The result thus reads

31
(@(xp)T zp)p(p))Y
(3)1 J.dqu ddpE ei (XE_ZE)qui (yE_ZE)PE

— " Jeniry 22 (5.6.4)
JddkE [kf + g 1?
Qr)d (k29 (kg + qp)*(kg — pp)*
where
3)1 A3 F[%d - 1* T2 - %d]z (5.6.5)
W4 Td-2P >
Second and third diagram.
The relevant term in the expansion of (5.6.1) is
3)2 -
()T zRe(p)s” = —23 jd“n G 0Ga1 G2 G13 603 G062 Gs -

+(xey).

The numerical prefactor can be understood in the following way. There are 4 ways of connecting
the external x vertex to an internal one, which can be connected to the external z vertexin 3 -2
different ways. There are then 4 ways of connecting the free leg of the external z vertex to an
internal vertex, and 4 ways of connecting the y vertex to the remaining internal one. The internal
vertex to which x is attached can be connected to one of the other internal vertex in 3 - 2 ways,
and to the remaining one in 3 ways. There are then 2 ways of connecting the remaining free
legs of the internal vertices. Therefore, we get an overall multiplicity factor of 413, including
the factor 3! from the permutations of the internal vertices we get an overall cancellation of the
combinatorial coefficient.

Using the representation of the propagator in momentum space, integrating out the internal
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vertices and organising the momenta as in the figure, we arrive at

(PODT (zp)pp)s"
23 (dg d9pg of E=2E)E of (VE=2E)PE
B J Qn)i ) e '
d¥kg dwy dty [k + q¢ 1* (5.6.7)
. Qm)?2r)? Qr)! wiks + qp)* (kg — pp)* (kg + wg)? ‘

1 1
[t}zi(tE —wp—qp)? ity — wg —pp)? |

where we again used the equivalence of pg and —gg as well as the light cone metric. The integral
in tg factors inside and gives 1 ijl [wg + gg] and 1 fjl [wg + pg] respectively. and we thus get

3)2
(@GR (z0)e(p)E
32 dqu ddpE ol (XE=ZE)ME ol (VE—ZE)PE

— T J i@t qEps
_ JddkE d%wy (ki + qp 1° _ (5.6.8)
Qm)?2m)?* wikg + qg)*(kg — pp)?(kg + wg)?

1 1
. 21214 * 212-1d
[(wg + gp)-1" 2 [(wg + pp)7]™ 2
where the constant in front reads

o2 2 Thad—1PT2 - 3d]
M " 4@md2 TId -2

5.6.2 Lorentzian correlator

We now perform the Wick rotation of the two correlation functions ((,o(xl.:)T(zE)go(yE))%3)1 and

(p(xp)T (zg)p( y};))g)2 applying the procedure described in appendix B.
The complexification of the coordinates is (5.3.4); to compute the limit &, { — 0, we perform
in order the integrals g2, p? and then we consider loop momenta.

First diagram.

Here we consider the Wick rotation of ((p(xl:‘)T(zE)(p(yE))SS)1 in (5.6.4). To compute the limit
&, — 0, we perform in order the integrals qg, then p% and finally k%. We consistently discard
terms inducing 5[q] or 6[p] as explained in section s.3.2.

Wick rotate g). The exponential contains 604 thus in applying the Cauchy’s theorem
we close the contour on the upper half-plane. We have two poles, qg = i|g| coming from (ge]?,
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and qg = —k% + i|%+ g| coming from [gg + kg]?. Introducing the formal variable ¢ = —iqg,
the former corresponds to 5[q], that we discard, the latter can be formally written as
(@(T (2)p(0)
=2 31 J ddq ddpE ol (x=2)q p=izp
@l Qr)d(2r)d (5.6.10)
dkg  [kf+q"1 blkg +4q]
Qo) (G ike - pp)Pp}

0
Wick rotate p. The relevant part of the exponential is e ~*¢7E, so we close the contour in the
lower half-plane. Here the relevant poles are P = —i|p| from p% and pY = kY —i |k -7l
f_rom [kg — pgl*. Introducing the formal variable P = —ip% these would give rise to o[p] or
6lkg — p]; we discard the first one and we focus on the second, so that we arrive at

()T (2)p(0))>!
_ 2 ~3)1 dlq dp i(x=z2)q ,—izp .
= @m) C(pT(p (27r)d(27r)de T (5.6.11)
_ Jd"kE [kt +a*1 lke + q) Slks — p)
@n’ Gyt ¢ P

Wick rotate k2. At this point we have two poles and the branch cut; from the exponential we
have ekt 5o we close the contour of integration below the real axis. The denominators induce
the poles k) = i(|k+3|+13]) and k% = —i(|k — | +|p|), as well as the two branch points kY =
+i|k|. The poles, with an analysis identical to that performed for the 4 contribution around
(5-5.8), lie between the branch points and lead to 5[q] or 6[p] terms that do not contribute. We
thus only have a branch cut contribution that gives

(9T (2)p(0))"
d d
a2 o1 [d% d°p izg —izp
= =8z~ sin(zd) C J(zﬂ)d—(Zﬂ)de e (5.6.12)
di [kt +q1% 8k 5[k — -
'Jd k [k™+q7]" o[k +q] 6l p]®[_ko_|k|].
(zﬂ)d |k2|4—d q2 p2

Result. Up to terms that do not contribute to the correlator of the energy flux, the result is
(P()T(2)p(0))!
— CG)bJ ddq ddp ei(x—z)q e—izp .
@lop (2ﬂ)d(2ﬂ.)d (5-6-13)
(4% [k* = q*1? 8Lk + g1 5[k — p]
(2ﬂ)d |k2 |4—d q2 p2

where the constant in front reads

O[—k° — [k|1,

o BT(5d = 11*T[3 - 3dT
= —8x*sin(xd) Cyp, = :
(4m)?316(4 — d)T'[d - 212 T[5 — d]T[d - 3]

3)b _
C(prp

(5.6.14)
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Second and third diagrams.

Here we analyse (@(xg)T (zg)@( yE))g)z. We proceed by Wick rotating, in order, qg, p%, k9,
w%; we keep only terms that do not involve 5[q] or 8[p].

We explicitly consider only the first term in (5.6.8), since the procedure is completely analo-
gous for the other term. We will add the other term at the end. It is convenient to manipulate the
integrals after shifting wg — wg — pg and kg = kg + pg,

(9T (2)9(0))P*
d d
= 02 [0 PE i-2yg iz,
Ply (2ﬂ)d(2ﬂ)d (5.6.15)
_ Jd"kE déwy [ki 2

’

d d _1
@m)*@2r) [w%;]2 2wy, — pp)?(kg + qg + pp)*(kg + wg)*kiqipt

where in the numerator we have used g* + p*t = 0.

Wick rotate g). The relevant part of the exponential is e8¢0 5o that we close the contour
on the upper half-plane, where the integrand has simple poles from q% and (kg + pg +gg)>. The
former would produce 6[q], that we discard, while the latter gives 6[kg + pg + ql. Thus we now
have

()T (2)p(»)?
= (2n) C((p3T202 (Zi;]dngp;ei (x=2)q g=i2p. (5.6.46)
(a9 d4wg [kE]? Slkg + pe + 4]
2z)! 2n)* [w%]z_%d(w}: — pp)?(kg + wg)*kEpt ¢’ ’

where the delta function formally fixes @ = |% +p+4q|+ ik% + ip%.

Wick rotate p). The relevant part of the exponential is =175 50 we close the contour on the
lower half-plane. Here the relevant contribution is the residue of the simple pole coming from
(wg — pE)z, that produces a factor 5[w — p]. The other options are simple poles from q2 with
the value of ¢° imposed by the delta function, that would produce 5[g], or the simple pole from
p% that would produce 6[p], and we discard these type of contributions. We therefore obtain

(PCOT(2)p()?
= (2x)? Cé,;?)jj ddqdipde" (x=2)q o=izp,
2rn)(2r) (5.6.17)
_ JddkE d%wy [kET? Slkg + p + 1 5lwg — p]
CoY O (P g kg + wp P 7o
once again, the delta function is intended as integrated fixing p° = —|i — p| + iw.
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Wick rotate k. Considering the value for ¢° fixed in the previous steps, we have a factor
¢ EE=9 that induces the closure on the lower half-plane. From g* we have a simple pole due
to the value of g%, but its residue would give 5[¢] and these types of contributions are neglected.
The other options are the simple poles coming from k% and (kg + wg)?, namely k% = —i|%|
and k¥ = —w% —i|w +%| respectively. These two contributions read 6[k] and é[k + wg] and
the result is therefore

(PT(2)p()
diq d% . .
=(2 3 C(3)2J el (x—2)q e~izp.
G Co | amyiany
A J dlk dlwg [k STk +p+q]Slwg —pl_ S[k] (5.6.18)
d d 1 2 2 2
(2m)¢ 2r) (w24 q p (k + wg)
J d%k d%wg  [k*1? S[k + p+ q) Slwg — p] S[k + we] }
Qr)d@2r)d [ w%]Z—%d q? p? k2 '
where once again the delta functions are formal and stand for the evaluations KO = — |%| and

KO = iwd — | + k|

Wick rotate w). We start with the first term in the curly brackets. The exponential contains
e_i‘fw%, so we close the contour of integration below the real axis, where we have contributions
both from poles and from the branch cut with branch point w% = —i|w|. The pole comes from
(k+wg)?, which together with the §[k] produces w(E) = i(|7c)| + |%+ 0|). The pole possibly lying
below the real axis is above the branch point by the triangular inequality. The pole contribution
is thus

d d
4 ~(3)2 d%q d°p i(x—2)q ,~izp,
@1 Coto | o 2my® ¢

Ak ddw [k 5[k 5w — p) 81k] 81k N
[k BT p e~ PLARSEE ) 4 ) - 1),
s % |w2| 2q2

p2

The branch-cut term is

1673 sin ”—d (3T)2 J’qud_dpei (x=2)q p—i zp,
2 9% ) @ery@2n)d
d% d%w [kT12 6k + p+ q1 6[w — p] 5[k]® o - (5.6.20)
Jeni@ry [—u® — D] .

|w2|2‘%d [k + w]? ¢2 p?

. . . . — —_ () .
Consider now the second term in the bracket. The exponential gives e~/ ¢ =%k 50 also in

this case we choose to close the contour below the real axis, where the integrand has a branch cut

and various poles, that lie both above and below the branch point w9 = —i|i|. We have a pole

from k* that with 5[k + w] produces w% = —i(|% + | + |%|) By means of the triangular

inequality, —|% + w| — |%| < —lw| < —|% + | + |%|, meaning that one pole lies on the
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branch cut, while the other one is above the branch point and can have either sign. The poles
contribution is thus

ddq ddp . .

—Or 4C(3)2J el (Xx=2)q p=izp
CECoto | i 2y

_ J dk dw [K*1? 8lk + p + q1 8[w — p] [k + w] 8]

Qm)dQ2myd w22 g2

Koo- L -
O[lk + @] — |k|]
4°p
d o (dq dp oy i
+Qr)tcos Z2C J 2P ix=2)q p-izp
(B cos 5" Cot Qr)2x)
Jddk d®w K1 8lk + p+ q) 5[w — pl 8Lk + w] (k]

d d _1
Q)4 (2r) w2

(5.6.21)

bl

where the © sets the sign of the imaginary part of the pole, and the cosine comes from the fact
that the other pole lies on the branch cut. Finally, the branch-cut contribution is

d d
1673 sin ﬂ—dCG)2 J d’q ﬂei (x=2)q p=izp,

2 7% @y 2n)
d% d%w [k*1?6[k + p+ q] 6[w — p] 8[k + w] N (5.6.22)
J d(7)d 1 O[-w" - [wl],
2r)*(2r) 1

|w2|2_2dk2q2p2

where the principal value is understood.

The result is then the sum of (5.6.19), (5.6.20), (5.6.21) and (5.6.22). The pole terms with the
step function cancel; the final result consists of the branch-cut terms (with and without principal
value prescription, that is understood) and the pole lying on it. To reconnect to the notation of
the previous sections, we shift back k' — k — p and use the fact that in the numerator we can
identify ¢* = —p* to obtain

(P()T(2)p(0)*
d e [dq dp _ne i
= ) ”_C J i(x=z)q ,~izp,
(27)™ cos > Cotio (2ﬂ)d(2ﬂ)de e
([ d%_d9w [k* + g7 1> 5[k + g1 5[w — p] 5[k — p] 5[k + w — p]
Q2n)! 2x)? w222

p2

+ 1671'3 sin ﬂ—dc(3)2J ddq d_dpei (x—z)q e—izp . (5-6-23)
7 el (27[)d(2ﬂ)d
(% d%w [k + ¢ 5[k + g1 5[w — pl
Q2n)!2r) |w2|2—%dq2

p2

L R L |
k+w—-p?  (k=p?
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Result. From (5.6.23) and the analogous contribution from the symmetric diagram, the result

reads
(PIT(2)p(0)*?
d d
oy md e [dq dp o
= (271') cos 7C¢T¢ J,(Qﬂ_)dwe 2)q gt Zp. (5.6.24)

: [<¢T¢(p,q)>(3)2+<(pTco(p, )% |,

where in the square brackets the first term is the contribution from (5.6.23),

(9T o(p, q))*
'B)p J d% d%w [k* + g1 8[k + q) 6[w — p] 8[k — p] é[k + w — p]

= gl

27)(2x)d -1y

(2nm)4(27) |w2| 29 p2g2

: dk d? [kt +¢7)? - _ (5.6.25)
é)%)bf = @ O[-u - |@[15Tk + ] 51w — pl -

2m)4(2m)? 2-1q
@m)*( )|wz| 2

[ Slk — pl +5[k+w—p]]
(k + w — p)? (k — p)?

and the second term comes from the other diagram and reads

!/
(T o(p, )"
_ /<3)pj dl% diw [k* + gt 8k — pl 6w + q1 [k + q] 6[k + w + q]
= “glp d 4 1
2n) (2x 2—=d
(2m)!2m) 2 g
b [ d% dw [KT+qt? . ) (5.6.26)
i J O[-uw’ — |01 5[k — p] 5[w + q] -

2m)dQ2m) | 5 2-1d
()4 (27) |w2| 20242

[ 6[k + q] 6k + w + q]
. +
(k+ w + q)? (k + ¢)?

The constants in front read

Bria - 11213 - L
d
= (27)*cos %C(3)2 =- 2 2 (5.6.27)

c/Or
2 Ly4 1 Iyl 1
@m)297427 (4~ d)Td - 2] T[1d + 31T - Ld)

@l

for the pole term, and

BTEd - 112173 - 147
. wd (32 2 2
= 167753 sin 7 C;sz = — ld_4 1 ) (5.6.28)
(4m)277*25 (4 — d)T1d - 2] T[3d]1T[1 — 5d]

1(3)b
C(/JT(/J

for the branch-cut contribution.

5.6.3 Correlator of the energy flux (&)

Since the calculation is lengthy, we first summarise the result and then illustrate the derivation.
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Overview of the result

The first diagram contributes to the correlator of the energy flux with

d-2
E@" = im (3) [atxe ™ (o0 [T o)
)’3 d—2 r[% _ 1]4 F[3 _ %]2 ' (5‘6-29)
4 (4rm)2d2G13-3d 4 —d T[d = 2]T2d — 4]T[5 - d]’

the second and third diagrams give

d-2
E@ = im (3) [atx e (o0 [T 00y

d_ 4 dp2 (5.6.30)
pE 3d-8 T -11"TB-7]

T 4q13-3d(4)4d-2 4 —d T[d — 2]T[2d — 4]T[5 - d]’

To the expression of (%(q‘))G)2 only the pole terms, namely those multiplied by (5.6.27), give a
nonvanishing contribution; the branch-cut terms, i.e. those coming with (5.6.28), vanish.
The complete result thus reads

(@)Y = (@@ +(&@)"**
23 | g - 11413 - £12 (5:6:31)
T 242 (4= d) g T1d - 2]T[2d - 51T(5 — d]

which is written in a form such that all the factors of I" functions are regular for 3 < d <4 and
the simple pole as d — 4 has been factored out.

First diagram

We start from ((p(x)T(zJ—“)(p(O))G)1 in (5.6.13). The integral is very similar to the one consider
at order A% in section s.5.3; the only difference, besides the constant in front, is the power of the
square of the loop momentum, that here is 4—d while there was half of it. The calculation carries
in exactly the same way as outlined there; the main difference arises in (5.5.18). Accounting for the
different power of the loop momentum, we now have

1_
ScGn 2 i
@)1 _ rp 7 1
<%(q» 22d d+1 —8 d Jdk g - 2k1
(5-6.32)
3)
3 4Cy, Td - 3]T[d - 1]
- (4x)d+1g13-3d I'[2d — 4] ’
where we have evaluated the integral via (A.2.7),
Ls
2
(5.6.33)

J [k'1972  T[d-3]T[d — 1]
) [ — 2U1]4-d - 2d-155-2d 24 — 4] )

Substituting in (5.6.32) the value of C(T(p from (5.6.14) we get (5.6.29).
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Second and third diagrams: poles

Here we consider the contribution to (go(x)T(z)(p(O))(3)2 in (5.6.24) coming from the poles,
namely the terms with the constant (5.6.27). Itis the sum of two terms, corresponding to the two
different diagrams. As we shall see, they contribute equally to the correlator of the energy flux.

Second diagram. Let us start with the pole term in (5.6.25). The o component of the vectors
imposed through the delta functions are

" =0 +k—p|l+|w-p|+1k+4ql,
P =—lk+—p|l—|d-p|l- k- pl,
(5.6.34)

—

KO =~ +k~ 5l - 1@~ Bl
w’ =+ k—p|l—|k—-pl|.
We now proceed from (s.3.9): the integral over the x coordinate with the information about

the state sets the spatial components of the momentum ¢ to zero and introduces the delta func-
tion involving the ot components,

[ a7 o) | T2 o007

3 -2
_C;(qu)pjd"“ﬁ e [ + [K[] "=
T 7,22 d—1 d—1 d—1 N R _d 6.
27zq* ) (2x) Qr)-12x) |Iw|2—(|k—ﬁ|+|k+w—§|)2|2 g (5.635)

8[Ik + & — Bl + 1 — Bl + |kl — g] 6[p" + IkI — |k - B|
k| |k = B| |@ - p| |k + @ - B| [(1G + Bl + |k + @] + 1§ — B)* — 15I?]

The second delta function can be used to perform the integral over p'. The argument of the delta
function is the same one appearing at order O (A%), and the solution is given in (5.5.13). Also the
large z* limit can be computed as in the previous case, by rescaling the transverse components

P 1
k'+[k| 2+
compared to k. The result thus reads

A

1 A 1
p— b so that p° —

+ subleading, and effectively neglecting the vector p when

d-2
im (2)7 [atxe# (o) [ ) g0

zt>o00
1(3) o > 1d-1 _:7.4
_ S d'2p [ %'k qi-\ip [k + kIR
- _d d-2 d—1 (7 yd—1 4 6.36
a2pd+656-5 1 @n)i=2 J@my?=! @) 218 (5-6.36)

8|k + @ + || + k| — q]

[kl || [k + @]

il

where we also took into account the factor arising from the solution of the delta function, namely
(k' + |k|)/|k + p|.
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The integrals in p gives the (d — 2)-dimensional delta function on the transverse directions
of k, that can then be used to eliminate the integral in such variables. We get

lim (%})d_szdxehﬂ°<¢cx>J7xzi)¢«»>“ﬂP

zt>00
_ocgr Td" Jdd o (k! + 1] 5[|%+J;|+|J)|+|k1 — g (637)
2w 2 = 20@1]" ||| [k +
where |E + 113| is intended as
K+ | = (k12 + 2k 0! + D] (5.6.38)

Next, we observe that only the positive values contribute to the k! integral, since k' + |k
2 k' ©[k'], and we use spherical coordinates for i@. Since in (5.6.38) the first component w! =

|20] cos O appears explicitly, this angular variable does not factor out. Thus we get

d-2
1m1(§;) jw%e””<¢u)jf@iwmm%”%

zt-5o0
G)p +c0 +00
C 2P Voleas d-3
= H Jdkl[kl]d_z dew—. (5.639)
6-4 2-4 6.

22d+54°73 72d 5 5 |q 2w| 5:6.39
‘ s 5[|k+u7|+w+k1—q]
Jd@ sin®™ —

|k + |

0
The most convenient way of eliminating the delta function is by solving it for the angle 6. Indeed,
the argument of the delta function vanishes for
G* —2qw — 2gk" + 2k*w
2k w

For this to be an acceptable value for the angle 0, the value (5.6.40) must be comprised between

cosf, = , provided g—w—k'>0. (5.6.40)

—1 and 1, that in turn induces the two constraints

w+ k' > g Quw — k! —§) > 0. (5.6.41)

The value of the sine of the angle induces by (5.6.40) is
ql2(w + kY — ql2w — qI2k" — 41

sin? 6, = kW) (5.6.42)
Having gathered this information we can perform the integration over  obtaining
T - - 1 -
Jde d3 8[lk + wL+ w+ k' - g
] |k + @
=07 - w - k'] O[2(w + k') — 4| ©]|Qw — §2k' - §)]- (5-6.43)

d_
1 [al2w+ kY - qll2w — g2k - g1]?
Klw 2klw)?
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where we have also took into consideration the factor arising from the derivative of the argument
of the delta function, sin 6 k'w/|k + 0| (notice that in the integration domain sin § > 0).
Going back to (5.6.39) we have at this point

; 2N a, g + 3)2
lim (Z)7 [d9x el ™ (o) | T 002
ZT—=>00 7z~

1= 1.

G)p 21 24
C,T Volsd—3 d_ _d
= Sarid o |4k K @- 2k jdw (7= 2(Kk" + w))"~ [q - 2w]* "2,
I 0 lq_kl
2

(5-6.44)
where the ® functions are have been used to constrain the integrals in k' and w in the following
way. To start with, we have that

OQw - k' — 9| =067 - 2wl B[ — 2k + O[2w — 7] O2k' —G];  (5.6.45)

the second combination of ® imposes w > %q and k! > %ci that are incompatible with the
first ® function in (5.6.43), since

g-3<0. (5.6.46)

The first combination of © gives w < %cj and k! < %cj, conditions compatible with the
two other step functions in (5.6.43). We therefore end up with the triangular region that can
be parametrized letting k! e [o, %q’] and w € [%(j — k!, %q], which are exactly the integration
extrema in (5.6.44).

The integrals in w and k' can be done in terms of I" functions,

17 17
11~ 1,42 - 1 d=3 (5 2-4
dk k' (g—2k")2 dw[q -2k +w)] [§—2w]" 2
0 Ly (5-6.47)

2

34 —g Tl3d = 1°Td - 3]
S 163 Td-4]

evaluating then Volgs-3 with (A.2.6) and using the expression for C (;% P in (5.6.27) we finally

obtain

-
im (Z)7 [ s (oo [T 092

zt 50
5 348 TI2=505-1P (5.6.48)
q13—3d24d7[2d—3 d-13 I[2d — 4] r[%] F[%] .

Third diagram. Now we turn to the second term of (5.6.26).
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The values imposed by the delta functions are

q° = |+ Kk + Gl + @ + G| + |k +4l,

P =—l@+k+ql—|w+3l -k -pl,

0 W e o (5.6.49)
k"=—lw+k+q|l—|ww+4q|,
w® = |+ k +§| — |k +4].

Considering the integral over x, that eliminates the integral over ¢ leaving one delta function

and taking the large z* in the same way done in (5.6.35), we get

+\d=2 N
im (2)7 [atx ™ (o [ 1) 0000

zt>o0
Co T KT 1R+ @+ 1@+ 1K - g]
=— " |ak Jd i — -
23d+4g073 72 |G —21@1|72 |k'] | @] [k + @

(5.6.50)
that is exactly equal to the contribution from the first term in (5.6.36). The result for the whole
pole term is therefore twice (5.6.48).

Second and third diagrams: branch cut

Here we argue that the branch-cut terms do not contribute to the correlator of the energy flux
operator, because they are negligible in the large z* limit.

Letus start considering the contribution in (5.6.25). In the momentum configuration relevant
to (5.3.9),i.e. ¢ = (¢,0) and p = (—p' — ¢, p) and shifting w® > w® —gq, S[w — p] becomes

®[w0+p1]5[1 p2+2wp+w2—w+w—] (650
_— - . .6.51
2 |wt| 2wt 05
Therefore, rescaling p — Z% p and integrating over p! and p, we get
lim de_ e w_7'+f(w_; ), (5.6.52)
zt—>+00

where f represents the integrand, that depends also on the remaining momenta, after all delta
functions have been removed. The remaining integrals are not relevant for the present argument.
The integrand f decays faster than 1/w™ as w~™ — oo and has poles and branch points on
the real line. For this reason, generically the integral (5.6.52) is not over the whole real line and is
possibly divergent. However, it can be regularised by moving the poles and branch points away
from the real line. Assuming one such regularisation, it then follows from integration by parts
that the integral (5.6.52) is at most O(1/z%), thus vanishing in the z* — +o0 limit.

For the symmetric diagram the same argument applies to k.
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s.7 Correlator of the energy flux (&) to order O(A%)

The correlator of the energy flux operator to 3-loops therefore is

(€@) = (@) + (8@

2 TE-1p
124z 2 TS =317 (5.7.1)
6, 1 TB-35PTI5-1PTT5 -3]
| ami G- T 2T5-dIT2d —4] |

In the limit d — 4 this expression yields, after renormalization,*

) 201 34 q2>
& = -1+ log = ), 7.
(E@)s 24 ) q< 62 %82 (5.7.2)

where we have also redefined the renormalization scale p to absorb numerical constants indepen-
dent of 4.

5.8 Normalization factor N

We saw that the free theory gives the ill-defined expression (s.2.3). Here we focus on the case § > 0.
It has no tree-level (nor 1-loop, as we discussed in (2.8.7)) contribution, but gives a nonvanishing
and well-defined contribution from order 4% onwards.

We compute it starting from

(p(xp)e(yp))g = <(P(XE)(P()’E) 9_%J¢4>(O)E , (5.8.1)

with the familiar procedure of expanding the exponential and applying Wick’s theorem.

5.8.1 Order A°
Euclidean correlator

In order to construct the normalising factor N, g we need the 2-point function to the desired
order in A. The relevant term in the expansion of (5.8.1) is

<(P(XE)(P(J’E)>§) = % <(Px (Py( - %J'(p4)2>(0)1~:

2

A
=5 Jdd'h dny (@, (@)* (@2)* @) 0)k -

(5.8.2)

Applying Wick’s theorem we get only one nonvanishing contribution, whose momentum space
expression is depicted in figure 5.6. The associated integral is

) _ A2
<(p(xE)(p(yE)>§~:) = F Jddnl dd”]z G, G2 G Gyp GyZ . (583)

#The relevant 1-loop renormalization properties have been discussed in section 2.8.1.
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ptk—q

Figure 5.6: Diagram for (qogo)(z). Tadpole contributions have not been included.

We can understand the combinatorial factor in the following way. There are 4 ways to connect
the x leg to one vertex; similarly there are 4 ways to connect the y leg to the other vertex. Then,
the free legs of the first vertex can be connected to those of the second one in 3, 2 and 1 ways
respectively. The factor 2! in the denominator cancels with the permutation of the internal ver-
tices. Overall we have a factor 4! -4 that divided by the (41)? coming from the vertices leaves the
é in the previous formula.

With conventional manipulation we arrive at

}”_2 J'dqu el E(xe—YE) JddPE dkg 1

. 8.
6 Jen) [¢21> J@m)Qn) pRid (ks + pr — qp)? (5:8.4)

(PR =

The integrals in kg and pg can be iteratively computed using the formula for 1, d in(A3.2),50
that the contribution of order A% to the 2-point function reads

1 3 )

2 TB=dITl3d — 17 [gdg gty
o)y = J

(@(xp)e(yp))x (4nyd 6F[%d _3) Qn)? g3

Lorentzian correlator

We need to get the correlator (@(x)@(0)). For this we complexify the arguments according to

x% =ix"+¢&, y=0, (5.8.6)
and consider the limit & — 07,

The Wightman function has been computed in section 2.9.2: the Euclidean correlator (5.8.5)
is of the form (2.9.8) with 0 < @ < 1. We can thus use the formula (2.9.15) and the result is

cSy [ d? ixg g [0 -14l]
on® — WJ a__ e _[ 7 14 ] 8.
COON = 3 e i + 181 4 | i — a1 87
2 IMid -1
cP=-2 2 (5.8.8)

T @m 12 r[%d —31T[d -2]
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CHAPTER 5. ENERGY FLUX IN (p4

Normalising factor

To compute the norm of the state in at this order in perturbation theory we consider the relevant
integral as in (5.1.5),

Ny = [atx e (@00

CO [ [ dig N -0HET 4 [ ©[¢° - |3]]
dx d 101 15115-d 4.0|7.0_ 17114-d
T 4-d Qm)? [4° + 1411 dq’ |14 - 1411

Theintegralin x can be broughtinside the momentum integral, and gives rise to delta functions,

(5-8.9)

T 744 [0 + |g|15~4 [¢° - |g|1*

and now we can use the argument of the delta functions to simplify the integrand. Eliminating
the integral in ¢ we obtain

2)
@__ Coo Olg’]
Ng —mjdq%[qo— al— [[q0]4 d] (5-8.11)

We can then eliminate the last integration with the remaining delta function,

2) _
Coop S
Néz) = i_[ [q]] . (5.8.12)
4 —-d) qS d dq q4—d
Since ¢ > 0, O[4] = +1 and the result is
1 3
NO _ C 22 I[3d —1] (813
77T g0 T (4yiqlo-d 12T[2d - 3]T(d 2]
where we substituted (5.8.8). Notice that at this order Ny is finitein 3 <d <4
5.8.2 Order A°
Euclidean Correlator
The relevant term in the expansion (5.8.1) is
oo =3 (oo~ 4 [o'))
P XE)P\VE 3, Px Py a0 @ (OF
(5.8.14)

A?)
=153 Jd"m dny dnz (@ (01 (@0)* (@3)* @,) 01k -

Applying Wick’s theorem we get only one nonvanishing contribution, whose momentum space
expression is depicted in figure 5.7. The associated integral is

/13
(p(x)p(y)? = =2 Jddm dnydn; G, G12 G2 G13Go3 G153 G 3. (5.8.15)

4
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5.8. NORMALIZATION FACTOR Nq

t+q—p t+q—k

¢X \ \ N 3 q)y

ptk—q

Figure 5.7: Diagram for ((p(p)(3). Tadpole contributions have not been included.

The combinatorial factor can be understood as follows. The factor 3! cancels with the permuta-
tion of the #; . There are 4 different ways to connect the external x leg to a vertex; similarly there
are 4 ways to connect the external y leg to another vertex. These two vertices are connected by
an internal leg; there are 3 - 3 choices (one for each vertex) for this leg. Finally, these two vertices
are connected to the third one; there are 6 way of dividing the free legs of the first two vertices to
the free one; then there are 2 way of connecting each vertex. Dividing by the factor “nH? coming
from the three vertices, we indeed get 4.

Writing the propagator in terms of its momentum space expression, with usual manipulations
we arrive at

(pGep)e(yp))s
13 dqu el 4E(XE—YE)
__TJ emyd @R (5.8.16)

J’ddpE d%g dtg 1
Q2m)?Cm)! 2 ik (pe — qe — te)* (ke = qe = te)?
The integrals in kg and in pg factor into the integrand and they are equal to the scalar integral

I fil (tg + pg). They can be evaluated with the formula (A.3.2); the integral in g reduces then to
I fi 4—4(tg), which can be evaluated in the same way. The Euclidean correlator finally reads

(PGp)p(p)E
2 T2-3dPTl5d - 1PTI5 - 3d1T[5d - 4] Jdqu Fatin  (5.8.7)
4T[4 —d]T[2d — 5]1T[d — 2]? 2n)d [q%]7_%d '

(42

Lorentzian Correlator

The Lorentzian correlator is obtained via the complexification (5.8.6) and was analysed in sec-
tion 2.9.2. The expression (5.8.17) has again the structure (2.9.8) with 0 < a < 1 and thus we
can directly use (2.9.15). The result is

3

(PO = 2 J

= G—ap (5.8.18)

dq el ¥ i[ 0lq° — |4l] ]
d 7.3 0 I
Cm) g0 41177724 447 g0 — 11072
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CHAPTER 5. ENERGY FLUX IN (p4

where the constant in front reads
1 4,92 1 5
JE I'3 - Ed] F[Ed —1]
(47)2¢-13T1d = 2P T[2d = 5]T'[5 — d]

3
Cop = (5-8.19)
Normalising factor

The calculation is analogous to the A2 case. Using the integral in x to obtain delta functions we
arrive at

Ny = Jd"x ¢ (p(x)p(0))"

3 _ _ - .0.
_ Jd”’ §“-D[g161¢° — 4] d [ ®l¢’ — 1311 ] (5:8.20)
T (4 4)2 o 7-34  da® 6-34|’
@=d) [+ 1" 724 9 Ligo — 1g)10-3¢
eliminating the integral in § we set § = 0 from the delta function, and thus we get
3) e 0
C _d Olq"]
Né?,): % quo é[qo_q]ﬂ[ g_zd] . (582.1)
4 —d2[q]" 2" = T g2
We can now eliminate the last integral with the remaining delta function,
3) _
C d | Ol[q]
3
Né ) = ®e 5 d—_[ — - (5.8.22)
@ —dy[g)] 2 g2
Using now the fact that ¢ > 0 we finally arrive at
3
@»___ 3 Coo
q 2(4—d) q14—3d
8.
33 I3 - 3dPT[5d - 17° (5823)

'(4”);1—12 (4 — d) gt4-3¢ 3T1d = 2°T[2d — 5IT[5 ~ ]

where we used the coefficient (5.8.19). At this orderin A we have a simple pole as d — 4.

5.8.3 Normalising factor to order O(4%)
The complete expression for normalising factor is therefore
_ @ 3)
Ng=Ngi + N;
1 3

T 2@y T — 20I[3d - 3197 ‘ (5.8.24)

64 1 TB-$PrE-1Pr5 -3

(4myt =) TId—2T[5—dIT12d —4] |’

where the leading order contribution is regular in the d — 4 limit, while the term at next order
has a simple pole.

162,



5.9. EXPECTATION VALUE OF THE ENERGY FLUX (Ej)

5.9 Expectation value of the energy flux (E;)

The correlator of the energy flux up to 3 loops finally follows from normalising the 3-loop energy
flux correlator (&) in (5.7.1) with the 3-loop norm N given in (5.8.24). The result is

(@) _ 4
N B VOlSd_2 ’

(Eg) = (5.9.1)

q
An exact cancellation takes places between the corrections of the correlator of the energy flux and
the norm of the state, so that the result equals the value expected in (5.1.8) as predicted by [HMo8]
on the grounds of rotational invariance. The correction to (&) of order 43 in (5.7.2) is thus
an artefact of missing normalization. Its positivity, within the realm of perturbative analysis, is
therefore connected to the unitarity of the theory ensuring a positivity of the norm of the states,
irrespective of the ANEC.

Indeed, in this chapter a scalar state has been considered. As we mentioned, the result is pre-
dictable and the ANEC does not provide nontrivial conditions. At the same time, scalar states are
considerably simpler than the tensorial counterparts. There, the absence of rotational symmetry
allows more complex expressions to which the ANEC may provide interesting restrictions. Nev-
ertheless, even in the case considered here the calculation is technically challenging. The present
study constitutes a convenient setting to explore the technical tools to attack more complicated
examples.




Chapter 6

Conclusions and outlook

In this thesis various instances of calculating first quantum corrections have been explored. In
chapter 1 we introduced the basic notions and the physical background constituting the founda-
tions of the work.

In chapter 2 we reviewed the technical tools employed in the rest of the work. We considered
diagrammatic techniques, sometimes offering alternative derivations of known results. We then
gave an introduction to the heat kernel approach, that allows one to avoid the evaluation of the
diagrams to compute the 1-loop effective action, especially when combined with the background-
field framework. We presented the general form of the heat kernel coefficient b(66>(A4) for fourth-
order differential operators in six-dimensional flat spacetime, which is a new technical result.

The diagrammatic techniques have been then employed in chapter 3 to compute the confor-
mal anomaly for a four-dimensional scalar field coupled to a geometric background with a generic
coupling to the curvature. We explored aspects of the anomaly &/P) for non-conformal theories,
showing that it is automatically finite and local in the model under consideration. We discussed
the properties and a possible ambiguity in the definition of this object, lying in the dimension D
in which the classically nonvanishing trace is subtracted. We analysed its consequences and we
gave a diagrammatic interpretation of the calculations in the literature based on the heat kernel.

With the goal of understanding (possibly non-unitary) CFTs in six dimensions, in chapter 4
we then considered the higher-derivative gauge model (VF Y2 + F3. In the background-field
framework we used the coefficient bg mentioned previously to compute the 1-loop divergences
of the theory. We then extended the study adding the conventional F 2 termand supersymmetry.
Furthermore, we considered the coupling to a two-derivative scalar with interaction @ F F. The
resulting model is renormalizable and we combined the heat kernel approach to the diagrammatic
techniques mentioned above to compute the 1-loop divergences; we then extended the calcula-
tion to a multiplet of scalars. Although this scalar coupling could not be treated with the heat
kernel framework only, it nonetheless provided a considerable simplification to the calculation.

Finally, in chapter 5 we computed the expectation value of the energy flux operator in PO
theoryin 3 < d < 4. We considered a scalar state constructed with a single insertion of the field.
In a diagrammatic expansion, we considered diagrams up to three loops (order A3). The calcula-
tion is technically complicated and challenging; we recovered the result expected as a consequence
of rotational invariance. Nonetheless, the calculation presented here has technical value, since
through its complexity it allowed us to develop the tools for the tensorial case. In this latter case,
we expect the ANEC to provide insights on the properties of QFTs away from criticality.
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6.1. FUTURE PROSPECTS

6.1 Future prospects

On a technical level, it would be interesting to understand whether the factorisation Ansatz used
. 6 . . .
toderive b(6 )(A4) can be extended to the power-law divergences as well. Furthermore, animmedi-

ate extension of the results presented here is the calculation of b(66)(A4) in curved spacetime. With
this result it would then be possible to compute the 1-loop UV divergences in six-dimensional
conformal supergravity. In particular one could then verify that the conformal anomaly of the
the higher-derivative (2,0) conformal supergravity coupled to exactly 26 (2,0) tensor multi-
plets vanishes, as anticipated in [BT1s, BT16].

The study of anomalies for non-conformal theories can then be extended to higher orders to
include the effect of interactions, as initiated in [Hat82]. It would be interesting to understand
if supersymmetry provides some constraints in the coefficients appearing in the anomaly, such as
exhibiting relations between such coefficients or cancellations.

In an analogous way, another important step would be to extend 1-loop results that we de-
rived for the higher-derivative theories studied in six dimensions to the 2-loop level generaliz-
ing the methods of [Abb81, JO82]. This would allow one to explore in greater detail the renor-
malization group properties. In this spirit, the €-expansion near six dimension could allow one
to perturbatively construct fixed points of the RG flow containing gauge fields, extending the
works [FGKT1s, OS18, GHR18, CSVZ20] that focused on scalar theories.

In six dimensions other fields and couplings can be added to (VF )2 keeping the theory clas-
sically scale-free. An interesting instance is provided by [SS84], where the authors constructed
a version of six-dimensional minimal supergravity coupled to a 2-form tensor multiplet and a
super-Maxwell multiplet. This coupling between the gauge field A and the 2-form B,,,, that
also admits nonabelian extensions, reads (9, B,k + A Fy k])z, and has the feature of modifying
the beta function for the gauge coupling already at one loop. If the construction of a fixed point of
the gauge coupling is possible, then, as mentioned at the end of chapter 4, this could in principle
be extended to a fixed point of the whole @ F F model.

Finally, the immediate extension and application of the calculation of the energy flux in the
scalar theory is the consideration of tensorial states generated by the stress tensor, in the spirit of
the result of [HMo8]. Such a calculation would be nontrivially constrained by the ANEC. The
example of the scalar theory would thus open the possibility of studying the properties of QFTs
away from fixed points, hinting at a possible generalization of the a and ¢ coefficients to non-
conformal QFTs, perhaps in conjunction with the study of anomalies for non-conformal theo-
ries mentioned above. Ambitiously this programme could potentially provide, for example, an
interpolating function in terms of the 3-point function of stress tensors along the flow, possibly
leading to insights on the a-theorem extending the results of [KSi].




Appendix A

Formulz

A.a  Signature, metric, coordinates

Auaa  Euclidean signature

We use Latin indices m, n, ... and set
Opn = diag(+,+,+,+,...), =% x1 %), xt =ix0+x!. (A.r.1)

2d/2 X 2d/2

To discuss spinors we use the Dirac matrices I,. We represent them as hermitian

complex matrices satisfying I, [} = %{Fm, I} = 8,y and define I, = I},I};. The first traces
read

tr, 0, = 2926, » tr, LT = 298,056 — SmrOms + SmnBrs] - (A.12)

A2 Lorentzian signature

We use Greek indices g, v, ... and set

n/,lv = dlag(_7 +7 +7 +7 )7 x’“ = (xoa 55) = (XO’ xl’ﬁ)v
xt=x0+x! xX_ = —lx+ (A.13)
+x, _ 5x"

A3  Gauge theories

For the gauge group we assume a simple compact lie group where t% are generators of the repre-
sentation R. a, f, ... are gauge group indices and the generators satisfy the following relations

trg (1%1%) = —Tr6%, [, 0] = fobryr (A.Lg)

where trg is the trace in the representation R. For the adjoint representation we have A?nﬂ =
ForBAL Saysfpys = Cabgp. For SU(N), T = % in the fundamental representation and
Tr = C, = N in the adjoint representation. In chapter 4 we write Tr for the trace in the
fundamental representation and tr for the adjoint.
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A.2. MISCELLANEOUS IDENTITIES

A.2  Miscellaneous identities
One dimensional delta function:

de ' =27 8[k]
Fourier transform of the GaufSian:

2
X .
—S+ikx _1.242
dee ¢ =g\/re 17k

Euler Gamma function:

[[z] = de x¥ e, 2Tzl =Tz + 1], [[n] = (-1,
0
1 1
Tzl - 2] = , r r[ —]=21—2Z 2
(21111 - 2] = [2]T|z + 3 VrT[2z]
sinzma 1 cosmwa _ 1
T el Tl —a]’ r Mo + %]r‘[% —a]
Volume of the d-dimensional sphere:
d+1)2
VOISd = 2711.—1
F[Ed + 5]
Euler Beta function:
1 +00 |
B(a, b) = LB _ szza—‘(l = Jdt L
I'[a + b] ) (t+ 1)ath
A.3 Identities for loop integrals
To simplify the following expressions we use the Pochhammer symbol:
(X)) = x, X)) =x-(x+1), X3y =x-(x+1)-(x+2),
I'lx + a]
Xp=x-x+D-...-(x+a—-1)= o]

As.ax  Integrals with two propagators
General definitions and results

Scalar integrals:
_ J dq 1
Q2n)? [¢*1"[(g — p)*1"
o T = Tt
T T@m®  TmITnlTld —m—n]

I8.(p)

(A.2.1)

(A.2.2)

(A2.4)

(A.2.5)

(A.2.6)
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APPENDIX A. FORMULZE

Recursion relation:
d—2m

1

General definition of tensor integrals:

ddq 9a,9a, *** Y4a
Irtrim‘aa a()zj L2 . Aas.
o oy (@1 - pPT (434

Tensor to scalar integrals

I8 (D) = 47 py n T4 (D)

1
L mn(P) = 5 () 8y 15 32(0) + (A7) P (W) T35 ()
3
Lnmmnp(P) = 5 (4% 8unbp 1 1 31 (P) + (A7) Puapy) (W3) L 3(P)
3
Livsimnpg(P) = 5 A7) 8(unpq) Ll (0) + 3 (A7) Sunpg) (W) LS (p)

+ (47)* PinPuPpPg) My Tots 4(p)
L mnpar(P) = % A7) 8(unOpaPp) 1 T oS 1 (D, @) + 5 (A7) (un PpPaPr) (M) 3) I 3(P)
+ (A7) PmPnPpPaPr) (Ms) IS (D)
1 npars(8) = 2 ) By 1) + 22 (4)" Suapqpeby Doy T 2(0)
+ 2 A1) Suubppgprs) (et T P)

15
+ 7 (47[)6 P(mPnDpD gDy Ps) (n)(6) IYZ,—;}|-26(p)

A3.2  Integrals with three propagators

General definitions and results

d% da; -+ Ya,
Q) [g*1™ (g — p)*1™2[(g + k)™

I8 msiar.a (P2 K) = J (A3s)

Extraction of the divergences in scalar integrals

Understanding the arguments (p, k),

d _ 1 2 2
Im1+l,m2,m3 - W [[(ml + ZM2 + ms3 — d)k + (ml +my + 2m3 - d)p
= @my +my +m3 = dYp+ k) 151 iy my
2 rd 2 rd
+ mzp Iml,m2+1,m3—1 + mlp Im1+l,m2,m3—l (A36)

+ m3k Iml,mz—l,m3+1 +mik Im1+17m2_1’m3

27d 27d
—my(p+ KI5y gy i1y = M3+ K) Iml_l,mz,m3+1]
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A.3. IDENTITIES FOR LOOP INTEGRALS

I i = m [[(m1 4y + 2ms — d)p? — (my + 2my + ms — d)K2
+ Q2my +my +my—d)(p+ k2|18 s
+my PPl oy et + 2D Iml my+1,ms—1 (A3.7)
- mlk 14 my+Lmy—1ms m3k ml a1, m3+1
- ma(p+ K2TE i + ma(p+ KPTE 1m2+1m3]
J 1

3
+ Qmy +my + s = )P + k)| Ly my.my

+mkP Ly g 1m3+m3k mymy—1my+1 (A3.8)
—mp Im1+1m2,m3 1~ map Iml my+1,m3—1
+my(p+ k)1 my— 1m2+1m3+m3(P+k) mi— 1m2m3+1]
Then via
I 0. k)
1

= 2k2(p + k)2 (p, k) — pA(k* — pk) I
87(d — 2)|(pk)? — p*k?] [P (P + K111y (p. k) = p"(k" = PRI}, (P)

+ pk (p+ K2 IE (p + k) — K2(K? — pl) I (p)]

we finally arrive at 1 Hl(p, k) with D < 4 that is finite.

Tensor to scalar integrals

It oy mysm (D5 )
= @) T2 1 (0 K) = G T2 (0
L, s, s (P> )
= 2 4 e (9.0
+ 42| pun M)y T . (5 FO)
=2 Pty M2 3 Tyt 1 s 1 (02 K)
+ Gty (M3)3) Ty s o s2 (P k)]
Ly, oy (P> K
= 2 AV S By 2 T 1 (K0 = 4y my TP 44, )]
+ 40 | pinbapyy (1)(3) Tt (50

d+6
= 3 pnPndp) (M) 2y m3 Ly T o5 1 (P, K)
+3 p(mqnqu) my (m3)(2) Iy‘yil?:?nz+1,m3+2(pa k)

= qmndp) (M3)(3) [,its,z,m3+3(l7, k)
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L5t my.myzmnpg (P )
= 2 (47 [ T s (9.0
+ 3420 8| oy )2y TS, 12,510
= 2 ppdq) my m3 Ircril_:—,rﬁnz+l,m3+l(d +6:p.9)
+ a4y (M3 Lt or (P, k)]
+ @A) | pnbuppg ()it TES, 14y (9O
— 4 pmPnPpdq) (M2) 3y m3 1 itﬁq2+3,m2+1(p’ k)
+ 6 PmPndp9q) (M2)2) (M3)(2) 1 rit?nz+2,m3+2(p’ k)
— 4 Pnnpday M2 (M3) ) Tt 1y 3 (P2 K)
+ qon9npdq) (M3)ay 1 Zﬁfnz,m3+4(p, k)]
Ir‘fn,mz,mymnpqr(p’ k)
= 14_5 (4z )45(mn5pq [mZ Pp) 1)?1?_,212+1,m3 (p, k)
—myqp It (P, k)]
5 AT 8| Poapr) (M)(5) TS, 13y (9O
=3 PpPadr) M)y m3 Lyt oy 2 e 1 (P2
+ 3 ppgdry M (m3) ) Tto o1 mis2 (P K)
= qpqq4r) (M3)(3) Ilii?nz,m3+3(p’ k)]
+ (47)? [p(mpnpppqpr) (m2)(s) Ton 5.y (P KO
— 5 PuPuPpPglr) M)y m3 TATD Ly 1 (. )
+ 10 puPuPpaqdr) (M2)e3) (ms)(z)l,‘,i,t,lnoﬁ&mﬁz(l?, k)
— 10 ponPn9pa49r) (M2) 2y (M3)(3) 1, ,‘f,ﬁ,l,gg,mﬁz(p, k)
+ 5 Pnnpdqdr) M2 (M3)) Tt oo 41 s (s K)

d+10
— Am9n9p9q9r) (m3)(5) Imtmz,m3+5(p’ k)]
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A.4. CURVED SPACETIME EXPANSIONS

d
Im1,m2,m3 smnpqrs (pa k)

15
= (47[)3 [? 5(mn5pqérs) Irﬁtftzz,m;; (P k)]

+ 24801 20y )y 178,142, (00
—2p, gy mymy Ints 1P, k)
+ 4r5) (M3) ) Lo s 2 (P k)]
+ 20 8 [pppapeb )i TS 00
— 4 pypaprds) M)y m3 TntD s 41 (P K)
+ 6p,P44,q5) (M2)(2) (M3)2) 1, ,ﬁﬁ,l,g+2,m3+2(p, k)
— 4 pydgdrdsy M (M3)) Lt o1 3 (s K)
+ dp4g4,s) (M3)ay Tt msa (D5 K)
+ %(4@6 PnPuPpPaPrPs) (M2)6) Ty a6 (Ps K)
= 6 P(mPnPpPgPrds) (M2)(5) M3 1, Ztrlnzz+5,m2+l(p’ k)
+ 15pmPnPpPeqrds) (M2)a) (m3)2) 1 ,ﬁ,léﬂ,m#z(l), k)
— 20P(nPnPpdadrds) (M) ) (M3)3) Tt oo 3 s 13(P5 K)

d+12
+ 15 pnPnp49r9s) (M2)2) (M3) 4y 1 mtmz+2,m3+4(p’ k)
d+12
- 6P(m‘1n‘]p‘1qu‘]s) my (m3)(5) Imtm2+1,m3+5(p’ k)

d+12
+ Qnndpdq9rds) (M3)6) Loyt oy my16(Ps 5

A.4 Curved spacetime expansions

Setting g, = Oy + Ay, some position-space expansions used in the main text are:

1
mrrsl) = E(amhnr + 0phimy — 0 hy) (A‘4'I)
1
51113 = E (aaamhna + 040, — 0405 — amanh) (A""'Z)
2y _ 1711
En’)l = 5 [Eamhraanhra + (arhna)(arhma - aahmr) + (A~4'3)

+ hy4(0,0mhyq + 040, iy — 040p iy — 040phyn) +

+ (50uhr = 0rhar ) (Ol + O = Ol
RW =9,,0,h,, — 0*h (A.4.4)
R? = %amha, Onhyr — %a,ham 0ghpy + Moy OOpmhar + hyyp 0,0,h (A.4.5)

1
= 2y 00 han + 0uh Ol = 705 daht = s Oy
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A.41 Momentum-space expansion at order O(h')

dip . .
= Jddy d'z J—pde”’(x"”e"’("'y)hrs(y) oy — 8,50°]P° (A.4.6)

’@(/ﬂ) (27)

A.4.2 Momentum-space expansions at order O(h?)

.2 d,, qd ddp ddq ip(x—y) ,ig(x—y)
Riem ‘@(hZ) = |d%d"z (27Z.)d(27)de e hys(¥) hge(z) -

(A4.7)

: [(PQ)Zéa(r‘Ss)c —2pq Q(rés)(apc) + QrQSpapc]

dip diq . .
Ricz‘@(hz) = Jddy ddZ Jﬁﬁelp(x_y)elq(x_y)hrs(y) hac(z) :

1 1
~%6,5PaPe ¥ ~PAPESsy ey 248

1 1
: [Z@Q)25r36ac + Z(pQ)zéa(qés)c + ) )

1 2
+§P(rCIs)p(a‘Ic) - Pqéacp(r%) -4 p(rés)(apc)

dp diq . ;
Rz‘ = Jddy ddz J——elp(x_y)elq(x_y)hm(y) hac(z) :
6(h?) Q2n)? 2x)? ‘
(A.4.9)

-[p2q25m5ac —2G%8,eP+Ps + DrPsdude

ddp ddq P
DR‘@(hz) = Jddy diz —(zﬂ)d _(27[)(1 ot P(x=Y) pig(x y)hrs(y) h,(z) -

1 1
: [ -3 (2(p@)* + P* P4)8,580c — (P* + PD)A(65)aPe) + 3 8acPrps

+ (20> +2pq + ¢°)8,5Pape + (P* + 2P9 + 24%) S0P (D)
(A.4.10)

—2(p* +2pq + ¢*) P-B5yaPe) — 2(P* + Pa) PrB5y ey

+ =(2(0M)% + 3(pa)* + Tp* pq + 2p°q%) 5,465

N =

— PyDsPaDc — prpsp(aqc)]
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Appendix B

Aspects of complex integration

B.r General considerations

Here we briefly review some basic as well as more advanced facts about complex analysis in order
to clarify the principles behind some of the calculations performed and establish some notation.
We are typically interested in computing integrals of the type
+o0
d qO
E 0
—= h(qy) (B.1.1)
,[ 2r B2
—0o0
where A is a real- or complex-valued function. The easiest case is when A is a well-defined func-
tion in C up to finitely many points, so that the integral is expressed in terms of sums of residues.

However, we will be interested in more complicated situations in which branch cuts arise.

The main tool needed in our analysis is the Cauchy’s theorem

| £r@=1 ¥ rese. (B:2)

{Zi}f;%’

where & isa contour oriented counter-clockwise and {z;} s. denotes the set of poles of f lying
inside 6.

Typically for us, as the notation suggests, qg in (B.r1) is the O component of a Euclidean
d-dimensional vector gf' = (qg, g). In the context of Wick rotating expressions as discussed in
section 2.9.1, we are interested in expressing the result in terms of the Lorentzian d-dimensional
vector ¢* = (¢°, 9) = (—iq2, §), namely setting ¢ =iq".

The general idea is to find some f(z) defined on some domain in C that includes the real
axis, such thatits integral over the real axis is related to (B.1.1), which we are ultimately interested in.
As often in considering integrations, it is not very useful to seek for general formulae that apply to
a large class of non-parametric cases; the procedures are best illustrated through examples. Here
we therefore evaluate some particular cases that will furnish the building blocks to attack more
complicated situations. In particular we will consider examples of

h(qg) = g(qg) X [terms giving rise to singularities] , (B.13)
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YY

o —i|q]

Figure B.:: Contours % and €’ for L,

where g is a function that does not alter the singularity structure of /4 in the relevant contour,
though it might contain parameters constraining the choice of €.

B.rx  Simple poles I

The simplest case is the familiar one in which only simple poles appear in the integrand,
+0o0
J de?  g(ad)

2 (g9 +1q”*

—0o0

(B.rs)

p

with g regular in the whole complex plane. The integrand can then be extended for complex qg
with simple poles at ¢ = +i|g].

Consider now the contour & shown in figure B.1, the relevant pole is qg = i|q| and the
integral evaluates to

0 .0
I, =i Res Og(qE) - 8Ug)

Q=ilal (D> +131>  4°+ 14|

ood 0 ]
= Jz—‘igaq%[qJ, (B..6)
q°=lq|

where we have discarded the contribution of the arches at infinity and used the notation

- - 6lg" —14l]
olgl = ———=— (B.17)
q° + 4|
Closing the contour below the real axis, as €’ in figure B.1, the relevant pole is ¢ = —i|g]
and we can evaluate the integral as
+00
0 .0 0
i d .
Iy=—i Res —800 __ 80 —2r [ L. ey
=il (q)* + 141>  —q" + 14l l0-—g a 2r
"For example, in the case
0
hg)) = —29% (B..4)

(g9)* + 141
discussed below, we assume that g is regular in either the upper or the lower half-plane, does not vanish for 4 = +ilq),

might contain e'%t? with real a. Similar assumptions are naturally extended to the other cases.
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a

°c>|q]

S S
7 7

ec<|q|

Figure B.2: Contour of integration for Ip'.

where we have discarded the arches at infinity and we have used the notation

. 51¢° + 1411
51q = 24 1Al (B.r9)
—q° + |4
B.r.2  Simple poles II
An example that is relevant for nested integrals of several variables is
+00
d 0 0
I = Jﬂ - 8(i) — (> 0). (B.L.10)
27 (qp —ic)* + 1417

—00

The integrand can be extended for complex qg with simple poles for qg = i(c +|q|). We
compute I, f; closing the integral on the upper half-plane, as shown in figure B.2. Depending on
¢ we have different poles contributing. Since ¢ > 0, the pole i(c + |g]) always lies on the upper
half-plane; however, the sign of the imaginary part of the pole i(c — |g]) is to be discussed,

0 )
I;=i Res 5 g.(q;:) — +i0®[c—|q]] Res 5 gq;g —
ap=i(c+1g)) (g — ic)* + |q| a2=i(c-1q) (gg — ic)* + |q| 5
Tdq® [51¢° - ¢ — 1] Sl —c+1all] (Ban)
27 | ¢ —c+|ql g’ —c—lql

—0
Then, shifting the integration variable q° = ¢°+ ¢ we can use the § function notation and have

+00

0
I = J% (8lq] — ©lc — 1411541 g(i(g" +¢)) . (B.r.12)
-0

The bottom line is that, when we close the contour on the upper half-plane, the residue at the
pole with larger imaginary part contributes with a positive sign, while the residue at the pole with
smaller imaginary part has an extra negative sign.

On the other hand, when we close the contour on the lower half-plane, the residue at the
pole with larger (i.c. less negative) imaginary part contributes with an extra negative sign, while
the residue at the pole with smaller (i.e. more negative) imaginary part has a positive sign.
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0
9E
af bl O
|G| > )ilg|
e —ilq| e —i|g|
EJD G g
2 PR CY (b) (c)

Figure B.3: Definitions of the branch cuts and the integration contour for [j,..

B.1.3 Branch cuts

We consider here the case
+00 0 0
_ [dag  g&(gp)

= _ (B.L.13)
27 (q)” + g1

Ibc

with real positive non-integer a.

After some general remarks, we will focus on the cases 0 < @ < 1 and 1 < a < 2; the
procedure is anyway easily extended to any other value of the exponent.

In order to compute I}, we consider the following function for complex g¥,

2(qd)
g2 +i131]" [ — i131]"

[ = (B.r.1g)

where each factor in the denominator has a branch point for qg = +i|q| and infinity. Their
definition is as shown in figure B.3(a) and (b). The first factor is defined with the branch cut from
—i|g] to —ico along the negative imaginary axis; the rest of the complex plane is represented as
qg = —i|g| +re' with the angle 6 running from —%7[ to %n. The second factor has the branch
cut from i|g| to +ico running along the positive imaginary axis; the rest of the complex plane is
represented as qg = i|q] + re’® with the angle 0 running from “3rt0 lx.

Figure B.3(c) shows the domain of definition for f as well the contour that we consider for the
evaluation of the integral Iy,.. In doing so we assumed that we can close the contour of integration
on the upper half-plane and that g is well defined there (what happens in the lower half-plane is
then irrelevant). For real qg, f reduces to the integrand of (B.1.13), thus we can write

+ood 0
qg
I, = Jgf (@Y
—0o0

. . . (B.1.15)
d d d
—_ J Sy - J E riad) - j E fia) (h—0).
1 v/ T T O v/
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On the right-hand side, we have the contributions from the two sides of the branch cut and the
contribution from the tip of the branch cut. We assume that contributions from the arches at
infinity vanish.

Integrals along the branch cut.

First we evaluate the branch cut running downwards on the right of the imaginary axis,

i(1g]+p) +00

dgy dgy - [da’_ slighe™™
Jz_;f(QQ) = Jz—;f(‘]g) = —i JE T ooiiro o (B.1.16)
! A e [4° +141]" [¢° - 14]
where in the integration domain the factors in the denominator take the values
. =119 ~qa il =19 - 1a il
[af +ildl] = |4 +1ql| 2™, la —ilgl]” = |4 —1gl|" e'2™. (B.L17)
Similarly, the contribution from the other side of the branch cut gives
+ico +00
dgp dqg - (dq° glig") e™
Lgf(qg) = Jgf(qg) =1 JE [ 0; |"|]a [ 5 |"|]a , (B.r.18)
131+0) giep 1 TIAN 19T
where now
=114 - 14 l =119 -, 14 _'é
[a2 +i1dl])" = | +1q1|" 2™, [a —ildl]" = |¢® - 1g]|" e 2" . (B.1.19)
Summing (B.1.16) and (B.1.18) together,
+00
dq} dqp . dq° g(iq")
Jz—f(qg) + J 2—f(qg) = —2sin(ar) J2— — — - (B.1.20)
|27 127 7 [g°+131]" [¢° - 14]]

1G1+p

The limit p — 0 is to be taken with care, since the convergence of the integral for @ ~ |q|
depends on the values of a. As we shall see, the contribution from the tip of the branch cut
exactly cancels the potential divergence in (B.1.20).

Tip of the branch cut.
The tip of the branch cut can be parametrised as qg = i|g| + pe'®, with 0 from %n’ to —%ﬂ',
and the integral along such path is then
3
0 —2"
dq - (dO g - -
| SE sy =ip 426 s+ pe. (Baar)
2 2r
in

We are ultimately interested in the p — 0 limit, thus we expand the integrand for such values of
the parameter. For our purposes it is enough to expand it to leading order in p,

7)) = p-a 881D ifo+3a]a | o p1-a) (Bo2)
[2|q]1°

177



APPENDIX B. ASPECTS OF COMPLEX INTEGRATION

The contribution from the tip of the branch cut can be then evaluated with simple algebra,
obtaining

dgy o _ sinam) gGdD 1, 0 o
— = . B.i.
j f(qg) (@ 2a1gp" +0(™) (B.1.23)
Result.
For now we have, from (B.1.20) and (B.1.23),
. 0
= 2sin(arn) J > 8liq )
z —
27 L +1al]" (¢ =1l (Bi24)

sin(ar) g(ilql)

—a+1 2—a
+0 ,
- l)nza—‘|zj|ap (P

and we want to consider the limit p — 0. We need to consider different values for the exponent
a in I.. Wewill focuson 0 < a <1 and 1 < a < 2 thatare relevant to this work.

Case 0 < a < 1. In(B.r.24) we can safely take the limit p — 0; the integral is regular near
¢° = —|4|, and the second term vanishes. We thus obtain

+00

dg"  g(iq")
I,. = 2sin(ar) J _ (B.1.25)
J 2 [ (q°)% — |q|2]
|q]
Introducing the Lorentzian norm ¢ =—(q"? + 14| (negative in the domain of integration) we
can also rewrite it as
+00 0
d -
_AMa)Jqﬁ?ﬁm —1an. (B.1.26)

Case 1 <a< 2. Itisconvenienttoset a =1+ a, with 0 < a < 1.
We cannot yet take the p — 0 limit in (B.1.24) because the integral diverges for p = 0. To
solve this issue we write

v _ 14 1 (B1.27)
[¢° — g™ adq®[q° - |gNN*”

and we can integrate by parts in (B.1.24) and obtain

sin[(1 + a)z] gli(lg] +p)] _,

Ibc= 1+
o ew2igl] "
+00
+25in[(1+01)7f] Jd_‘lo 1 d g(iq") (B.1.28)
« o [4° = 1G11% dq° [(¢° + 1G]+
qgl+p
smu+@m glilg) -
ar 2015 |1+a/’ 00,
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The integral term is regular in the p — 0 limit, since the exponent « is less than 1. The first
term is instead divergent in the p — O limit since
sin[(1 + a)x] gli(lg] +p)] _, _ sin[(1 + a)w] g(ilq])

= ———p "+ 0",  (Bi29)
o Jp+2ig] " ar 201"+

that is exactly cancelled by the (divergent) contribution from the branch cut tips.
We therefore now have

(B.1.30)

+00
sin[(1 + a)7] Jd_f@[qo—m] 4 glig")

=2
bc . = s
a )27 [¢"—1ql* dq® [(¢° + lgh)*e

where we have rewritten the integral introducing a step function. For our purposes it is also useful
to integrate the expression by parts, making g free of derivatives,

I,.=-2 (B.r.31)

+0oo
sin[(1 + )] qu gliq®)  d ©l¢" -4l
a 27 [(q° + |gD1"+* dqP [¢° - |g11*

Remarks.

Extension to a > 2. First we notice that the procedure can be naturally extended to a > 2.
Writing a = n + a with n integer and 0 < & < 1, we can represent the denominator as

1 ~ dar 1
[¢° — 111"+~ dg®" [¢° — |g11*”

and therefore with n integration by parts we can extract the divergent part of the integral. From
n—a)

(B.r.32)

the branch cut tips, in the expansion of f in (B.1.22) one has n divergent terms, from O(p
to O(p'~%) and then terms O(p%) vanishing in the p — 0 limit.

This argument also shows that the only possible contribution of tip of the branch cut is the
cancellation of the divergent contributions arising from the integration by parts.

Contour on the lower half-plane. If we close the contour of integration in the upper half-
plane, the calculation can be carried out in a completely analogous way. For brevity and reference
we only give the results.

Case 0 <a< 1. Theresultis

dq° g(lqo)

— _2sin(am) j Ol—¢° — 1311 (B.133)

with g% < 0 in the relevant domain.

Case 1 <a<2. Settinga=1+4+a,withO<a<1

+o0

sin[(1 + @)7] J glig”)  d G)[ —-q° - 1411

bc=2 2 l+a a
a 7 [—q° +14|1'"** dq° [-4° - |41}

(B.134)
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¢ —ilgl

Figure B.4: Integration contour for I, for which poles are lying on the branch cut.

B.1.4 Poles lying on branch cuts

Choosing 0 < ¢ < || and 0 < a < 1 we consider

+ood 0 0
Iy = Jﬂ £(4r) . (B.1.35)
R (€ R S N (R

We have already explained how to deal with the tip of the branch cut and we ignore such treat-
ment here, focusing on the pole lying on the branch cut. The range of parameters chosen for this
example is such that we highlight the new aspects.
We introduce the function
g(gd)
[q + ic® [q) — ic]® [(¢D? + 13171

where the factors in the denominator are defined as in the previous section (see figure B.3), pro-

fgd) =

(B.1.36)

ducing two branch cuts with branch points qg = =ic and two poles for qg = =+i|q| thatlie on
the branch cut. We then choose a contour defined in figure B.4 in the limit 7 — 0; we already
explained how to deal with the contribution from the tip of the branch cut in the previous case
and will not repeat the analysis here. The part of the contour around the pole can be parametrised
as qg = i|g| + re'® with 6 from 170 —%ﬂ' for the right sector, and from —%ﬂ' to —%ﬂ for
the left sector. We then have, discarding the arches at infinity,

+ood 0
Ipbc = J%f(‘@)
AN 0 0 0 (B1.37)
__[94 o_J'% O_J% O_J% 0 N
=~ | Srrab - | Trrab - | SErad - [ S, -0
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where in the right-hand side of the equality we have the contributions from the straight line con-
tours and then the two arches around the pole.
The first integral can be written as

i(|ql+7) ic

dqp . dqy g(qp) e
Jz—Ef(qg)=hn%) J + J 2_E 0 25 )

V27 =0l ) T |(@D? + 2| [(gD))? + 1311
ticoi(lgl-1) (B.1.38)

ic .
dgg glgp) e

27 (g% + " [(@)? + 1311

where in the second line the principal value prescription was introduced to represent the integrals

= pv

[
a—

+ico

and the limit of the first one, and we used the explicit form that the complex exponentials takes in
the path of integration. Setting now qg = ig°, we have

+o0
dqy (dq° g(ig”) e~
J_Z Ef(q%) =PV (5o v —. (B.1.39)
127 ) 27 |—(qO2 + 2| [=(¢")* + 1417

A similar calculation for the other side of the branch cut yields

i(1g]-7) +ioco

J dqp ) = lim dqp glqp) '™
I ) = 44 2 .
127 =0l b 2 @+ 2 1D + 1312
ic i(lq]+7) (B.1.40)
+o0 X
d_qg g(qu)em’a

\'A .
)27 |—(q"2 + | [=(¢")? + 13171

The full contribution from the branch cut is therefore
+o00

dai o, (498 o0 o de’ ___giq") 0l ~c]
[ pv_[ﬁ” (P 219 (=@ +1GP1”

(B.1.41)

where the integral was extended over the full real line by inserting a step function ©.

The path near the pole can be parametrised as ¢ = i|g| + re’. The portion on the right
of the imaginary axis is spanned by 6 from %zr to —%75. Although f(ilq] + 7e'%) isa quite
complicated function of 7 and 6, since we are ultimately interested in the 7 — 0 limit, we only

need to consider the expansion

~ina g(iq®

e 0
flg)) =— S +0(7"). (B.1.42)
P iz [—(q9)% + 219 [q0 + 1311 | oz
Therefore we can compute
|
0 2"
dq . [do ;
Lz—;‘f(q%) =i Jﬂe’af(q%)

Iz (B.1.43)
emina g(iq%)

= - — + O(7).
2 [—@2+ PP+ all oy
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Similarly, in portion of the integral on the left, the angle 6 runs from Lzt —Ezr; in this sector

2 2
we have . 0
ira g(iq”) 0
f(qo) = ‘e . -~ +O0(77), B.g4
BT et [—(g%)? + 217 [¢° + |4]] =13l ( )
and
3,
2
dq _(do
J =it j 2,0 D
-1z (B.1.45)
e~ima g(iq")
= - +0(z).
2 [=(@"? + 190" + |q [ po=q

(B.1.45) and (B.1.43) are regular in the 7 — 0 limit; the full contribution from the arches is thus

2r o2n 27 [=(g)? + ¢

[eo]

dq? dq? 0 oy
Lﬂf(qﬁw j E% () = —27 cos(an) j ¢ 8U0) gm0 (Buse)

where we have also rewritten the evaluation of the function f in termsofa § function.
The final result for the integral I pbe is thus obtained summing together (B.1.41) and (B.1.46)

+00
Ly, = 2sin(am)py |4 g(ig”) ©lq° — c]
. 22 [~(¢" + 1 [=(q°P + [4"]
- +o0 (B.1.47)

dg’  glig")
+2JZ'COS(07T) J2_;r[_(q0)2—+02]05

Remarks.

If we close the contour of integration in the lower half-plane, one can perform a completely anal-
ogous calculation yielding

+o0
I, = 2sin(ar) pv J@ 8(iq°) ©[—¢° — ]
” 27 [—(g")* + 21 [=(¢°)* + 141°]
- too 0 (B.1.48)
dq” _ glq)
+ 27 cos(ar) Jg[_(qo)z—_i_cz]a

—o0

We can easily see that, in the a — 0 limit, (B.1.47) and (B.1.48) reduce to (B.1.6) and (B.1.8).
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