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“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are. If it doesn’t
agree with experiment, it'’s wrong.”

Richard P. Feynman






Abstract

The first problem that is analysed in this thesis is the possibility of the existence of a parity-
odd trace anomaly in 4d in the presence of a curved background. We show some evidence
by using Feynman diagram techniques that this anomaly is present in the theory of a free
chiral fermion and that it has the curious feature of having a purely imaginary coefficient in
Lorentzian signature.

We also analyse the theory of a free massive fermion in 3d. We compute two- and three-
point functions of a gauge current and the energy-momentum tensor and, for instance, ob-
tain the well-known result that in the IR limit we reconstruct the relevant CS action in the
effective action. We then couple the model to higher spin currents and explicitly work out
the spin 3 case. In the UV limit we obtain an effective action which was proposed many
years ago as a possible generalization of spin 3 CS action. In the IR limit we derive a dif-
ferent higher spin action. This analysis can evidently be generalized to higher spins. We
also discuss the conservation and properties of the correlators we obtain in the intermediate
steps of our derivation.
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Chapter 1

Introduction

1.1 Regularization of correlation functions

In recent years conformal field theories has been receiving an increasing attention. All this
attention is legitimated by its vast range of applicability, namely, the AdS/CFT correspon-
dence, description of critical phenomena, cosmological applications and etc. Apart from all
these applications, CFT’s are extremely interesting quantum field theories and the knowl-
edge of exact CFT’s on the top of the techniques of conformal perturbation theory will open
the door to new developments on non-perturbative aspects of QFI”s. All these motivations
has spurred a lot of interest and activity in the theoretical aspects of conformal symmetry
and conformal field theories. Recent reviews on the latter are [1, 2], older references rele-
vant to the content of this thesis are [3, 4]. One of the most striking recently obtained results
is the derivation of the general structures of conformal covariant correlators and OPE’s of
any kind of tensor fields in coordinate space, [5-11]. The analysis of 3-point functions of
conserved currents and the energy-momentum tensor was also considered in momentum
space, [12-14].

The above mentioned correlators in coordinate space are in general unregulated expres-
sions, in that they have singularities at coincident points. For convenience we call them
bare. The natural way to regularize them is provided by distribution theory. This is clear in
theory, in practice it is not so simple because, except for the simplest cases, one has to do
with formidable expressions. In the coordinate representation a rather natural technique is
provided by the so-called differential reqularization, [15-17]. However, in the general case, we
have not been able to show that it is algorithmic and a good deal of guesswork is needed in
order to obtain sensible expressions.

Regularizing correlators is not simply a procedure (legitimately) required by mathemat-
ics. Singularities in correlators usually contain useful information. For instance, in correla-
tors of currents or energy-momentum tensors, singularities provide information about the
coupling to gauge potentials and to gravity, respectively. This is the case of anomalies, which
are a typical result of regularization processes, though independent of them. Regularized
correlators are also necessary in the Callan-Symanzik equation, [18]. In summary, regular-
izing conformal correlators is the next necessary step after deriving their (unregulated or
“bare”) expressions.

As was said above, however, the process of regularizing higher order correlators in co-
ordinate space representation with differential regularization does not seem to be algorith-
mic. For definiteness we concentrate here on the 2- and 3-point functions of the energy-
momentum tensor. We show that we have a definite rule to regularize the 2-point correla-
tors in coordinate space by means of differential regularization, but when we come to the
3-point function there is a discontinuity which does not allow us to extend the rule valid for
the 2-point one. To understand the origin of the problem we resort to a model, the model
of a free chiral fermion, in momentum representation. Using one-loop Feynman diagrams
we can determine completely the 3-point correlator of the e.m. tensor and regularize it with
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standard dimensional regularization techniques. The idea is to Fourier anti-transform it in
order to shed light on the regularization in the coordinate representation. For two reasons
we concentrate on the parity-odd part, although the extension to the parity-even part is
straightforward. The first reason is the presence of the Levi-Civita tensor which limits the
number of terms to a more manageable amount, while preserving all the general features of
the problem.

The second reason is more important: the appearance of the Pontryagin density in the
trace anomaly of this model. This parity-odd anomaly has been recalculated explicitly in [19]
after the first appearance in [20, 21], with different methods. If one uses Feynman diagram
techniques the basic evaluation is that of the triangle diagram. Now, it has been proved
recently (this is one of the general results mentioned above) that the parity-odd part of the
3-point function of the energy-momentum tensor in the coordinate representation vanishes
identically, [7, 8]. Therefore it would seem that there is a contradiction with the existence
of a parity-odd part in the trace of the e.m. tensor. Although this argument is rather naive
and forgetful of the subtleties of quantum field theory, it seems to be widespread. Therefore
we think it is worth clarifying it. We show that in fact there is no contradiction: a vanishing
parity-odd “bare” 3-point function of the energy-momentum tensor must in fact coexist with
a nonvanishing parity-odd part of the trace anomaly.

1.2 Massive theories in 3d

In the latest years, field theories, and especially conformal field theories, in 3d have be-
come a favorite ground of research. The motivations for this are related both to gravity and
to condensed matter, see for instance [22-24] and references therein, based on AdS/CFT
correspondence, where 3d can feature on both sides of the duality. Also higher spin/CFT
correspondence has raised interest on weakly coupled CFT in 3d, [25-27]. In this context
many 3d models, disregarded in the past, are being reconsidered [28, 29]. We will be in-
terested in the free massive fermion model in 3d coupled to various sources, not only to a
gauge field and a metric, but also to higher spin fields. Unlike the free massless fermion,
[30], this model has not been extensively studied, although examples of research in this di-
rection exist, see for instance [31, 32] and also [25], and for the massless scalar model [33].
Its prominent property, as opposed to the massless one!, is that the fermion mass parameter
m breaks parity invariance, and this feature has nontrivial consequences even when m — 0.

We are interested in the one-loop effective action, in particular in the local part of its
UV and IR limits. These contributions are originated by contact terms of the correlators (for
related aspects concerning contact terms, see [19, 35-37]). To do so we evaluate the 2-point
correlators, and in some cases also the 3-point correlators, of various currents. Our method
of calculation is based on Feynman diagrams and dimensional regularization. Eventually
we take the limit of high and low energy compared to the mass m of the fermion. In this way
we recover some well-known results, [28, 32, 38], and others which are perhaps not so well-
known: in the even parity sector the correlators are those (conformal covariant) expected
for the a free massless theory; in the odd parity sector the IR limit of the effective action
coincides with the gauge and gravity Chern-Simons (CS) action, but also the UV limit lends
itself to a similar interpretation provided we use a suitable scaling limit. We also couple the
same theory to higher spin symmetric fields. The result we obtain in this case for the spin 3
current in the UV limit is a generalized CS action. We recover in this way theories proposed
long ago from a completely different point of view, [39]. In the IR limit we obtain a different
higher spin action.

The free massless Majorana model is plagued by a sign ambiguity in the definition of the partition function,
[34]. This should not be the case for the massive model.
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We remark that in general the IR and UV correlators in the even sector are non-local,
while the correlators in the odd-parity sector are local, i.e. made of contact terms (for related
aspects, see [28]).

Apart from the final results we find other interesting things in our analysis. For instance
the odd parity correlators we find as intermediate results are conformal invariant at the
fixed point. However, although we obtain them by taking limits of a free field theory, these
correlators cannot be obtained from any known free field theory (using the Wick theorem).
Another interesting aspect is connected to the breaking of gauge or diffeomorphism sym-
metry in the process of taking the IR and UV limits in three-point functions. Although we
use analytic regularization, when taking these limits we cannot prevent a breaking of sym-
metry in the correlators. They have to be “repaired” by adding suitable counterterms to the
effective action.

1.3 Organization of the thesis

This thesis starts with three introductory chapters: chapters 2, 3 and 4. The chapter 2 offers a
review of basic facts about the different spinor representations available in 4d, with empha-
sis on the differences between Majorana and Weyl representations. In chapter 3 we present a
detailed overview of the implications of symmetries in quantum field theories. We special-
ize to the particular cases of diffeomorphism invariance and Weyl invariance and we derive
the associated Ward identities. The chapter 4 is devoted to aspects of conformal invariance
in momentum space. We review the implications of spacetime symmetries to correlation
functions, we specialize to the conformal symmetry and derive the conformal Ward identi-
ties (CWI'’s). We introduce some notation that simplifies the task of writing tensor structures
for correlation functions of traceless-symmetric conserved currents.

The chapters 5, 6, 7 and 8 are the core chapters of this thesis and are heavily based on the
papers [19], [37] and [40]. The chapter 5 presents the regularization of the 2-point function
of energy-momentum tensors using two different methods, the differential regularization
and Feynman diagrams. It is reviewed and clarified the relationship between anomalies
and the regularization of short-distance singularities. In chapter 6 we focus on the theory of
a chiral fermion in 4d and, by performing Feynman diagram computations, we show some
evidence of the existence of a parity-odd trace anomaly which possess a pure imaginary co-
efficient in Lorentzian signature. In chapter 7 we analyse more in depth the existence of a
parity-odd trace anomaly in 4d. We start by noticing that in 4d there is no parity-odd contri-
butions with support at non-coincident points in the 3-point function of energy-momentum
tensors. From what was learnt in chapter 5 about the relationship between short-distance
singularities and anomalies, it seems that this fact is in contradiction with the existence of
the parity-odd anomaly. The remainder of the chapter is devoted to explain why there is no
contradiction here and why these two facts can live together.

In chapter 8 we shift gears and we analyse correlation functions of conserved currents
up to spin 3 in the theory of a free massive fermion in 3d. We then study the UV and IR
limits of these correlators.






Chapter 2

Spin-1/2 fields in four dimensions

In this chapter we will recall elementary facts about fermions in four dimensions. We do not
have the intention to make a detailed exposition of this topic since the literature is already
flooded by them. Instead, we would like to offer a minimal presentation, based on [41], with
the aim of organizing ideas. Good discussions concerning fermions in arbitrary dimensions
are presented in [42, 43]. For detailed discussions of discrete symmetries see for instance
[44—-46]. For a very complete exposition of the two-component formalism, see [47].

2.1 Spin-1/2 fields in four dimensions

In four dimensions there are three basic fermionic representations: Dirac, Weyl and Majo-
rana. In what follows we are going to discuss in detail their differences.
Our starting point is the well-known Dirac equation

("8 = m) ¢ (z) = 0, (2.1)
where the Dirac matrices v* are 4 x 4 matrices which satisfy
{97} =29, (2.2)
Yoo =5 & =, % = - (2.3)
It is instructive to rewrite the Dirac equation as a Schrodinger equation, namely
i0py = Hp, (2.4)
where the Hamiltonian H is given by
H = —ir"'0; + mA°. (2.5)

The Clifford algebra requirement (2.2) comes from asking v to also satisfy the Klein-Gordon
equation, while the second requirement (2.3) comes from asking the Hamiltonian (2.5) to be
hermitian.

2.2 Reality constraint and Majorana fields

The most general solution of the Dirac equation (2.1) is the Dirac field, which is an object
with four complex components. One natural question is whether it is possible to find real
solutions of the Dirac equation. In order for this to be possible one should be able to find
a representation of the Dirac matrices which is purely imaginary, in which case the Dirac
operator (2.1) would be real, hence would admit real solutions. Indeed, such a represen-
tation for the Dirac matrices exist, it is called the Majorana representation and one possible
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realization is

o [ 0 o2 (et 0 s ([ 0 o2 3 (ic® 0
'Y_(a? 0 )7 =0 it )7 2 0 )0 i ) @O

where the o' are the Pauli matrices

0 1 0 1 1 0
0’1=<10>,J2Z<_i0),03:(0_1>. (2.7)

In this representation we may search for solutions that satisfy the reality constraint
Y =r. (2.8)

Such a solution is called a Majorana field and the reality constraint is usually called the Majo-
rana condition.

There are infinitely many sets of matrices that satisfy the constraints (2.2) and (2.3). Given
two sets of Dirac matrices v* and 4, there is a unitary matrix U that relate them through a
similarity transformation, i.e.

A = UAHUT. (2.9)

If ¢ is a solution of the Dirac equation written in terms of the Dirac matrices ¥, then ¢ = Uy
is a solution with the representation *. The Majorana condition in the form expressed in
(2.8) holds in the Majorana representation (2.6). Let 7* be the Dirac matrices in the Majorana
representation and v* some other arbitrary representation. To discover what is the form of
the Majorana condition (2.8) in an arbitrary representation we need to employ the unitary
transformation U to rewrite it as

Uty = (Usz)* o = UUT . (2.10)

Since U is a unitary matrix, UU? is also an unitary matrix. It is a common practice to rewrite
UUT as vo times a unitary matrix C, i.e.

UUT = ~C. (2.11)

The right-hand side of (2.10) will be a frequent quantity in our discussion. We will refer to it
as the Lorentz-covariant conjugate, and it will be denoted by

Y& =y CY*. (2.12)
With these conventions, the Majorana condition becomes
=" (2.13)

It can be shown that in any representation of the Dirac matrices, C is a unitary matrix that
satisfies
C 'y C=-y., and CT=-C. (2.14)

2.3 Lorentz transformations of fermions

A conceptually important question is how do fermions transform under a Lorentz trans-
formation. For a field ¥ living in a generic representation of the Lorentz group, under an
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infinitesimal Lorentz transformation z# — z'# = z# + w*¥x,, it must transform as
U (z) = ¥ (') =D (w) ¥ (), (2.15)

where D (w) depends on the specific representation in which ¥ lives. For a Dirac field, by
requiring the Dirac equation to be covariant, i.e. for its form to not depend on the reference
frame, the matrix D (w) can be fixed to be
l ?

D (w) = eXp <_2Wuyzuu> ) Ew/ = Z ['7#7'71/] . (2-16)
The Majorana condition (2.13) is only physically relevant if it is independent of a choice of
reference frame, in other words, any two observers must agree on the Majorana character
of a fermion. Indeed, this fact holds, and to prove it one need to show that ¢ transforms
under a Lorentz transformation as . To prove this fact one needs to use the relation

%CEr, (0C) = =S (2.17)

Since the operation (-) does not change the behavior of a field under Lorentz transforma-
tions, it is called the Lorentz-covariant conjugate.

2.4 Helicity

An important quantity associated to a particle is its helicity. The helicity is defined as the
projection of the spin along the direction of motion of the particle. For a spin-1/2 particle,
_25p i Lk

hp = ol St = 3¢ ik, (2.18)
where S° is the spin part of the total angular momentum. The possible eigenvalues of h,,
are +1. An eigenstate with helicity —1 will be called left-handed, while an eigenstate with
helicity +1 will be called right-handed.

The importance of the helicity comes from the fact that the helicity operator (2.18) com-
mutes with the Dirac Hamiltonian, which means that it is a conserved quantity in the motion
of a free spinning particle. Nevertheless, it is not a Lorentz invariant observable for massive
particles and it is easy to see why is that so. Let us imagine a massive particle with a helicity
+1 travelling in the z-direction in a given reference frame. We can always think about an
observer that is moving faster than our particle, hence would see the particle traveling in
the opposite direction and would infer that the helicity of the particle is —1. For massless
particles the situation is different. In this case the particle is moving at the speed of light and
we will not be able to find an observer moving faster than it, that is why all observers will
agree on the helicity of this particle.

2.5 Chirality

The main character of this discussion is the chirality matrix 75, which is a matrix that anti-
commutes with all the Dirac matrices, i.e.

{757 7}14} = 07 v/"[' (219)

This matrix is given by
Y5 = 1707172735 (2.20)
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Helicity Chirality
Lorentz invariance X v
Conserved over motion v X

TABLE 2.1: Summarizes the properties of the helicity and chirality of massive
spin-1/2 particles.

and the normalization is chosen such that

(15)=1 and ] =1s. (2.21)

The fact that 5 squares to the identity matrix implies that its eigenvalues are +1, and we
can split a solution of the Dirac equation into two pieces: one that is an eigenvector with
eigenvalue +1 and another that is an eigenvector with eigenvalue —1. The first ones will said
to be of right-chirality and the later, of left-chirality. To project over the sectors of left/right-
chirality we define the projectors

PL = and PR = . (2.22)
Thus, a generic solution % of the of the Dirac equation can be decomposed as

Y =YL+ Yr, (2.23)

where
Yp =Py and R = Pri. (2.24)

On one hand, chirality is a Lorentz invariant notion, meaning that all observers agree on
the chirality of a particle. This derives from the fact that

[vs5, 2] =0, Yu,v. (2.25)

On the other hand, chirality is not conserved over the motion of a particle, i.e. it does not
commute with the Hamiltonian (2.5). Particularly, it does not commute with the mass term
in the Hamiltonian, which can be easily seen by using the fact that 75 anticommutes with all
the Dirac matrices.

The table 2.1 summarizes the facts that we have so far established concerning the notions
of helicity and chirality for massive particles. In the following we are going to concentrate
on the massless case.

2.6 Helicity vs. chirality for massless particles

As was already mentioned, for massless particles, both the concepts of helicity and chirality
are Lorentz invariant and conserved over the motion. Furthermore, now we are going to
show that these two concepts coincide in this case.
Let us consider consider a solution of the massless Dirac equation with momentum p,
ie.
Y (z) = u(p) ™. (2.26)

The Dirac equation tells us that the spinor u (p) is such that

(+°lpl = p) u(p) = 0. (2.27)
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Using the fact that
77 = 27955° (2.28)
we derive
() = 2L ), 2.29)

which shows that helicity and chirality coincide for massless particles.

2.7 Chirality constraint and Weyl fields

In the same way that before we looked for solutions of the Dirac equation that satisfied a
reality constraint, now we are going to look for solutions that satisfy a chirality constraint,
i.e. solutions that are eigenvectors of the chirality matrix:

right-handed : 59 = +¢rg,

(2.30)
left-handed :  ~5v = —vYr.

Such a solution is called a Weyl field. It is convenient to talk about Weyl fields in a rep-
resentation for the Dirac matrices in which 75 is diagonal, the so called chiral (or Weyl)
representation. In this representation, the Dirac matrices are given by

o_ (01 i (0 o (-1 0

In the chiral representation, a generic Dirac field 1), which is a four-component spinor, can

be written as
w=<i>, (2.32)

where ¢ and x are two-component spinors, in agreement with (2.23). Particularly, a left-
handed field has only the upper components

wL=<§>, (233)
while a right-handed one has only the bottom components
0
= . 2.34
on={ 1) @34
In terms of these two-component spinors, the Dirac equation becomes
pa e
10708 = mx (2.35)
1ot 0, x = mé

where o/ = (1,0%) and 6" = (1,—0"). As can be seen from the equation (2.35), the Dirac
equation is a system of two coupled equations for the chiral components of the Dirac field.
In the massless limit these two equations decouple and the two chiral components have
independent dynamics. A left-handed Weyl field ¢ is a solution of the equation

i1 9,E =0, (2.36)
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while a right-handed Weyl field x is a solution of
io"0,x = 0. (2.37)

Weyl fields are irreducible representations of the Lorentz group and can be thought of
as building blocks for the other representations. We already saw in (2.23) and 2.32) how
to write a Dirac field in terms of Weyl fields. We have still to understand how to write a
Majorana field in terms of a Weyl. In order to do that, let us compute the Lorentz-covariant
conjugate of

c 1—75 * c c
(¥1)° = 00— 120" = Pry* = (). (2.38)
where it was used the hermiticity of 75 and the fact that

ClysC = A1 (2.39)

Hence, the Lorentz-covariant conjugate of a left-handed field is a right-handed field. By
using the properties (2.14) of the matrix C it is easy to see that (¢°)° = 1. Therefore, a
Majorana field 15; can be written in terms of a Weyl field as

v =YL+ (Yr)°, (2.40)

where the reality condition is trivially satisfied. Of course that we could equally have used
a right-handed Weyl field to write (2.40). Notice that, to write a Dirac field ¢ p in terms of
only left-handed fields we would need two independent fields, namely

Yp =1L + (Yar)° . (2.41)

Let us see how can we write a Majorana field using the two-component notation. The Ma-
jorana condition reads

(€N X ) _ e
where we used the fact that in the chiral representation
0 io?
7C = < i 0 ) . (2.43)

Therefore, a Majorana field, in the chiral representation, has the form

B 5 B iO'2X*
(L) () e

From (2.35) we directly see that a Majorana field satisfies
F10,E = —ma*e* (2.45)

or equivalently
o"0ux = mox*. (2.46)



2.8. Charge conjugation, parity and time reversal 13

2.8 Charge conjugation, parity and time reversal

In the quantum theory, these discrete symmetries are implemented as unitary/anti-unitary
transformations that act directly on the fields though a similarity transformation and imple-
ment very concrete notions:

e a charge conjugation does the job of mapping a charged field into a field with the
opposite charge;

e a parity transformation exchanges the signs of the spatial directions of spacetime,
which has the consequence of inverting the sign of polar vectors and leaving axial
vectors invariant. Particularly, we expect rotations to be left invariant under a parity
transformation and boosts to change direction. Hence parity must map a given field
into another one that transforms as the first one under rotations but transforms with
the opposite sign under boosts;

e time reversal exchanges the sign of the temporal direction of spacetime, which has the
consequence of inverting the signs of polar vectors and axial vectors. Analogously
to parity, time reversal must map a given field into another one that transforms in
the opposite way under rotations and boosts. An important distinction between time
reversal and the other discrete symmetries is that it is implemented by an anti-unitary
transformation, instead of an unitary one. One motivation for that is our desire to have
a transformation that map positive energy states into positive energy states, which
would not be achieved by a unitary transformation.

Charge conjugation The Dirac equation in the presence of an electromagnetic potential A,
is
(iv" (O +ieA,) —m) Y = 0. (2.47)

It is straightforward to see that if 1) satisfies (2.47), then ¢ satisfies
(iv" (0, —ieA,) —m) Y =0. (2.48)

Thus, if 1) has charge e, 1¢ has charge —e. The charge conjugation must then be an operation
that maps v into ¥°, up to a phase, i.e.

CY ()€ =ney© (x), (2.49)

where )¢ is a phase.

Animportant remark at this point is that the charge conjugation and the Lorentz-covariant
conjugate are not equivalent and their difference can be seen by applying both on a chiral
field. We have already seen in (2.38) that the Lorentz-covariant conjugate of a left-handed
field is a right-handed field, namely

(VL) = ()R- (2.50)

However, the charge conjugate of v, is
Core" = PLEYE ! = noPy (4°) = ne (4°) . (2.51)

The important piece of information here is the fact that ¢ acts directly on the fields and
commute with all the Dirac matrices. Thus, while the Lorentz-covariant conjugate of ¢/, is a
right-handed field, its charge-conjugate is left-handed.
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The expression (2.49) written in the chiral representation has the form

& < i > ¢ = ne ( —Zi%(g ) 7 (2.52)

from where we see that charge conjugation is only a well-defined operation for Weyl fields
if we have both chiralities present in the theory.

Parity Parity is a spacetime transformation that maps z* = (t,x) into x5, = (¢, —x). As it
was already mentioned, a particular consequece of this transformation is that polar vectors
change sign while axial vectors remain invariant. Two examples of a couples of polar and
axial vectors are boosts and rotations, and momentum and angular momentum. Under a
parity transformation, momentum changes sign and angular momentum remains invariant,
hence we expect parity to map particles of helicity +1 into particles of helicity —1 and vice-
versa. Since chirality and helicity coincides for massless particles, parity must swap the
chirality of particles.

Let us check how different chiralities of a Dirac field transform under a Lorentz trans-
formation. We have seen in equations (2.15) and (2.16) how a Dirac field transforms under
a Lorentz transformation. Writting the infinitesimal transformation in the chiral representa-
tion we have

wlL (m/) = (1 - %Giai - ;ﬁioi) Y ()
) (2.53)

Vg (') = <1 - 59’@ + 26%7%) YR (x)
where ' = 1€'7kw,), parametrize rotations and ' = w% boosts. The crucial thing to be no-
ticed in (2.53) is the fact that right-handed and left-handed Weyl fields transform differently
under boosts. A definition of parity that respect all our expectations is

PP (x) 27 = npyoy (zp) (2.54)

where 7p is a phase. In the chiral representation (2.54) becomes

P < i((”;)) ) P — e ( ﬁg)) ) . (2.55)

Analogously to the case of charge conjugation, we see from (2.55) that parity is only well-
defined if we have the two chiralities of a Weyl field in a theory.

Time reversal Time reversal is a spacetime transformation that maps z# = (¢, z) into 2/, =
(—t,x). We expect time reversal to map positive energy states into positive energy states,
hence e~*#! must be left invariant. Since ¢ is mapped into —t, our only option it to also
map ¢ into —¢, in other words, we must require the time reversal to be implemented by an
antiunitary operator.

The transformation of a Dirac field under time reversal is

TP (x) T~ =nrCrysy (ar), (2.56)
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where 77 is a phase. Particularly, in the chiral representation we have

T ( § (@) > T =nyr ( i07¢ (vr) ) . (2.57)

io?x (zr)

One way to derive the factor C'ys in (2.56) is to require the Lagrangian for a free Dirac field
to be invariant, i.e.

TL(x) T =L(xp). (2.58)
Notice from (2.57) that, differently from charge conjugation and parity, time reversal is a

well-defined operation even if we have only one chirality in our theory.

CP For completeness, if one considers the operation of parity followed by a charge con-
jugation as a new operation, this operation will have the following effect in Dirac fields
written in the chiral representation

e (S0 Ve —nen (RS0 ). (259)

From (2.59) we see that, despite of the fact that charge conjugation and parity are not well-
defined notions for single Weyl fields, CP is well-defined. As a matter of fact, let us show
that the Lagrangian for a Weyl field is invariant under (2.59). The Lagrangian for a Weyl
field is

Ly (x) = i€ (x) 349, (x) . (2.60)

The C'P transformation of this Lagrangian gives
CPLw (x) (€P) " =i€PEN (x) (€P) ' 510, ((595 (z) (%@)*1) . (2.61)
Using the transformation law (2.59), we have
CPLw (2) (€2) " =i (i€ (zp)0?) 670, (—io?E" (zp)) . (2.62)

The fact that (026"02)T = o2 allow us to write

CP Ly (2) (62)" =~z (2p) o€ (ap) = ‘iaf;a@ (p) € (wp),  (2.69)

from which we see that, up to a total derivative, € 2Ly (z) (¢.2) " is equal to Ly (zp).

CPT Finally, let us consider a time reversal followed by a parity transformation and then
a charge conjugation. On Dirac fields this operation has the following effect:

¢PT ( i ((?) > @ PT) " = nopr < 5;*((—2) ) . (2.64)

Analogously to the C'P case, the Lagrangian for a Weyl field is invariant under CPT up to
a total derivative. As a matter of fact,

CPT Ly (2) (€P2T) ' = —icT (—x) (3") 0" (—x), (2.65)
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which, after a few manipulations, becomes
—iiﬂ (—z)ate (—x). (2.66)
(—x)"

Hence, up to a total derivative,

ECPT Ly () (€PT) " =Ly (—x). (2.67)

2.9 Majorana vs. Weyl

It is common to find in the litterature the statement that a massless Majorana field is equiv-
alent to a chargeless Weyl field. In this section we will remind differences and similarities
between Majorana and Weyl fields and we will present an argument against this equiva-
lence. Let us start by looking at their Lagrangians.

The Lagrangian for a free Majorana field is given by

Lar (2) = 30 (&) (40, — m) ) (1) 2.68)

where 1) satisfies the Majorana condition. Using the two-components formalism, this La-
grangian becomes

£M = % |:£T0_'“au£ + gT (0‘20'“0'2) aug* —-m (5T02§ o ETO.2£*):| : (269)

where we have used the Majorana condition (2.44). This expression can be simplified by
noticing that

T (020“02) 0™ = — #§T (020"02)T£ =— #§Tc_f"§. (2.70)

The minus sign in the first equality comes from the grassmannian character of the spinors
and in the second equality we have used the fact that

(0%0%0?)" = 5", 2.71)

Thus, the Lagrangian for a massive Majorana field can be written in the form
Lo = % [5*5#8,@ — 9,15 —m <§T02§ — 5*0—25*)] . 2.72)
Here we have chosen to write the Majorana Lagrangian in terms of a left-handed field £ but

we could have written everything in terms of the right-handed field x as well. We would
simply have to use

Z'O.QX* )
= . 2.73
v ( X ( )
The Lagrangian for a Weyl field is given by
Ly (x) = ipr, (x) YOtz (x). (2.74)

Using the two-components formalism we have

Ly = i€'519,¢. (2.75)
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One should notice that the Lagrangian (2.75) is hermitian up to a total derivative. Indeed,
L%:—wﬁ%%:—%u@%%>+%%%@. (2.76)

Thus, up to a total derivative, we may write an hermitian Lagrangian for a Weyl field:

zW:%F%Wg—@ywq. 2.77)

Now, by comparing (2.72) and (2.77), it is clear that the Lagrangian for a massless Majorana
field is indistinguishable from the Lagrangian for a Weyl field. Yet, from the point of view
of representations of the Lorentz group, since a Weyl field lives in a chiral representation,
namely (1/2,0) or (0,1/2), and a Majorana field lives in a non-chiral representation, namely
(1/2,0) & (0, 1/2) constrained with a reality condition, they are different objects. One might
think that the argument of the representations is not enough to ensure a physical distinc-
tion between Majorana and Weyl, nevertheless this difference is what entails the different
behaviour of these two fields under charge conjugation and parity. As a matter of fact, these
discrete symmetries only makes sense for Majorana fermions, as can be seen from our dis-
cussion in the previous section. To talk about charge conjugation and parity for Weyl fields
we necessarily need both chiralities to be present. Thus, in a world where only left-handed
fields exist, charge conjugation and parity are not symmetries, in contrast to the situation
with a single Majorana field, which is invariant under both charge conjugation and parity.

The discussion of whether Weyl and Majorana are equivalent or not would be superflu-
ous if there is no way to probe the difference. The only way to distinguish these two theories
is to find an interaction that treats them differently. One of the results of this thesis is to show
that gravity distinguishs these two theories at the quantum level. We will also present a hint
that the interaction of chiral fields and gravity might lead to inconsistencies.
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Chapter 3

Ward identities and trace anomalies

3.1 Symmetries of the classical theory

Let us consider a classical action S describing some matter field ®(z) conformally coupled
to of a curved background g,,,. The requirement of being conformally coupled implies that
the classical action is invariant under general coordinate transformations, a.k.a. diffeomor-
phisms, and Weyl rescalings, i.e. local rescalings of the metric. Under a finite coordinate
transformation  — 2/(x), the metric transforms as

0z 9x
gul/(x) - g;/w(x,) = By Wgab’(x)v (3.1)
while under a Weyl rescaling it transforms as
guv (@) — g;/w(x) = QZW(@QW@) 3.2)

Under an infinitesimal diffeomorphism transformation
t — 2t = 2t — e (z) (3.3)
the variation of metric is given by the Lie derivative of the metric in the direction of ¢
OeGuv = Leguv = Vs + Ve, (3.4)
Under an infinitesimal Weyl transformation we have
S = 2w (T) G- (3.5)

The diffeomorphism invariance of the action assures us that, if we perform an infinitesi-
mal coordinate transformation, the variation of the action will be zero. Thus,

5S y y
08 = / d%x 5 Segh’ = — / d%z\/g Ty (z)VHe” = 0. (3.6)
From the first to the second equality we used the fact that the energy-momentum tensor is
defined by

2 48 2 68
= —= , T =—— (3.7)
\/§ dghv \/§ 69#1/
Since the equation (3.6) must hold for an arbitrary e we conclude that the energy-momentum
tensor must be covariantly conserved

VAT (2) = 0. (3.8)
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Proceeding in the same way with the Weyl invariance of the action we see that

08
_ d,. “~ uyo_ d n o
0SS = /d xéguvd“’g = /d z/g w(z)T} (z) =0, (3.9)
which implies that the energy-momentum tensor is traceless

TH(x) = 0. (3.10)

3.2 Symmetries of the quantum theory

One fundamental object of the quantum theory is its partition function, i.e.
Zlg] = / DSl (3.11)

which is a functional of the external sources constructed from the classical action. In the
expression (3.11) we are considering only a background metric as an external source, but
we could consider several other sources. As we will see in the following, the addition of
external sources in a quantum field theory is a very useful bookkeeping device of correlation
functions of the underlying theory.

By definition, in the path-integral formalism, a correlation function of n operators O;,
it =1,...,n,is given by

(O1(21) . .. On(an)) = % / DO (1) ... Op ()19, (3.12)

The definition (3.12) refers to a correlation function in the absence of background fields. We
could equally define correlators in the presence of a background metric by considering the
partition function (3.11) and analogously for other sources. A particular case of interest is
the 1-point function of the energy-momentum tensor in the presence of a background metric.
By definition, it is given by

(T (2))y = ZE} / D& T, ()12, (3.13)

where the index g on the 1-point function is there to recall that this correlator is in the pres-
ence of a background metric g, in other words, it is a function of g. Using the definition of
the classical energy-momentum tensor (3.7) we may rewrite the expression (3.13) as

1 -2 6 2 §Wlg|
To(@))y = ———=° _7lg] = 2 : 3.14
< I ( ))g Z[g] \/g (;gl“’ [g] \/g 59#,/ ( )
where we introduced the effective action Wg|, which is the object such that
Zlg] = ¢ & Wg] = —iln Z[g]. (3.15)

Now we are in position of deriving the implications of diffeomorphism invariance and
Weyl invariance at the quantum level. If the quantum theory has these symmetries, one
consequence will be that the effective action will be invariant under the infinitesimal trans-
formations (3.4) and (3.5), namely

dWlg]

S Wlg) = / ddxwéeg‘“’ = — / d%2/g (T () V" =0, (3.16)
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oW
5. W1g] = / iz 59“[51 Sugh = / d"z\/g w(@) (T (x))g = 0. (3.17)
From (3.16) we derive that the 1-point function of the energy-momentum tensor in the pres-
ence of a curved background must be covariantly conserved, i.e.

V(T ())g =0, (3.18)

while from (3.17) we derive that the 1-point function of the trace of the energy-momentum
tensor in the presence of a curved background must be zero, i.e.

(T (x))y = 0. (3.19)

The expressions (3.18) and (3.19) are Ward identities corresponding, respectively, to diffeo-
morphism and Weyl invariance. It is not always possible to preserve all classical symmetries
at the quantum level and when a classical symmetry is violated by quantum corrections we
say that this symmetry is anomalous. A violation of the diffeomorphism invariance, i.e. of
(3.18), is called a gravitational anomaly and it was shown in [48] that these anomalies are only
possible for the spacetime dimensions d = 4k + 2, kK = 0,1,... . Violations of the Weyl in-
variance, i.e. of (3.19), are called trace anomalies and, if we only have a background metric as
external source, they can be present in any even dimension. In the presence of other sources
we may have trace anomalies in arbitrary dimensions (see [49] for a recent perspective on
this matter).

3.3 The effective action as a generating function

In this section we would like to clarify the relation between the effective action W and cor-
relation functions, and particularly the relation between 1-point functions in the presence of
sources and correlation functions in the absence of sources.

Let us consider an arbitrary source A, that may live in an arbitrary representation of the
Lorentz group, and an operator J that is sourced by A. Given a classical action S[®] for
some matter field ®, and assuming that there is a natural way of coupling this action to the
source A we define S[®; A]. By Taylor expanding S[®, A] around A = 0 we will have that

S[®; A] = S[®; 0] +/d% (gj

Since we have said that A sources the operator .J, the equation (3.20) tell us that

) - A+ 0O(A%). (3.20)
A=0

488

1= 54

_ (3.21)
A=0

The presence of higher-order terms in (3.20) is usually due to a symmetry principle behind
the coupling of the theory to a particular source. Two examples of non-linear couplings
are the couplings with a gauge field and with a metric tensor. In the first case, the higher-
order terms are dictated by gauge invariance while in the second case by invariance under
diffeomorphisms. In the absence of a symmetry principle to guide us, we have no reason to
add extra higher-order terms, hence we will ignore them in this section.

In the quantum theory, the n-point function of the operator J is defined as

(J(z1) ... J(zn)) = % / DI (z1) ... J(w,)e 510 (3.22)
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As a reminder, in terms of Feynman diagrams, the correlator (3.22) corresponds to the sum
of both connected and disconnected diagrams. Since J = 95 and .J do not depend on 4, due
to the fact that we are not considering higher-order terms in the expansion (3.20), it is easy
to see that derivatives of the effective action produce the connected part of the correlator
(3.22):
1 o

"l §A(z1) ... 0A(xy)
The expression (3.23) shows that the effective action W[A] is the generating function of cor-

relation functions of the operator sourced by the source A, namely J. In order to be more
concrete, let us consider the 2-point function of J, i.e.

(J(z1) ... J(xn))e =

WIA] (3.23)

A=0

(T (1) (1)) = ZEA] / D& ()] (2)e S (3.24)

A=0

From the definition of J as derivative of S with respect to A we see that we may write the

rhs of (3.24) as
1 1 4 1 06 ;S[®;4]
— - - iS[®; 2
zm ) P (o) (o) <) 029
Writing the partition function in terms of the effective action we find
p—iwlal (10 10\ wu
) (514(1’1) ) (5A(372) A=0
W oW 1 52w
<5A(ac1) 0A(z2) i 5A(:E1)5A(:U2)> A—0 (3:26)
Thus, we find that
LW ) e — (e @) = () () (327)
i 5A(1)0A(w2) | 4y VTN ! 2 m AR AR e ‘

The expression (3.23) also allow us to write W[A] in terms of correlation functions in the
absence of A4, i.e.

W[A] = W[0]+/ddx1<J(x1)>A(w1)+i/ddxlddxg(J(xl)J(m)>c A(z1)A(z2)+. .., (3.28)

2!
where W[0] = —iln Z is a constant. For later reference, the full series is given by
WAl =WI[0]+ ) o / l_IlddIiA(:piXJ(:cl) o J (@) (3.29)
n=1 i=

By definition, the 1-point function of the operator J in the presence of of the source A is
given by

(J(2))a = Z[lA] / Do J (x)e 1Al = 5?(2)' (3.30)
By using (3.29) we see that
umm:wm+zg/nﬂwwmmwme%m, (3.31)
n=1 """ i=1

where it should be clear that (J(x)) 4 denotes the 1-point function of J in the presence of
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the background field A, while (J(z)) denotes the 1-point function in the absence of the
background field.

3.3.1 Coupling to a background metric

In our previous analysis we considered the coupling of a theory to some source A ignoring
any higher-order term on A. Now we would like to consider the case of the coupling of a
theory to a background metric. In this case higher-order terms on the background metric
naturally arise and we would like to understand what changes.

For concreteness, let us consider the 2-point function of the energy-momentum tensor,
the operator sourced by the background metric g,,,.. By definition,

(Tyu(21) Tpor (22)) / DT} (1) T o (22)e 1) (3.32)
9=n
Using the fact that 7),, = % 5ng , we may write the rhs as
y —9 5 —2i 5 : 0T o (2) >
iWlg] iWg] p
e e + 24 < (3.33)
(\/g(m) 59“”(!701)) (x/g(xz) 59’“’(352)) . 69 (21) /|,

Evaluating the first term of (3.33) we find

W
— 41
dghv (x1)0gr7 (22)

+ (T (21))(Tpo (22))
g9=n

1

— 5 M {Tpo (22)) + Mpo (T (1)) 6(21 — 22).  (3.34)

2
Therefore,
S (T (1) Ty (2)) — (T (o)) Ty (2)) — 23  Tre2)
i 0ghr(11)dgee ()|, TP AT po 2 e
)
+ 5 O (T (22)) + Npo (T (1)) (1 — 2). - (3.35)
To have an homogeneous and more compact notation we will write
"W ,L'nfl
=—(T,,, T o (20)e, _
Sgrvi(wy) -+ Oghn¥n(n) | p—y 2" (Tusin (@1) -+ Tyt (#)) (3.36)

where the ¢ subscript still refers to the connected part of the correlation function but one
should have in mind that there are extra contributions due to the non-linear coupling of the
source. An important remark is that all the extra contributions are contact terms that are
present to ensure covariance of the effective action. The expression for the effective action
in terms of correlation functions of the energy-momentum tensor is

Wn+h] =Win] + Z / Hddaz PP () (T (1) - T (20) Ve (3.37)

2nn!

where we have defined h*” = g — n*¥. From (3.37) we can directly read the expression for
the 1-point function of the energy-momentum tensor in the presence of a curved background



24 Chapter 3. Ward identities and trace anomalies

in terms of correlation functions in flat spacetime, namely

Tuala =3 g | TLE0H ) B ) T ) Ty ))es 638)
n=1 ’ i=1

where we used the fact that (7,,(x)) = 0 due to the conformal symmetry in flat space-
time.

3.4 Implications of symmetry to correlation functions

We have already seen that the implications of diffeomorphism invariance and Weyl invari-

ance at the quantum level are summarized by the relations (3.18) and (3.19), which we repeat
here for the sake of clarity:

Diffeomorphism < V*(T),,(z))y =0, (3.39)

Weyl < (T} (x))y=0. (3.40)

Plugging the expression (3.38) in the Ward identities above and demanding the resulting

expression to be zero order by order in h, we find relations between n-point functions and
(n — 1)-point functions. At order one in / we find

Diffeomorphism = 0*(T,,(2)T,s(0))c = (3.41)
Weyl = (T} (z )TJ(O)>C:0. (3.42)

At order two in h, diffeomorphism invariance implies that

O Ty (2) Ty (91) Ty (32)),, =
200, (8 (2 = 91) (T (1) T (92)), ) + 20005 (8 (@ = 12) Ty (@) T (1)), )
— i1, 038 (£ = 1) (T (1) Tawa (92)) o = iz 028 (2 = y2) (T (92) Ty (1)),
+ 1 (0p0 (2 —y1) + 020 (2 — y2)) (Tpyoy (1) Tyiow (y2)),., (3.43)

while Weyl invariance implies that

<T5 (x) T,U«lVl (yl) TMQVQ (y2)>c =21 (5 ("E - yl) +9 ($ - yQ)) <Tu1l/1 (yl) T,uzl/z (y2)>c . (344)

Recall that (). was defined in equation (3.36) and particularly, after discarding 1-point func-
tions,

<TM1V1 (xl) TMQVQ (x2)>c = <Tu1l/1 (:El) Tuzlfz (:E2)> ) (345)

and

<Tu1l/1 ($1) TMQVQ ($2) Tugl/s ($3)> < pivi (:Ul) pav2 ( 2) T,uslfs ($3)> -
=20 (T (o) g s 220 — 20 (8 OO (2 ) = 2 (T (o) G 2 )

ogh2v2 (x2) gkt (x1) oghivt (1)
+ ig/ﬁzwé (xQ - 1:3) <TM1V1 (xl) TM3V3 ( )> + 2.91111/1(S (‘Tl - IQ) <Tu2V2 (1:2) TM3V3 (1:3)) +
+ igmm(s (71 — x3) <TM2V2 (z2) Tzvs (z3)). (3.46)

Notice that the rhs of (3.46) is not fully symmetric under permutations of the labels, while
the Irs is. Indeed, we are missing a symmetrization over the labels on the rhs, which was
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not written in order to not overcomplicate the expression. More details on how to derive the
expressions (3.43)-(3.46) is given in the appendix A.

3.5 Trace anomalies

In this section we will concentrate in d = 4 and we will derive the most general trace
anomaly that a theory may exhibit in the presence of a background metric.
When the Ward identity (3.19) gets an anomalous contribution, i.e.

(T} (z))g = Alg), (3.47)

we say that the theory presents a trace anomaly, where A(g) is a local functional of the
metric. Assuming general covariance is preserved at the quantum level, we expect A(g) to
be invariant under diffeomorphisms. On the top of that, dimensional analysis tell us that
A(g) must be an object of dimension d, hence it must have dimension four in 4d. In order
for A(g) to be a diffeomorphism invariant functional of the metric it must contain the metric
through Riemann tensors. Each Riemann tensor is an object of dimension two since it is
given by second derivatives of the metric. Hence, to construct an object of dimension four
we will need to consider squares of the Riemann tensor or the d”Alembertian of the Ricci
scalar. Following these criteria, we are able to write the following terms:

A(9) = Ry ps R"*° + bR, R™ + cR® + dOR + ee"*" R ,*P Ryrap. (3.48)

As any other anomaly, the Weyl anomaly must satisfy a Wess-Zumino consistency condition,
which simply reflects the abelian character of the Weyl symmetry. For the Weyl symmetry,
the Wess-Zumino consistency condition reads

[0usy , 00y ] W g] = 0. (3.49)
By imposing the condition (3.49) we discover that the coefficients of (3.48) must satisfy
a+b+3c=0, (3.50)

which is telling us that from the three constants a, b and ¢, only two are independent. It is
common to choose to write the trace anomaly using the Euler density and the square of the
Weyl tensor, namely

Ey = Ry, RM™P — 4R, R*™ + R? (3.51)
1
W? = RupeR™P — 2R, R" + g1%2, (3.52)

which are two linear combinations of the Ricci scalar, the Ricci tensor and the Riemann ten-
sor that satisfy the condition (3.50). After imposing the Wess-Zumino consistency condition,
the general form of A(g) reads

Alg) = aBy+ cW? + dOR + e R,,,* Ryap. (3.53)

By definition, a true anomaly is an object that cannot be subtracted by a local counterterm.
This is not the case of OR since it can be obtained, for instance, by the Weyl variation of R2.
Therefore, the most general trace anomaly in the presence of a background metric in 4d is

1

2
= m (CLE4 + CW + eP) y (354)

(T} (x))g
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where )

P = EGWWRW“BRW/; (3.55)
and we factorized the numerical factor of g5z for later convenience. The above discus-
sion could be rephrased as a cohomology problem and the trace anomalies would be seen
as non-trivial elements of a cohomology group, see for instance [50-52]. In [21] it was com-
puted the values of a, c and e for various matter contents living in diverse representations
of the Lorentz group. These numbers were computed in Euclidean signature, using the heat
kernel method and are summarized in table 3.1.

TABLE 3.1: In this table we summarize the results of [21] and we translate

them to our language. The values presented correspond to the contributions

of the physical degrees of freedom, meaning that possible contributions of
ghosts were taken into account.

(A, B) a c e
Scalar (0,0) —3 3 0
Weyl fermion (1,0) ~u 8 15
Dirac fermion (%, 0) &) (0, %) f% 9 0
Gauge field (3,3) —2(0,0) -31 18 0
Self-dual 2-form (1,0) % % 30
Gravitino (1, %) -2 (%, 0) % 7% 7%
Graviton | (1,1)+(0,0) —2(3,4) 1 27 0
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Appendix A

Derivation of Ward identities for
3-point functions

A.1 The "connected" 3-point correlator

By definition, the 3-point function of energy-momentum tensor is

<Tu1l/1 ("El) Tuzl@ (51:2) T,LL3V3 (133 =

)

1 O

T / % TluVl (1'1) Tlt2V2 (1'2) T,u3V3 (1'3) ezS[@,g] . (Al)
9] g=n

Our aim in this section is to rewrite (A.1) in terms of derivatives of the effective action W.
Let us define the operator!

)
Tow = %@W, (A.2)
which is such that ‘ ‘
(T (2))g = e W Te™. (A3)

Using the operator (A.2) we may rewrite the correlator (A.1) as

By (01) T 02) T (000 = W Ty ([ 98 Ty (02) T ) 509 ) -
—e W / PP T (Tpgy (2) Thigs (3)) €519 (A4)
Notice that the term in parenthesis in the equation above may be written as
Triave Tusvse’” — / DO Trigs Tz (w3)) 17591, (A5)

Therefore,
<TM1V1 (:El) TMQVQ (:EQ) TMSVS (:E3)> = e_iwnwl’];ul/znsl/seiw

- e_iW / 7% 7;11/1 7;21/2 (Tu3v3 (x3>) eiS[fb;g]
a e_iW / 72 TNIVl (xl) 7712112 (TP«SVS (333)) 6is[¢;g]

- 67iW / 7% 7;111/1 (TM2V2 (1’2) TM3V3 (‘T?’)) eiS[@;g}_ (A6)

!Clearly, the operator 7., also depends on the spacetime point z, which we do not write in order to simplify
the notation.
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The second term on the rhs gives rise to a 1-point function which won’t contribute, hence
we have

<TM1V1 (1) Tysvs (z2) Tz (z3)) = e—iWnlyln2y2n3V36iW - <TM1V1 (z1) 77121/2 (Tusl/s (3)))
- (77111/1 (Tuzl/z (Ig)) TM3V3 (x3)> - <TM2V2 (Ig) 77111/1 (T,u3V3 ($3))> . (A7)
At this point is important to remark that the lhs of the last expression is symmetric under

relabelling of the indices and points, while the rhs is not. As a matter of fact, the operators
Tpiv; do not commute. Indeed,

iVi g Vi
Towvn Topw, ] = 8z — ;) (“’ﬁ iy, — 222 T) | (A8)

The reason why the rhs of (A.7) is not symmetric is due to the choice that we have made of
factorizing first 7,,,,, in expression (A.4). To restore the permutation symmetry we should
consider

(T (1) Thoun (22) Tgug (23))

2

1 1 -

6 Z Z[g] /@@ T”au)”o(l) (%(1)) Tﬂa@)l’a(z) ($0(2)) Tﬂcr(:s)'/a(s) (%(3)) Sl
0ES3

(A.9)

g9=n

The consequence of using (A.9) instead of (A.1) is that, instead of finding (A.7) we will find
its completely symmetrized version. Let us rewrite the first term of (A.7)

i i i -2 0 ) ) i
e Wﬁll’lnzuznsyse W= € W ( ) < > ( > € W

\/QT 59#1111 \/gj 59#2112 \/g>3 5gM3V3
(apypew L0 [ 1§ ( 1 ) 6, 1 5 ]aW.
/g1 59#11/1 /G2 (Sgu2v2 /g3 5gu3u3 /9203 5gu2u2 59#31/3

The derivatives of 1/,/g are given by

1) 1 1
= v(@)d(x—y). A.
Sgm (z) ( g(y)) /5 (0 (y)gu (z)d( Y) (A.10)

We will ignore terms with only one free derivative because they will give rise to 1-point
functions that are all zero:

—i W W
e 7;11V17712V27713V3e =

(=20 w1 52 1 52
Vi (2l T S gt () g
S > > WA
+§g“1’jl (xl N :Eg) dgh2v2 §gHsvs + Jghivi§ghavz §ghsvs € (A.11)
By ignoring 1-point functions we derive that
2 2
w0 awo_ W (A12)
59#1111 59#21/2 59#11/1 59#2112 :
and . X

5gu1l/159u21/259u31136 - Z&gullll(SgMQVz&guSVS ’
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Putting these results together and recalling that

4 8w
<T,u11/1 (351) TH2I/2 (382))6 = ;W, (A.14)
BW
<TM11/1 (x1> Tuzug (x2> Tu31/3 (x3>>c - _85gu1V1 5gu2y29ug,j3 ) (A‘15)

we get that (A.11) becomes
eiiwnlulngugn;ﬂ/;;eiw‘g:n = <TM1V1TM2V2TM3V3>C —1 [guzwfs (wQ - xS) <Tu1V1Tu3V3>c
+ gﬂll’l(s (331 - x2) <T/12V2T/L3V3>c +g,u11/15 (xl - $3) <TM2V2TM3V3>C] : (A-16)

Thus, by using the result (A.16) on (A.7) we obtain

<TM1V1 (‘/L‘l) TMQVQ ($2) TM3V3 ($3)>c = <TM1V1 (1‘1) THQVQ (1‘2) Tu3l/3 (1‘3»

. 5Tu3l/3 ($3) 5Tu2V2 (xQ) . 5TM3V3 (x3)
28 (T (o) G055 ) = 2 (G ) T (o)) =36 T o) 222

+ ig,uzuz(s (mQ - .’Eg) <T,u1V1 (ml) T,u3V3 ( )> =+ lgﬂll/lé (xl - xQ) <TM2V2 (‘772) TM3V3 (x3)>
+ ig/ﬂm(s (wl - 563) <T,u2V2 (372) T,U3V3 (333)> . (A~17)

As we mentioned earlier, the rhs of (A.17) must be symmetrized with respect to the labels.

A.2 Diffeomorphism invariance

In this section we are going to make explicit some details of the derivation of the Ward iden-
tity for diffeomorphism invariance at the level of 3-point functions of energy-momentum
tensors, i.e. (3.43). As we have already seen in (3.18), diffeomorphism invariance implies
that

Vi (T (1)), = 0 & g*704 (Tp, (1)), — 9°°Tag (T (2)), — g°°T2, (Tag (2)), = 0, (A.18)

where ]
Faﬁ = 59/\7— (60497-,8 + 3ggm - 8Tgaﬁ) . (A19)

Considering a flat background plus a small perturbation h we may write
9% =07 + 1 gap = lag — hap + O (P). (A.20)

Expanding the relevant terms up to order two in h we find

Do =~ (85 + 05k, — 0has) +0 (1), (A21)

f%%:_cywuém@+OW%, (A.22)

f%@:_%@mW+&%g_y#Q+oaﬁ. (A23)
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We are interested on the terms of order two in h in the Ward identity, hence

O (T ()57 + W00 (T, ()0 +

1 1
+ <3ahm - 28%) (T (@) + 50,1 (Tas (@) =0,

where

(T () gk) - M/Hddy WY (i) (T (2) Tanon (21) - - Ty, (21)) -
Computing term by term of (A.24) we find:

O (T () =

oo\»—'

hoP 9, (T, ()i =

g
i
3 /ddylddwh“m (y1) W27 (y2) 6 (y2 = ) Dy Ty () Trin (1)),

Dah™ (T, (2))\M) =
Z 1% 1%
3 / dhyrd yah* 7 (1) W22 (ya) 0,0 (2 — ) (T () Ty (1)),
18)‘h<T ( )>(1) _
- 9 PR g
i
1 / dyrd ya 7 (y1) W22 (Y2) s 0,8 (Y2 — @) (Tow (2) Ty (1)),

fa W (Tyg () =

= [ AR ) B (12) 9,008 (52— 2) (T &) T (),

Putting everything together we have

1 1
5 /ddylddy2hmyl (yl) ht=2v2 (yQ) |:—4(9£ <Tu1/ (:B) T#1V1 (yl) Tu2l/2 (y2)>c +

+ 10y (5 (y2 = 2) (T (2) T (y1)>c> 2

7
+§8:c,u5 (y2 — ) <TM2V2 (z) Ty (yl)>c =0.

/ i dlys b (1) W27 (112) O (T (@) Thovn (91) T (42)),

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

"7#21/2a d (92 - .73) <T>\V (‘r) TM1V1 (y1)>c +

(A.31)
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Thus, the Ward identity for diffeomorphism invariance is

85 <THV (.Z‘) TlLlVl (yl) TNZVQ (yQ)>c =
210, <5 (@ = y1) (Tyyy (1) Tuus (y2)>c> + 200, (5 (z = y2) (Tooyw () Ty (y1)>c)
— inulu18£\5 ($ — yl) <T)\V (yl) Tuzz/z (y2)>c - inu2V28£5 (x - y2) <T)\V (yz) T‘“l’l (Z/l))c

+1 (81,1/6 (l‘ - yl) + 696,!/5 (l' - yQ)) <Tu1V1 (yl) TM2V2 (y2)>c- (A-32)
A.3 Weyl invariance

In this section we are going to make explicit some details of the derivation of the Ward
identity for Weyl invariance at the level of 3-point functions of energy-momentum tensors,
i.e. (3.44). As we have already seen in (3.19), Weyl invariance implies that

<T[j (m)>g =0 (0" 4+ W) (T (a:)}g =0. (A.33)
We are interested in the terms of order two in A, hence

0 (T (2)) + W (T ()Y = 0. (A34)

Computing each one of the terms of the expression above:

1
1 (T (1)) = ¢ / dhyrd®yo k™ (y1) B2 (y2) (TP (@) Ty (1) Thior (32)), (A.35)

WY (T () =

i /ddylddyzh“l”l (y1) B2 (y2) (8 (z — y1) + 6 (2 — 2)) (Thywn (1) Tpigw (2)),- (A.36)

Putting together the results above we find

- % / dyrd ya b (yr) W22 (ya) [(TH (2) Ty (01) Taws (y2)) —
—2i (6 (x — 1) + 6 (= = y2)) Ty, (1) Tpiows (92)),] = 0. (A37)

Therefore, the Ward identity for Weyl invariance is

<T;l; (x) Tmul (yl) Tugzxg (y2)>c =21 (5 ("L‘ - yl) +0 (:E - y2)) <Tu11/1 (yl) T,uzl/z (3/2»0' (A.38)
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Chapter 4

Conformal invariance in momentum
space

The conformal transformations are best known in configuration space, where we have a
clear prescription of how to construct conformally covariant correlation functions, see for
example [3-6, 11]. For several applications it is useful to have full control of correlation
functions of a CFT in momentum space. For a few examples of these applications see [22,
24, 53]. Hence it would be very interesting to have a prescription to write conformally
covariant correlation functions in momentum space. This problem has been addressed in
the references [13, 14, 49, 54] and we are going to review some of the main ideas in this
chapter.

4.1 Conformal Ward Identities

In this section we are going to review the constraints that conformal invariance implies in
correlation function both in configuration space and in momentum space.

Generically, as we already saw in the previous chapter, a symmetry of the partition func-
tion Z of our theory implies Ward identities for correlators. In this chapter we would like
to concentrate on the particular case in which the symmetry is a spacetime symmetry, the
conformal symmetry. Consider an n-point correlation function

(O1 (1) - On () = ;/m) Or (21) - Oy () 519, @1)

Under some spacetime transformation g, O; (z;) — O} (#}) = O; (x;) + i€ 5,0; (z;) + O (€?).
If the classical action is invariant under the action of g, then

<O/1 (xll) O;L (x;)> = (01 (1) -+~ Op (74)) - (4.2)

On the other hand, the LHS of (4.2) can be written in terms of the original fields as

(01 (2h) -+~ Oy (22,)) =

= (01 (x1) -~ On (xn)) +i€ Y _(O1 (x1) -+ 650 (x3) - Op () + O (€7) . (4.3)

i=1

Putting back this relation in (4.2) we find that at first order in € we need that

1

n
1=
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The conformal group is composed by Lorentz transformations, spacetime translations, di-
lations and special conformal transformations. The infinitesimal generators of these trans-
formations are denoted respectively by M, P,, D and K,,. Of course that the infinitesimal
variation of the field O (x) under the action of the transformation g can be written as a com-
mutator of the infinitesimal generator g of the transformation g with the field O, i.e.

10,0 (z) = [g,0 (2)]. (4.5)

Example. As a simple example, consider the 2-point function of scalar operators O; (z) and
Os (y) in a translational invariant theory. Translational invariance implies for the correlation
function that

0 0
(1701 (@] 02.4) + (01 () [P 02 ) =0 (24 57} (01 () 02 1) =0. (49
The solution of the differential equation
0 0

is an arbitrary function of z — y.

4.1.1 Dilations and special conformal transformations of tensor fields

Under a general conformal transformation, a tensor field ®, ., (v) transforms as

—A
ox'|” T 9™ Oa™
(plll.../lé (l’) = (I),/ul...ug (zl) = % 8IE'U’1 o WQVI-"VZ (JJ/) ) (48)
while ®#1-#¢ (z) transforms as'
; , Bz | dam oxte .
PHL--He (a:) s /Bt (x ) — % 5 e e Pprr--ve (m) . (4_9)

Example. Let us consider dilations, 2’ = Az. Under this transformation a field ® (x) of
scaling dimension A becomes

D (z) > @ (2/) = A2 (\x). (4.10)
A field that is invariant under dilations is such that
P (2) = (z) & ®(\r) = A\"2® (). (4.11)

From (4.10) we can derive how an infinitesimal dilation acts on a field ® (z). For A = 1 + ¢
we have
1+ ®((1+e)x)=d(x) +e(A+z-9)®(z)+ 0O (). (4.12)

Therefore
i6p® (z)=[D,® (z)] =i (A+z-0)P(z). (4.13)

Notice that if we have a tensor field with ¢; contravariant and ¢» covariant indices it will transform as

d oxht oxt 9x'1 0x'7% _,p1..pp,

!
o1 U 81‘/;721 o1 e BJZUK? 01...04, (13 ) .

ox’
ox

WL (1) WS () =
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Example. Let us consider now special conformal transformations

xH — big?

/,u,: .
v 1—2b- 2+ b2z2

For an infinitesimal b* we have
" =gl 4 2b -zt — bha?,
from which we may derive

ox’
— 5 — 2 (bl — bt ) o*
o —2(Vx, —byat) +2(b-x) b, ‘855

ox'H

oxY

=1+4+2d(b-x).

Particularly, the transformations of a rank 2 tensor is given by

, ox' a p Halo ,
(DHV (l‘ ) a:i OZM al'mu (I>po. (ﬂj‘ )
=1 (4 24) (b~ x))
[5 20z, —buaf) +2(b-x) 5p] 00 —2 (b2, —bya) +2(b-x)d)]
X (Ppo (z) + (2(b-2) -0 —2°b-0) Py () + ). (4.14)
Hence

P, () = Py () + [2A (b- 2) — 2027 Spo +2(b-2)z- 0 — 27 (b-0)] By (x),  (4.15)

where
b2 S5 P () = (V) — bpa?) @4 (x) + (72, — byx?) Ppp () (4.16)

From this expression we can read the contributions appearing in an infinitesimal special
conformal transformation:

W0k, P (2) = [Kp, @] = i (282, — 227 S5 + 23,2 - 0 — 2°0,) Oy (2) (4.17)
where S, is the spin part of the generator of Lorentz transformations. Its action on a tensor

field is given by
V4

Spffq)#lm#z = Z (npm(sg - na’#ié;—) (I)Mmﬂ'mw’ (4‘18)
i=1
ie.,
[
27 SpoPuy.py = Z (npuixT - fﬂuﬁg) Dy rpie- (4.19)
i=1

From the equation (4.17) it is straightforward to generalize the result for an arbitrary tensor
field.

4.1.2 Infinitesimal transformations in momentum space

Let us focus now on the transformations (4.13) and (4.17), which we repeat here

[D,®(z)] =i(A+2-9)®(z), (4.20)
(K,, @ (z)] =i [2A 2, — 227Sps + 22,2 - O — 2°0,] ® (2). (4.21)
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Notice that we suppressed the indices of the tensor field ® (z) but it should be understood
that it could be any rank ¢ tensor field. We would like to write these expressions in momen-
tum space. To do so we will simply replace

Ty = —ie
12 8pp,7

O — —ipy.
Therefore

Do) = i(A-d)-p- )2 (), (4.22)
(Kom)] = (2(0-d)8,-2075,, —2(p-0) 0, +p,0) 2 (p),  (423)

where 0 means here derivation with respect to p and

14
8USPU(I)M1.-~W (p) = Z (UpmaT 678 ) JTSRNE 1Y, (p)- (4.24)

i=1

4.2 Conformal Ward Identites in Momentum Space

From here on we will refer to the conformal Ward identities simply as the CWI’s. Following
(4.4), (4.20) and (4.21), the Ward identities for dilatations and special conformal transforma-
tions in configuration space are respectively

n

> (A + 6%) (O (x1) - Op (x0)) =0 (4.25)

i=1

and
n

> (KF 4 L) (01 (1) -+ On () = 0, (4.26)
i=1
where the operators O; represent any operator in the CFT and Kf and LF are differential
operators, the first one do not depend on the tensorial structure of the correlator, while the
second one does. Particularly, for scalar operators L = 0. Their explicit expression are

0
K = 20;2F + 228z 2

[ % 7 g - I (427)
i iK

while
LY <(’)’1‘11---um (1) - - QFn1bnrn (g > = 22 ( (), 0Hk — xﬁmégm) y

% <Ofll- iy ({Dl) L OHzl Qi i (a:l) Tt O%‘nl---ﬂnrn (wn)> . (428)

7
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Because of translation invariance we may set x,, = 0, which simplifies the Ward identities
leaving us with

<At+2xza ”> O (z1) -+ Op (zn)) = 0,

n—

; (4.29)
(KF + LE) (01 (1) -+ Op (z20)) =0,

i=1

where Ay =" | Ay

In momentum space, translation invariance is equivalent to momentum conservation,
ie. > p; = 0, and our choice x,, = 0, corresponds to say that we are reexpressing p,, in
terms of all the other p,;, namely

n—1
-> (4.30)
=1

The CWTI’s in momentum space read

(At (n—1)d— Zp, ) {O1(p1) -+~ On (pn)) =0,

o (4.31)
> (K5 +£5) (01 (py) -+ O (p) = 0,
=1
where .
(O1(p1) -+ On (p,)) = (2m)" 5 (Zm) {O1 (1) On(Pn)) (4.32)
=1
5 _ 9,000 0 0
and

£ ((or e (py o ) =23 (e By, )
7 ik
<<O;1111“',u1r1 (pl) o O;Hl“‘aik”‘ﬂiri (pz) o O#nl'“unrn (pn)>> . (434)

We call the attention of the reader to the fact that equation (4.31) is not simply the Fourier
transform of (4.25) and (4.26). To get (4.31) we need to first pass throught the delta function
in the definition (4.32). The details of these computations are in the appendix B.

4.21 CWI for 2-point function of scalar operators

A 2-point function in momentum space is a function of two momenta that sums to zero,
in other words, it a function of a vector p. Particularly for a scalar correlator, because of
translation invariance and Lorentz invariance, it must be a function of the magnitude p of the
vector p. The equations (4.31) simplify considerably in the case of scalar 2-point functions.
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Indeed, we find

(Al +Ay—d- p;;) (01 (p) O2(—=p))) =0, (4.35)
2 J—
(5t 22 ) (@ ) 0a (p) = 436)

Solving the special conformal Ward identity (4.36) we obtain

(01 (p) 02 (—p)) = 1P ™" + ¢, (4.37)

where ¢; and c; are integration constants. Inserting the solution (4.37) in the dilation Ward
identity (4.35) we find
Al = AQ = A, co = 0. (438)

Thus, for generic A, the solution of the CWI's is

(01 (p) Oz (—p)) = c1 p*> 74 (4.39)

Notice that for A = 4 + k, k = 0,1,2,..., (4.39) would naively become proportional to
p**, which represents a contact term in configuration space, and could be subtracted by
a counterterm. The story in this particular situation is more delicate and we refer to the
reference [49] for the full explanation. For a taste of why there is more to this story, let us
consider the 2-point function of scalar operators of scaling dimension A in configuration

space
1

(O(x)0(0)) = oI (4.40)
Fourier-transforming (4.40) for generic A we obtain
. 1 T (8-A)
o — d —ipx ~ 2 2A—d
(O @ O(-p)) = [ dlwe g~ 2Bt (@41

from where we see that if A = % +k,k=0,1,2,..., we will hit the poles of the Gamma
function T’ (%l — A). Thus, we need a regularization and the renormalized correlator will
have an extra logarithmic contribution, namely

2
(O W) O () =5 (el ¢4 ) @)
where ¢, parametrizes the scheme-dependence of the renormalized correlator.

4.2.2 CWI for 3-point function of scalar operators

A 3-point function in momentum space is a function of three momenta that sums to zero, in
other words, it is function of a triangle, where the edges of the triangle are the momenta fig-
uring in the correlator. Particularly for a scalar correlator, because of translation invariance
and Lorentz invariance, the position and orientation of the triangle are not important, thus
the information that we need to completly fix our triangle is only the lenght of each one of
the edges or two lengths and the angle between these edges. We are going to use the first
option and characterize our correlator by the norm of our momenta, i.e.

(01 (p1) O2 (P2) O3 (p3))) = A(p1,p2,p3) - (4.43)
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For correlators with non-scalar operators the answer will depend also on the orientation of
the triangle, i.e. the direction of each momentum is also relevant, but we are always able the
decompose our correlator into scalar form factors times tensorial structures as we will see in
a moment.

Since our variables now are the moduli of the momenta, we need to rewrite our momen-
tum derivatives in terms of derivatives with respect to the moduli. In order to do so we will
take p; and p, to be independent and p; = — (p; + p,). Thus,

o 0Op 0 Opa 0O dps 0

4.44
apl O Op1 ~ Opf Opa  Opl Ops’ 49
where the derivatives are given by
Op1 _ P Ope Ops _put+pou _ P3p
=R o, 2= =K 4.45
oy i Opf opy ps p3 (449
Therefore 5 5 5
_ b P3p
W I e o 4.46
op  p1 Op1 ps Ops (440
and analogously
0 _ w0 P 0 (4.47)

oph  p2 Op2  p3 Ops’
The expressions (4.46) and (4.47) allow us to rewrite the CWI for dilatation (4.31) as

3
0
2d — A i— | A (p1, p2, =0, 4.4
( t+;]9 8pi> (p1,p2,p3) =0 (4.48)
since (‘) 8 8 8
4.49
For the expression for the Ward 1dent1ty of spec1a1 conformal transformation we find
d+1-2A;
—Z Pjo [82 3} A (p1,p2,p3) = 0. (4.50)
bj
Since p3, = — (P15 + P20), (4.50) implies a system of two differential equations
d+1—-2A d+1—-2A
[(3% + 1é’l) - <8§ + 333)} A (p1,p2,p3) =0,
p1 p3 (4.51)

d+1-2A d+1-2A
[(8% + ]92232> - <3§ + ]9:))333” A(plap27p3) = 0.

For the details of this derivation, check the appendix C. In [14, 49] it is shown that it is
possible to give a very convenient integral representation, a.k.a. the triple-K representation,
to the solution of (4.48) and (4.51), namely

3
A(p1,p2,p3)26123/0 dezz ' ] p;” Ky a Py, (4.52)
=1

where K, (z) is the modified Bessel function of second kind.
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4.3 Tensor structures in momentum space

Now we are going to consider correlation functions of tensor operators in momentum space.
We will devote our analysis to completely symmetric conserved currents. The simplest ex-
amples are conserved currents J,, associated to global symmetries and the stress-energy
tensor 7},,.. For free theories” we may also construct completely symmetric higher-spin con-
served currents J,,,...,,,. We will talk more about higher-spin conserved currents in the chap-
ter 8. For now, our only concern is to learn how to deal with the tensorial structures figuring
in correlation functions of conserved currents.

4.3.1 2-point function of conserved currents

As we have seen in the chapter 3, the classical conservation laws of currents are promoted to
Ward identities, i.e. relations among correlation functions at the quantum level. For 2-point
functions these relations are very simple, they simply state that the 2-point function itself is
conserved, i.e.

0" (T () Jiyos (0)) = 0. (4.53)

In momentum space, the relation (4.53) implies

P (Jusops (P) Jvoov, (D)) =0, (4.54)

in other words, the 2-point function ((J,,...., (P) Ju,..., (—P))) is transverse with respect to
the momentum p*. Let us start looking closely at the simplest case: the 2-point function
of spin-1 currents. Just taking into account Lorentz invariance, the most general 2-point
function of spin-1 currents is

(Ju (p) Jv (=p)) = A(p) Ny + B (p) pupo- (4.55)

Particularly for d = 3 we would have a third option: €,,,p”. For the time being we will
neglect this particular case to continue with the discussion in generic dimension. The re-
quirement of (4.55) being transverse implies that

B(o) = A (). (456)
Thus,
(0 )2 1) = A ) (= 25 ) @57)

The quantity in parenthesis is a projector on the subspace transverse to p* and will donote
it T, (p), ie.

T (B) = Ty — ;’;”. (4.58)

The importance of the expression (4.57) is that we factorized our correlation function into

a form factor times a tensor structure and the CWI's will become a system of differential
equations that the form factor must satisfy.

The next example that we are going to consider is the 2-point function of stress-energy

tensors. Since we now that it must be transverse, we start by attaching transverse projectors

*It was shown in [26] for d = 3 and later in [55] for d > 3 that a CFT possess higher-spin symmetry if and
only if the CFT is free.
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to every index, i.e.

«T,ulﬂa (p) TV1V2 (_p)>> = 71—;0;11 ngzﬂ—fllﬂz% [A (p) (77041/51 NagBy T 77041/5277012,31) +
+B (p) 77041042775152] . (459)

Notice that the tensors contracted to the projectors are all the available ones that could con-
tribute. Two terms have a common form factor in order to guarantee that the RHS has the
same symmetries as the LHS. The expression above may be simplified using the properties
of the projector (4.58)

<<Tu1uz (p) Tuyv, (—p))) = A(p) (7"/111/1 Tpguy T 7ru11/27ru21/1) + B (p) Ty pe Tvivg - (4.60)

The expression (4.60) would be the form of the 2-point functions of the stress-energy tensor
in a generic QFT, but in a CFT, on the top of being transverse, this 2-point function must also
be traceless. The traceless condition implies that

B(p) = —%A(p), (4.61)

and we find

2
<<T,u1u2 (p) TV1V2 (_p)» =A (p) <7TM1V1 T ugvs + Tpava Moy — d_17ru1;t27rl/1l/2> . (462)

Again, the expression in parenthesis is a projector, this time a projector over transverse-
traceless tensors and we will denote it Hfjﬁ (p), ie.

T (4.63)

2
B — B B
Iy, =m,m, +m,m, — 11

4.3.2 Projectors and polarization vectors

A very useful idea to simplify the presentation of tensor correlators is to contract the free
indices with polarization vectors n;. We will introduce one polarization vector for each
operator in the correlator. Since we are only interested in operators living in completly
symmetric tensor representations, we may contract every index of an operator with the same
polarization vector without losing information. On the top of that, if we want to consider
objects that are transverse, we may also ask the polarization vectors to be transverse to the
correspondent momentum, i.e.

nips = 0. (4.64)
This feature is desirable because
ny'm, (pi) = ny. (4.65)

In the same way, if one wishs to describe transverse-traceless objects, it is convenient to
consider
n; -p; =0 and n? =0. (4.66)

These conditions imply that
niniTI7 (pi) = ning . (4.67)

(2

Using the polarization vectors, the 2-point function of currents (4.57) becomes

(J1(p) J1 (=p)) = A(p) (n1 - n2), (4.68)
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where J; = n!'J, (p;) and the 1 stands for the spin of this operator. The 2-point function of
stress-energy tensors in an arbitrary QFT (4.60) becomes

(T ()T (—=p)) = A(p) (n1 - n2)* + B (p) nin3, (4.69)

where we absorbed a factor of 2 in the definition of the form factor A (p) and T' = n!'n¥T},,, (p;).
Finally, for the 2-point function of stress-energy tensors in a CFT (4.62) we have

(T ()T (—p)) = A(p) (n1-12)”. (4.70)

With this notation it is very easy to generalize these results for higher-spin symmetric cur-
rents. If the current is transverse and traceless, we have

(/s () Js (=p))) = A(p) (n1 - n2)”, (4.71)

while if it is only transverse we have

(Js (P) Js (=P)) = D> A; (p) (n1 - n2)* ¥ nin. (4.72)
j=0

As we saw, we are able to produce very compact expressions using this notation, but we
need a way to come back to the representation with indices. In order to do that we need
to introduce differential operators that take off the polarization vectors and produce the
desired expressions. For instance, in order to recover (4.57) from (4.68) or (4.60) from (4.69)
we need to use the differential operator

0

Di"u == Wﬁ@, (473)
while if we want to recover (4.62) from (4.70) we need the operator
1 2
Dj iy pe = =II5102 _ o (4.74)

9 THIA2 § 01 5 00
2 on;' on;

In general, to recover the indices of a spin s transverse-traceless operator in a correlation
function, we need the operator
1 0°

Di:#l-”#s = QHZL;:.‘:&SW, (4.75)
1 1

where the explicit form of the projector I} is derived in the appendix D.

4.4 3-point functions of conserved currents

The exact computation of 3-point functions of conserved currents is a considerably more
involved task than the computation of 2-point functions. One of the main difficulties is the
non-triviality of the Ward identities, as we can see in the expressions (3.43) and (3.44).

The Ward identities for a correlator prescribes which semi-local® terms should be present

3For theories invariant under spacetime translations, 2-point functions are functions of one parameter while
3-point functions depend on two parameters. For 2-point functions we have only two types of terms: either a
term is a contact term (= local term), or it is not. In position space, contact terms are delta functions or derivatives
of delta functions. In momentum space, contact terms correspond to terms that are polynomial (componentwise)
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in the correlator. That being said, we can always split our correlation functions into a piece
that identically satisfy the Ward identities plus a set of semi-local terms that exactly repro-
duces them. In this section we will be concerned only with the pieces that identically satisfy
the Ward identities. It should be noted that, after the complete parametrization of a 3-point
function in terms of a piece that identically satisfy the Ward identities plus the set of semi-
local terms that reproduces them, one must impose the CWTI’s to fix the form factors. The
set of semi-local terms will imply in extra constraints that the form factors must satisfy. For
more details on this issue, see [14].

4.4.1 Possible tensor structures

Now we are going to extend our analysis of tensorial structures of 2-point functions to 3-
point functions. The new element that we have to deal with is the fact that we have two
independent momenta. Following the approach of [14], in order to simplify the analysis of
permutation symmetries in correlators, we are going to use different independent momenta
for different polarization vectors. If we assume that the two independent momenta are p;
and ps, the possible elementary tensor structures that we may have are

(n1-n2),(n1-n3),(n2-n3),(n1-p2),(n2-p1),(n3-p1),(n3 - p2), (4.76)

where we are using the property that (n; - p;) = 0. The first thing to be noticed is that (n3 - p1)
and (n3 - p2) are not independent. Indeed, (n3 - p2) = — (n3 - p1)—(n3 - p3) = — (n3 - p1) . No-
tice that we also have another way of writing the tensorial structures (n; - p2) and (n2 - p1),
namely

(n1-p2)=—(n1-p3), (n2-p1)=—(n2-ps3). (4.77)

By convention, we will choose the following basis of elementary tensor structures:

(n1-n2),(n1-n3), (n2-n3), (n1-p2),(n2-ps),(ns-p1). (4.78)

The elementary tensor structures (4.78) exist in every dimension. For d < 5 we may also
construct parity-odd elementary tensor structures, namely

d=3: € (n1,n2,ng) 4.79)
€ (n n2,P1(2 ) , € (nl,n3,p1(2)) ) € (7127”37191(2)) )

€ (n1,p1,p2) , € (n2,p1,p2) , € (n3,p1,P2)
(
(
(

d=4: € (n1,m2,n3,p1) , € (n1,n2,n3, p2), (4.80)

€\n n2>p17p2) (nlvn?)apl?pQ)7€(n27n37p17p2)7
d=5: € (n1,m2,n3,p1,p2) . (4.81)

The analysis of the parity-odd sector of correlation functions is complicated by the existence
of the Schouten identity, i.e.

Tl € i) = 0. (4.82)

on the momentum. For instance, the modulus of the momentum |p| is not polynomial because |p| = /1., p*p?,
while any even power of |p| is polynomial. For 3-point functions, since we now have two parameters, we have
three types of terms: local terms, semi-local terms and non-local terms. Local terms are the ones that are local
with respect to both the parameters, while semi-local are local with respect to only one of the two. Examples of

2n, 2m

local terms are any term of the form p1"p3™, with n and m positive integers, while examples of semi-local term

2
are p1p3, Z—; and so on.
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4.4.2 Examples of 3-point functions

Now we are going to use to technology mentioned above to construct the transverse-traceless
sector of a few 3-point functions, i.e. the sector that identically satisfy the Ward identities.

{J1 (p1) O1 (p2) O2 (p3))

The simplest example that we could consider is the 3-point function of a spin-1 conserved
current and two scalar operators. We recall that the label 1 in the operator J; refers to its spin,
while the labels 1 and 2 in the operators O; and O, are just being used to differentiate the
two scalar operators. The only even tensor structure allowded in this correlator is (n; - p2),
hence

(/1 (p1) O1 (p2) O2 (P3)) eyen = A1 (P1,P2,3) (11 - P2) - (4.83)
In d = 3 we have one odd tensor structure allowed: € (n1, p1, p2) . Thus,
(/1 (p1) O1 (p2) O2 (p3))) oaa = B1 (p1,p2,p3) € (n1,p1,p2) - (4.84)

Particularly, in the case that the two scalar operators are the same O; = Oy = O, the LHS of
(4.83) becomes symmetric under the exchange of p; and p3. On the other hand,

(n1 - pa) 228 (ny - p3) = — (1 - p2) (4.85)
€ (n1,p1,p2) 28 € (n1, p1,p3) = —e (n1, p1, pa) (4.86)

hence we need
Ay (p1,p2,p3) = —A1 (p1,p3,p2) ,  Bi(p1,p2,p3) = —B1 (p1,p3,p2) - (4.87)

(T (p1) O1 (p2) O2 (p3)))

A very similar case is the 3-point functions of the stress-energy tensor and two scalar oper-
ators. Again, the only even tensor structure allowded is (n; - p2), but it must come squared,
since n; must figure twice, i.e.

(T (p1) O1 (p2) O2 (13)) even = A2 (P1,P2,P3) (N1 - p2)°. (4.88)

In d = 3 we have one odd tensor structure allowed

(T (p1) O1 (p2) O2 (p3))) oaa = B2 (p1,p2,p3) (N1 - p2) € (N1, p1, p2) - (4.89)

If we consider the case of two identical scalar operators we conclude that
A (p1,p2,p3) = A2 (p1,p3,p2), B2 (p1,p2,p3) = B2 (p1,p3,p2) - (4.90)

{(Js (p1) O1 (p2) O2 (p3))

It is straightforward to generalize these results to the 3-point function of a spin-s traceless
and conserved current and two scalar operators. Indeed, the result is

{(Js (p1) O1 (p2) O2 (P3) ) even = As (P1,P2,p3) (11 - p2)°. (4.91)

Particularly for d = 3, we also have the odd contribution

(Js (p1) O1 (p2) O2 (P3)Noaq = Bs (p1,p2,p3) (n1 - p2)° " € (1, p1,p2) - (4.92)
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For two identical scalar we need the form factor A, to satisfy

As (p1,p2,p3) = (—1)° As (p1,p3,p2),  Bs (p1,p2,p3) = (—1)° Bs (p1, p3, p2) - (4.93)

(J1 (p1) J1 (p2) O (p3))

Now we are going to consider the 3-point function of two conserved currents and a scalar
operator. In this case we have two different polarization vectors available, n; and ns. Hence,
for the even sector we may write

(J1 (p1) J1 (2) O (P3)Neyen = A1 (P1,P2,13) (N1 - p2) (n2 - p3)+B1 (p1,p2,p3) (N1 - N2) . (4.94)

We have an odd sector for d = 3 and for d = 4. For d = 3,

{(J1 (p1) J1 (p2) O (p3)Noaq = C1 (p1,p2,p3) € (n1, 12, p1) — C1 (P2, p1,p3) € (N1, 12, P2)

(4.95)
+D1 (p1,p2,p3) (1 - p2) € (n2, p1,p2) + D1 (p2,p1,p3) (n2 - p3) € (n1, p1, p2) -

One should notice that the tensor structures present in equation (4.95) are not all indepen-
dent. As a matter of fact, the Schouten identity (4.82) allow us to write

(n1-p2) € (n2,p1,p2) = — (p1 - p2) € (1, M2, p2) + pae (n1,n2,p1), (4.96)
(na - p3) € (n1,p1,p2) = —pie (n1,n2,p2) + (p1 - p2) € (n1,n2,p1) - (4.97)

Using these identities in the expression (4.95) we find*

(J1 (p1) J1 (p2) O (p3)Noaa = [C1 + P3D1 + (p1 - p2) D1 (1 4 2)] € (n1,n2, p1)
—[C1 (14 2) + (p1 - p2) D1 +piD1 (1 45 2)] € (n1,n2,p2) , (4.98)

from where we see that we may define a new form factor o given by

C1=C1+p3D1+ (p1-p2) D1 (1 2), (4.99)
in such a way that
(J1 (p1) 1 (p2) O (p3))oqq = Cre (n1,n2,p1) — C1 (1 4 2) € (n1, 02, pa) - (4.100)
Ford =14,
{J1(p1) J1 (p2) O (p3)))oaqa = E1 (p1,p2,p3) € (N1, N2, 1, p2) - (4.101)

The symmetry of exchanging 1 and 2 requires that

Al :A1 (1 <~ 2),
E1 :E1 (1 <~ 2)

*To simplify the notation, we will suppress the dependence of the form factors on the momenta and the
notation A(¢ <+ j) stands for the form factor A with the momenta p; and p; exchanged.
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(T (p1) T (p2) O (p3))

Our next example will be the 3-point function of two stress-energy tensors and a scalar
operator. The allowed tensor structures here are

(T (p1) T (2) O (13) D eyen = A1 (11 - 112)* + Az (n1 - m2) (n1 - p2) (n2 - p3) +
+ Az (n1 - p2)? (ng - ps)?. (4.103)

The LHS of (4.103) is symmetric under the exchange of 1 and 2. It is straightforward to
see that all the tensorial structures present in the RHS of (4.103) are symmetric under the
exchange 1 <> 2, therefore all the form factors need to be symmetric too.

As for the previous correlator, we have an odd sector for d = 3 and for d = 4. For d = 3,

(T (p1) T (p2) O (p3))oaa = [B1 (n1 - n2) + Ba (n1 - p2) (n2 - p3)] € (n1,n2, p1) —
— [Bl(l <~ 2) (n1 . 7”L2) + Bg(l L 2) (7’L1 -pg) (’I’LQ '])3)] € (’I’Ll, ng,pg) . (4104)

For d =4,

(T (p1) T (p2) O (P3))oaa = [C1 (n1 - m2) + C2 (n1 - p2) (n2 - p3)] € (n1,n2,p1,p2),  (4.105)

where the form factors C; and Cy are symmetric under the exchange 1 > 2.

(Js, (P1) Isy (P2) O (p3))

From the previous cases it is easy to extrapolate to the general case of a 3-point function
of two operators of arbitrary spin and a scalar operator. Without loss of generality, let us
assume that s; > s, in which case we find

52

(Jor (1) Ty (02) O (03)) eyen = D Ai (n1-12)" (n1 - p2)™ ™" (ng - p3)™ . (4.106)
i=0

Notice that the number of independent form factors is always min (s, s2) + 1, even in the
case s; = s2. One could expect that in the case s; = s; we would have less form factors
because of the symmetric of exchange 1 <+ 2. This is not the case because all the tensorial
structures are symmetric by themselves in that case. For d = 3 and d = 4 we also have an
odd sector. For d = 3,

(Jsy (p1) Jsy (P2) O (P3) N oqa =

so—1
= (Z Bi (n1-n2)" (n1-p2)™ 17" (ng 'p3)82_1_l> €(ni,n2,p1) —

=0

so—1
- (Z C; (n1-m2)" (n1 - p2)™ " (na 'p3)52_1_1> €(n1,n2,p2) . (4.107)

1=0
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If s1 = so = s, the LHS of (4.107) becomes symmetric in the exchange 1 <+ 2, hence the RHS
becomes

<<J5 (p1) Js (p?) o (p3)>>odd =

s—1
= (Z Bi(ny-n2)' (n1-p2)* " (n2 'p3)s_1_i> €(ni,n2,p1) —

i=0
s—1

- <Z Bi(1 4 2) (n1-n2)" (n1 - p2)* ™ " (na 'p3)s_1_i> €(n1,m2,p2). (4.108)
i=0

Ford =4,
(Js1 (P1) Isy (P2) O (P3)))0aa =

so—1
= (Z Ci (n1 - na)" (n1 - o)™ ' (ng '?3)52_1_2> € (n1,n2,p1,p2) . (4.109)
i=0

(T (p1) T (p2) T (p3)))

Our next example will be the 3-point function of stress-energy tensors. There are eleven
tensor structures that contribute to the even sector of this correlator, namely

(T (p1) T (p2) T (93)Moven = A1 (11 - p2)? (n2 - p3)* (nz - p1)? + [Ag (n1 - n2) (ng - p1) +
+ As(1 < 3) (n2 - n3) (n1 - p2) + A2(2 < 3) (n3 - ny) (n2 - p3)] (n1 - p2) (n2 - p3) (N3 - P1)
+ | Az (n1-12)® (n3 - p1)® + A3(1 ¢ 3) (n2 - n3)® (n1 - pa)® + A3(2 <> 3) (n3 - 11)* (n2 - p3)?
ng 'pl)
. (4110

+ [A4 (n1 - n3) (n3 - n2) (n1 - p2) (n2 - p3) + Aa(1 <> 3) (n2 - n1) (n1 - n3) (n2 - ps) (
+ A4(2 ¢ 3) (n1 - n2) (n2 - n3) (n1 - p2) (n3 - p1)] + As (n1 - n2) (n2 - ng) (ng - n1)
Notice that the eleven tensor structures organize themselves into five tensor structures that
are symmetric under permutations of the labels. Since the LHS of (4.110) is symmetric under
permutations, we need the form factors A; and As to be completely symmetric, i.e.

A; (plap27p3) =4; (p0(1)7p0(2)7p0(3)) , VoeSls i€ {17 5}3 (4111)

while the form factors A;, with i € 2,3, 4 need to be symmetric under the exchange of 1 and
2, 1i.e.
Ai(plap27p3) = Ai(p27p1ap3)v 1€ 2,3, 4. (4112)

(s (1) Jsy (P2) Jss (p3)))

The most general 3-point function of symmetric conserved currents is given by

(Js1 (p1) Js, (p2) Jsq (p3)) =

Z Aiji (n1 -n2)" (ng - n3) (ny - nz)" (1 - p2)™ % (ng - pa)*> " (ng - 1)@ 77k,
{i,5,k}ER
(4.113)

where R = {{i,j,k} e N3|s; —i —k>0,s5—i—j>0,s3—j—k>0}. Itis possible to
write down an expression in closed form for the number of terms present in (4.113), i.e. the
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number of elements in the set R, namely

N (51, 52, 53) = (s3+1)(s3+ 26) (3s2—s3+3) pl+ 2;;2]9—# 5 1 —1(6—1)]"7 (4.114)

where p = max (0, s2 + s3 — s1) and we are assuming that s; > s > s3, see [56].
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Passing through the delta function

B.1 Dilatation Ward identity

In configuration space, the dilatation Ward identity is given by

which in momentum space becomes

<At —nd — sz ,) (O1(py) -+ On(py,)) =0.

Because of the translational invariance of the correlator we have that

(O1(p1) - On (Pn)) = ( sz) (O1(p1) - On(Pn))

where, because of the delta function the function (O (p;) - - - Oy, (p,,))) depends only on n—1
momenta. Without loss of generality we will consider that

0

o (O1(p1) - On(pn)) =0.

Hence,

0= (At—nd—zn:pf
=1

When the derivative acts on the delta function we will get the term

ai“) (O1(p1) -+ On(py)) = <At —nd—>Y pl
=1

%

ai“) <5d (P)M)'

- 9 G,
szfaplf (P)=MP- 87P§d( )
=1 ?

A small computation tell us that

o
P. ﬁad (P) = —dé (P).
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To verify that this equation holds one needs to integrate both sides against a test function.

Our final result is .
— 0
d 1% _
5 (P) (At —(n-1)d- i§:1jpi ap,;> M =0, (B.1)

where we also used the fact that B%M.

B.2 Special conformal Ward identity
In configuration space, the special conformal Ward identity for a n-point function is given
by

(Zb (i) + Li (x ))) (O1(x1) - Oy () = 0. (B.2)

The Fourier transform of (B.2) is given by

(Z b- <I€z () + Li (Pi))) (O1(p1) - On(pn)) =0,

i=1
where

(01 (py) -+~ On (p,,)) = (2m)* ¢ (P = Zm) (O1(p1) -+ On (P)) -

=1

Now we are going to work out the action of K; (p;) and £; (p;) on &% (P) M, where, for
simplicity, we have defined P = " , p; and M = M) (01 (py) -+ On (p,,)).

b./c-(p-)[ad(P)M}: L P Y N [5d(P)M]
B " Opl Opiy " Opllopy opy!

[

~M(b .872_25/i Vi+2(A._d)bﬂi 54 (P)
- Poprop, ~ 7 Vi opropy l oP*
0 0 0 0 0 0
e — 20"p; P P)—;
+2b-p 8P#5 (P )GpmM b p (apué ( )8pl'-’M+(9Pl’5 ( )prM
+04(P) (b- K (p;)) M
We use the facts that
9 9 < w00 9 <
_— = _— = — P
PV@P“@PHCS (P) 8PV5 (P), and P 8P#8PV5 (P) (d+1) 8PV5 (P)
to rewrite our expression. After summation over ¢ we find
Zn:bJC(p) [56’(P)M}=M —2b- i+2(d+1)b i+2(A nd)bﬂi 5% (P)
: I oP op opr

n

o ) )
_28T5 ( )b Z(pmay_pwap?>./\/l

=1
(P) (Zb K (p») M
=1

- 2[)# Z bi -

(B.3)
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In (B.3) we see the appearence of the term (pwa%y - Piua%), which is proportional to the

generator of Lorentz transformations L. A scalar correlator is invariant under a Lorentz
transformation and we have that

n
0 0 >
Piunm— — Pwap | M=0.
> (Pugyr gy
For a generic tensor correlator it is covariant under Lorentz transformations and we have

n

> (Lyw (pi) + Sy (p)) M =0, (B.4)

=1

where

~

S,uuq)al...ae = Z (npaiéz - nuaidl) (I)al...T...ag-
i=1

One should also notice the presence of the term )", p; - a%i/\/l in the last line of (B.3). We

may rewrite this term using the fact that %HM = 0 and the dilatation Ward identity (B.1).
In the case of a scalar correlator we get

b K () 5 (P ] =208 - (- @) M (- 5% (P))

<b aapéd(P)>(At—(n—1 d) + 6% (P (Zb ICpZ>

ie.

n n n—1
> b Ki(py) |07 (P) M| = 6 (P) (Zb-mpi)) M=5"(P) (Zb‘wi)) M
i=1 i=1 i=1
For the generic tensor correlator we have also the term

0 4 0 0

i=1
which can be written as

2—5d b”ZS,W p;) M (B.5)

using the Lorentz Ward identity (B.4). We also need to consider now the action of the Lorentz
part of the special conformal Ward identity, i.e.

ib-cim)[éd(P)M]=M2njb-£i<p@->6d< +0! (P (Zbcpl ) (B.6)
i=1

i=1

Recall that 5
b-L;(p;) =—-b"S—.
(p) M 8pzu
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The first term of (B.6) cancels the term (B.5) and we are left with

Zb ((pi) + £ (p) |07 (P) M] = 6% (P) Zb i (py) + Li (p) M.
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Appendix C

Special conformal Ward identity in
terms of p{, po and p3

Here we are going to present some details of the derivation of (4.50). To perform these
computation we will need the expressions (4.46) and (4.47). Given these quantities, let us
compute

0 3_(191“3 p3u8><p1y8 pgya>

opiopy  \p1 Opr ps Ops) \'pr Op1 ps Ops
_ pubw 92 paupsy 8 prupsy +psupny 9

p? Op? i Op} P1p3 Op10p3

D () 0 (0
op \'p1 ) dp1 OpY \ ps ) Ops

_ pluplyﬁ P3uP3v 0? _ P1uP3v + P3uP1v 0?

pi o p3 Op3 p1p3 dp10ps3
prup1v\ 1 0 p3up3y ) 1 0
= (=222 ) (=58 00
1 3
9 9 pupw 9 | psupsy 02 prupsy +psupry 0
opl dpYy p? Opf  p3 Op3 p1p3 dp10ps3
pup) 1 0 < pgup3y> 1 0
+ - —— + - -
(UW P > p1 0p1 g p: ) p3Ops
Analogously for po
0 0 _ poyupw 0 | psupsy 0 paupsy +psupay 0
ophy dph ps Op3  p3 Op3 p2ps3 dp20ps3
PP\ 1 0 < p3up3u) 1 0
+ - —— + - -
(WV 3 > P2 Op2 g P p3 Op3
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Using these results 'y becomes

o 0 o 0 0
Kio = pro—m 2 —2pt 2 9 4 oA, —d) L
T A
. d—1 d—1
= plo <8%+a§—2p1 P53 9,05 + o1 + 83>
p1p3 p3
) . 1
—2 <p1a312 N ps P3c03 — (plpsa + 2 p3p10) 0103 + <pla - plzmp:sa> 83)
pg p3 p1p3 p3 b3

+2(A — d) <pl"al p?’“ag)
Y41 p3

p1-P3 2py
= _plaaf + <p1z7 -2 p2 p3a> 832, +p30p738183 — Plo (
3

d—1 2 2 2(A1—d
+ (pm — Plo— + P3o PrPs p3a(1)> 03
p3 p3 pg P3

d+1-2A
+1> o
b1

and hence K; + K is given by

+ . 2 2
Kio + Kag = —p1o0} — p2003 + (pla + P2 — 2 (b pQZ p3p3g> 93 +p3a§3183 + p%%aﬁs

b3
d+1-2A d+1-2A
e (L), (2128
b1 b2
d—1 2 2 =+ . 2(A1 4+ Ag —2d
+ ((Pla + P20) — (P10 + P25) — + P30 (P 52) b — P30 (21 = )> 03
b3 b3 b3 b3

2py 2p2
= —p150} — P2, 03 + P3503 + p3ap738183 + p30p73233

d+1-2A d+1-2A 3d+1—-2(A1+A
g (LAY o (L0 L (MEL2A A,
p1 D2 p3

We may use the dilatation Ward identity

0

to rewrite one of the crossed terms

2 2 1
P — 0301 = P30 — P ( (2d - At) 03 — ]23233 - (93 - 33)
p3 b3 b1 b1 b1

2 2
= P3c <_p (2d — Ay +1) 05 — p28283—2(93>
3

Substituting this expression back in the expression for K, + K2, we finally find

3
d+ 24
Kla +’C20 = *ija |:(9]2 + pia :|
J

J=1
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Appendix D

Higher-spin projectors

The projectors on transverse tensors

Y ny
T (p) = 0y — ‘;2 (D.1)
and transverse-traceless tensors
2
Tjiss () = mitmis + md g = oM™ (D2)

are already well know. To construct the projector of spin 3 we start with an object that is
completly symmetric and transverse but traceles with respect to 2 indices, i.e.

a1 o3 a1 TTa0s a1 TTo0s
Ty Wy + Mg Wty + T g

and then subtract the non-zero traces. Taking a trace with respect to 111 and po we find
2005129,
and analogously to the other traces. Thus, substracting these traces we find

a1 TTO203 a1 TTCO2¢03 a1 TTO2¢03
T Wy s + T Wty + 7 T30

_ a1a03 Q1203 1oy
@ (”uwzﬂug + Tz I, + Tpaps Iy ) :

where the coefficient o must be fixed in order for the expression to be traceless. A simple
computation fix o = ﬁ, hence

2
M8 () = i, T2 — o I D3)
Analogously to spin s we find
2
Qg _ s Y. O — Qg
I () = i, 00— e T 0

To fix the relative coefficient is just a question of couting the terms in the symmetrization
that will constribute to the trace. In fact, there is always one term that contributes with d — 1
and 2 (s — 2) terms that contribute with 1. The symmetrization present in equations (D.2)

and (D.3) means

(o5} Q203 (e5) a3 a1 Q203 a1 a203
7T(/,L1 Hops) T H,uzus + s HMMQ + T o HM3M1
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while
o1..04 — aq...04 aq...04 ai...04
Tuapa Y pgpg) = Tppa gy + T ™+ T I 50
aq...04 aq...04 aq...04
+ Tpops Iy + Tpopa 1™ 4 Mg s

Ho‘l“'o‘s) we have (5) = 75(52_1)

Notice that in 7 II1*?“. we have s terms while in (
1 H1H2 77 ps.. s

(177 p2eephs)
terms.
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Part 11

Regularization of correlation
functions, contact terms and anomalies
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Chapter 5

Regularization of energy-momentum
tensor correlators: 2-point functions

In this chapter we discuss the problem of regularizing correlators in conformal field theories.
The only way to do it in coordinate space is to interpret them as distributions. Unfortunately
except for the simplest cases we do not have tabulated mathematical results. The way out
we pursue here is to go to momentum space and use Feynman diagram techniques and their
regularization methods. We focus on the energy-momentum tensor correlators and, to gain
insight, we compute and regularize 2-point functions in 2d with various techniques both in
coordinate space and in momentum space, obtaining the same results. Then we do the same
for 2-point functions in 4d.

5.1 2-point function of e.m. tensors in 2d and trace anomaly

In this section we regularize the 2-point function of energy-momentum tensors in 2d using
the techniques of differential regularization and we derive the very well-known 2d trace
anomaly. The ambiguities implicit in the regularization procedure allow us to make mani-
fest the interplay between diffeomorphism and trace anomalies.

Let us consider the 2-point function (7},,, (z) T) (0)). This 2-point function in 2d (i.e. the
“pare” 2-point function) is very well-known and is given by

(T () Tpo (0)) = I (pp () Ly (%) + Lp (%) Lyo (%) = MpwMpo) (6.1)

where
ZyTy

(5.2)

L (2) = Ny — 2 22

and c is the central charge of the theory. For x # 0 this 2-point function satisfies the Ward
identities

" (Tyw () Tpe (0)) =0, (5.3)
(Th (x) Tpe (0)) = 0. (5.4)

The result (5.1) is obtained using the symmetry properties of the indices, dimensional anal-
ysis and egs. (5.3) and (5.4).

The 2-point function written above are UV singular for  — 0, hence this divergence has
to be dealt with for the correlator to be well-defined everywhere. In this context the most
convenient way to regularize this object is with the technique of differential reqularization. The
recipe of differential regularization is: given a function f (x) that needs to be regularized,
find the most general function F' (x) such that DF (z) = f (z), where D is some differential

!One way of deriving this expression is by using the embedding formalism, see [5], for example.
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operator, and such that the Fourier transform of DF (z) is well-defined (alternatively DF (z)
has integrable singularities).

In our case we have two guiding principles: the Ward identities and dimensional anal-
ysis. Differential regularization tells that our 2-point function should be some differential
operator applied to a function, i.e.

(Tyw (%) Tpo (0)) = Do (f (2)) (5.5)
while conservation requires that the differential operator D, ,, be transverse, i.e.
aMD,uzzpo' == aUD;wpa =0. (56)

The most general transverse operator with four derivatives, symmetric in , and in p,o that
one can write is

Dywpe = aDG)  + BDE) (5.7)
where
D) e = 0400050 — (M 0p0s + 1Npe0u0y) O + 1 pe 00, (5.8)
D/(A%/)pcf = 0,0,0,05 — % (M1p00 00 + 1p0u0c + Muo 0y 0p + Nve0.0,) O
. (MupTve + MupTie) OO. (5.9)

2
One important fact about these differential operators is that they may not be traceless. In-
deed, by taking the trace we find

vy(1
" DL)

vpo — nuuD/(LQI/)pU == (8,)80 - npUD) o. (5.10)

Dimensional analysis tells us that the function f (x) in (5.5) can be at most a function of
log u?z? since the lhs of (5.5) scales like 1/x* and this scaling is already saturated by the
differential operator with four derivatives. Notice that we have introduced an arbitrary
mass scale i to make the argument of the log dimensionless. Let us write the most general
ansatz for (5.5):

2
(Tuw (2) Tpo (0)) = DY), [041 log p?z? + as (log p?a?)” + -- }
+D2)., [51 log yi%? + B5 (log pi%a?)” + - - } : (5.11)

Now our task is to fix the coefficients «; and 3; for (5.11) to match (5.1) for « # 0. As it turns
out we only need terms up to log? (otherwise one cannot avoid logarithmic terms for = # 0)
The matching gives us

C (&
alz_ﬂ_ﬂla QQZ_BZZ_%)
thus
C C 2
(T (2) Too (0)) = =5 Djiys (log p*a?) — oo (Df})pa - DLQJW) (logp®2®)”.  (5.12)

Notice that ; is absent in the final result. Indeed, the term with coefficient 3; is

- (D/(J,ll/)pa - Dlt(tzu)pcr) (log MZIEQ) (513)
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and this term identically vanishes in 2d. If we take the trace of (5.12) we find that

c c
<TL‘L‘ () The (0)> = —@17” D/(}V)pg (10g u2x2) = 18 (0,05 — 1mpe0) Olog ,u2332.
These terms have support only at z = 0, for in 2d the d’Alembertian of a log is a delta
function, more precisely

Olog px? = 4n6 (x) . (5.14)
Therefore we find the anomalous Ward identity

™

CE (apaa - UPUD) 5° (x—y), (5.15)

(T} () Tyo (y)) =
If we consider our theory in the presence of a background metric g which is a perturbation of
flat spacetime, i.e. 9,5 (y) = Npo + hpo(y) +- - -, €q. (5.15) gives rise to the lowest contribution
to the ‘full one-loop’ trace of the e.m. tensor, namely

T
<Tﬁ>g = Cﬁ(auau - nuu‘:‘)h“yv (5.16)

which coincides with the lowest contribution of the expansion in h of the Ricci scalar, i.e.
R = (0,0, — nuD)R* + O(h?). (5.17)

Covariance requires that the higher order corrections in h to the ‘full one-loop” trace of the
e.m. tensor in the presence of a background metric g to be such that we recover the covariant

expression
T

(Th)g = CER. (5.18)
For a free chiral fermion ¢ = 1/472, vide section 5.3 or appendix E.1. We are authorized
to use the covariant expression (5.18) because the energy-momentum tensor is conserved
(there are no diffemorphism anomalies).

Using the above results it is easy to verify the Callan-Symanzik equation for the 2-point
function (5.12). The Callan-Symanzik differential operator reduces to the logarithmic deriva-
tive with respect to p, because both beta functions and anomalous dimensions vanish in the
case we are considering. We get

0

g (T (@) T (0)) ~ (D<1> —p® ) (log pi%22) = 0. (5.19)

nvpo nvpo

We see that requiring that the regularized correlator satisfies conservation at x = 0 implies
the appearance of a trace anomaly. However this is not the end of the story, since there are
ambiguities in the regularization process we have so far disregarded.

51.1 Ambiguities

The ambiguity arises from the fact that we can add to (5.12) terms that have support only
in z = 0. The most general modification of the parity-even part that would affect only its
expression for = 0 is given by

Appe =  AMw0,0s + 1p50,0,) Olog p2a?
+B (10p00 05 + Mp0u0s + Npe0,0p + 1,60,0,) O log ,u2:v2
+C (Nupvo + MwpNuo) OO log p?a?
+DnnpeB008log u2x2. (5.20)
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We remark that this term is in general neither conserved nor traceless

MAype = 41 ((A+2B)0,0,05 + (A + D)nye0,0
+ (B4 C) o060 + 06,0,0)) 63 (2) (5.21)
AR = 47 ((2A + 4B)3,0, + (A + 20 + 2D)1,,0) 6@ (x) (5.22)

ppo

We notice that by imposing (5.21) to vanish imply that also (5.22) will vanish. We may
wonder whether using this ambiguity we can cancel the trace anomaly. This can certainly
be done by choosing 2A +4B = —A —2C — 2D and adjusting the overall coefficient. But this
operation gives rise to a diffeomorphism anomaly. Its form is far from appealing and not
particularly illuminating, so we do not write it down (see however [51, 52]). In other words
the anomaly (5.18) is a non-trivial cocycle of the overall symmetry diffeomorphisms plus
Weyl transformations. As was discussed in [51, 52] it may take different forms, either as a
pure diffeomorphism anomaly or a pure trace anomaly. In general both components may
be nonvanishing. It is obvious that, in practice, it is more useful to preserve diffeomorphism
invariance, so that the cocycle takes the form (5.18).

5.2 Parity-odd terms in 2d

In this section we compute all possible “bare” parity-odd terms in the 2-point function of the
energy-momentum tensor in 2d. We follow three methods, the first two are general while
the third is based on a specific model. Needless to say all methods give the same results up
to ambiguities.

5.2.1 Using symmetries

The first method is very simple-minded, it consists in writing the most general expression
7739[,%(3:) linear in the antisymmetric tensor €,3 with the right dimensions which is symmet-
ric and traceless in i, v and p, o separately, is symmetric in the exchange (11, v) < (p, o), and
is conserved. The calculation is tedious but straightforward. The result is as follows. Let us

define

1
Tyvpo = o (Lup(x) Lyo () + Lo () Iup() — Npwnpe ) (5.23)
and
o ¢
Tosen (@) = ¢ <EMTAW (@) + enTi po (2) + en T o (2) + oA Thp” (x)) . (5.24)

where ¢ is an undetermined constant. We assume (5.24) to represent (7}, (2)75(0))odd- It
satisfies all the desired properties (it is traceless and conserved). In order to make sure that
it is conformal covariant, we have to check that it is chirally split. To this end we introduce
the light-cone coordinates x4 = 2% + z!. It is not hard to verify that

(T4 (2)T-—(0))oda = 0. (5.25)

5.2.2 The embedding formalism

The second method is the embedding formalism [5, 6], which consists in using the fact that
conformal covariance in d dimensions can be linearly realized in d + 2. After constructing a
covariant expression in d + 2 one projects to d dimensional Minkowski space. In particular
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for d = 2 the method works as follows. We write the most general parity-odd contribution
to the 2-point function of a symmetric 2-tensor in 4d which, in addition, is transverse:

b
(X-Y)*

(Tap (X)Tep (Y))oaq = €AICT

Xy’ XpYy
X.v \PP T Xy

>+A<—>B}+C<—>D.

(5.26)
This term is symmetric on A4, B and C, D and is transverse with respect to X4, Xp, Y and
Yp. Our next step is to project this quantity to 2d. The projected correlator is given by

XA 9XB oy c oy P
We recall that
oxX4 4 A _ a
S 022z, + 6, = (O, 2xﬂ,5u) , A=+4,— a. (5.28)

The contractions with the e-tensor give rise to a determinant, namely

0 1 0 1
Y’ = 21, xz 2y, y2 . (5.29)
53 z’ 52 yJ

oxA _,ov¢
€AICT Ot ayp

The translational invariance of the problem allows us to rewrite it in the form

0 1 0 1 )
2(x—y), (-y? 0 0|=- 2@5_&9)# ((x_y)) ; . (5.30)
a ] c r—y
o (x —y) 65 0 H P

For convenience, let us relabel x — y — x. This determinant is straightforward to compute
and it gives us
2z, x> 0 A ) ,
- ‘ 5o i oge | == Qua|at of [ =2t 5 0f [) = — (2wpeapz” — 2¥eu,) . (5.31)
p P

Thus, the projected correlator is given by

e a z,x" TyTo
<T’LW (1‘) Tpg (0)>Odd = g |:6ap <5M -2 ;2 > (77,/0 - 2?> + n = l/:| + p < O. (532)

In terms of 1,,, (x) we have

e

<T;w (v) Tpo <0)>odd = e [eap (fff (z) Lo (z) + I} (x) Lo (x))

(5.33)
+eao (I;“ (2) Ly (z) + I3 (2) Iy ()] -

This correlator satisfies both tracelessness and conservation, as it can be verified by a direct
computation, but it is not symmetric under the exchange of ;1, v with p, 0. Thus, our final
expression is (5.33) symmetrized in (p, v) < (p,0):

(T (@) Tpo (0)) oqq = % [eap (15 (2) Lo () + I3 (2) 1,y (z))
+ eav (I (2) Tuo () + 13 (2) Iy (2)) (5.34)
+ eap (I (2) Lo (2) + I () Lo ()
+€ao (Iﬁ () Ly (x) + I3 () 1, (3’3))]
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From (5.34) we notice a tensorial structure very similar to the parity-even part of the 2-point
function of 7},,, namely

1

Tyvpo (z) = vy (Iup () Lo (x) + L, (z) Lo (z) — nuvnpa) (5.35)

and it turns out that we may write (5.34) in terms of the partity-even part, i.e.
(T (z) Tpo (0)>0dd = g (EaﬂTanO' (z) + eauTu apo’ (z) + fapTuu % () + €CYPT;u/pa (x)) .
(5.36)
This result looks different from (5.24) but it is not hard to show that, for  # 0, they are
proportional: ¢ = 3e.
Still another method to derive the same result is to use a free fermion model. This is
deferred to appendix E.1.

5.2.3 Differential regularization of the parity-odd part

The task of regularizing the parity-odd terms is very much simplified by the fact that we
are able to write them in terms of the parity-even part, see (5.36). We can therefore use
the same regularization as in section 5.1. Let us start by the regularization that preserves
diffeomorphisms for the parity-even part, eq. (5.12):

1 1 2
Thvpo () = _EDI(}V)PU (log ,u2$2) ~ 18 (DSJW — Dl(fy)pg) (log u2x2) . (5.37)

Regularizing (5.36) with (5.37) leads to a trace anomaly

e
(T (2) Typo (0)) 4y = % (690005 + €500%0,) 62 (), (5.38)
and a diffeomorphism anomaly
e
or <T/w (z) Tpo (0)>odd = ﬂeuaaa (ﬁpaD - 3/)80) 5 (7). (5.39)

In the presence of a background metric g the anomalous Ward-Identities (5.38) and (5.39)
give rise to the following ‘full one-loop” functions

e
<T5 (‘r))g = ﬂekaaa (gpaa)\gpo + gpaapg)\a) ) (540)
(VAT (2))y = ;T—ZEWGO‘R. (5.41)

The second is the well-known covariant form of the diffeomorphism anomaly. The consis-
tent form of the same anomaly is

(VAT (2))g ~ °0,0aT%,. (5.42)

We remark however that in 2d the two forms (5.41) and (5.42) collapse to the same form to
the lowest order, since

2€,00" (0008 — NapD) = €ua (810,05 — Nypd"' D + (o <+ f3))

We see that, in any case, the diffeomorphism anomaly is accompanied by the a trace anomaly.
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5.2.4 Ambiguities in the parity-odd part

We know that the regularization used above is not the ultimate one, because there are ambi-
guities. They entail a modification of the parity-odd part given by
A = €y A% e+ €av AL o + €apA Ly F €aph,”, (5.43)

where the RHS is written in terms of (5.20), which explicitly is

A = A (600005 + €2a0"0p) + Npo (100”0 + €4,00%0,)] Olog iz
+ B lepa (Np0“0s + 1Mue0%0p) + €va (Mup0°“ 05 + 1ue0%0,) (5.44)
+€pa (Nep0% 0y + N5,0%0) + €5a (Npp0*0y + 1p,0%0,,)] O log e,

The trace and the divergence of (5.44) are given by:
" Apypo = 87 (A + 2B) (pa0“0 + €5009,) 6% (z), (5.45)
M Appo = A1 (B0 + (A + B) 0,0,) €500%0° (z)

+ 47 (B O + (A + B) 0,0,) €p00%8? () (5.46)
+ 47 (Anpe0 4+ 2B0,0y,) €,00%6% (2) .

Using these ambiguities we can recast the expressions (5.38) and (5.39) in the form

(T} (2) Ty (0)), 4y = (877 (A+2B)+ %) (60000 + €0ad?d,) 62 (x) (5.47)

O Ty () Tpo (0)) gq = 47 (B1pD + (A + B) 0,0,) €500%0% (x)

+ 47 (BiyeD + (A + B) 0,05) €p008? () (5.48)
o e _ me 2
+ €100 ((47TA + —24> Npo D + (87TB 24) 8p30> 6 (x).

If we impose that (5.47) is zero we find

e
A=—oo —2B, (5.49)

which implies that (5.48) takes the form

D" (T (2) T (0))4q = A [Bnypm - (i + B> ayap} €rad®0? ()

192
+4r [Bro0 - (ﬁ + B) 0,05 | €a0"0* () (5.50)
— eyad® [(Z—g +878) 1,00 — (875 — g) 0,05 ] 8% (x).

The choice (5.49) allows us to eliminate the trace anomaly (5.40) but by doing so the dif-
feo anomaly becomes (5.50), which will not imply a covariant expression for (7},,), for any
choice of B. Thus, the most general regularization that one can write is given by the equa-
tions (5.47) and (5.48). An important point of (5.48) is that there is no choice of A and B
for which it is zero, hence inevitably we will have a diffeomorphism anomaly, unless e = 0,
which depends of course on the specific model.
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5.3 The Feynman diagrams method in 2d

It is interesting and instructive to derive the results above using Feynman diagrams. In
this section we will concentrate on the theory of a free chiral fermion. There is only one
non-trivial contribution that comes from the bubble diagram with one incoming and one
outgoing line with momentum £ and an internal momentum p (see figure 5.1). The pertinent
Feynman rule is

N7 =
. 2

/

p

(@+2), %+ (0+7), %) (5.51)

oo | .

2

B, v )‘7/)
k k

p—k

The relevant 2-point function is

FIGURE 5.1: The relevant Feynman diagram for the computation.

2
(T ()T, (y)) = 4 / (gﬂ]; e~ R@=NT (k) (5.52)

with

2
Tunp(k) = _6i4 / (;lﬂ];tr (;( D — k:)u'y,,?_l%@p — /{),\'ypl—;%) + { i : ; } . (5.53)

Taking the trace and regularizing by introducing extra components of the momentum run-
ning around the loop, p = p+ ¢ ({ = {a,...,ls512), we get

1 [ & d’¢ +/
T e (k) = T 39 (27:;2 / (2r) tr <p€ — 2 (2p +2/ —¢)
pil . (5.54)
R R

and the symmetrization A < p is understood from now on. Introducing, as usual, a Feyn-
man parametrization of the integral in (5.54) and using the results in appendix (E.2) one
finally gets for the even part

(Teven)" 17 () = Jo5— (mpk® + kaky) | (5.55)
which corresponds to the trace anomaly
(THy, = — (0h + 033,0) + 0 (12) . (5.56)
ng 487 p

“The factor of 4 in (5.52) is produced by the fact that the vertex (5.51) corresponds to the insertion of %TW in
the correlator, not simply T, .
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For the odd part we get instead

1 g g
(TOdd)M,u)\p (k) = —71927[_ (6 pkgk,\ + € ,\k‘gkp) , (557)
which corresponds to the trace anomaly
1 o A 2
(Ti)g = 5= QDN + O (r%). (5.58)

The trace anomaly (5.56) is not the expected covariant one. The only possible explanation
is that our regularization has broken diffeomorphism invariance. In order to check that we
have to compute the divergence of the energy-momentum tensor with the same method.
The relevant Feynman diagram contribution is (after regularization)

1 d%p d'e
Dot = g1 | aep | Gy

+/
tr (;2_62(210 — k) k" VVm@p — k)X 2 (5.59)

_I._
M e

Explicit evaluation gives for the even part

1
(Deven),ap (k) = _%mpk,,k{ (5.60)

which corresponds to the diffeomorphism anomaly
1 v 2
VT )y = mg d,0h+ O (h?). (5.61)

For the odd part we get instead

1 g
(Doaa)y (k) = =155~ k7 €ap (mak? = kuky) + {\ < p}, (5.62)
which corresponds to the anomaly
VH (T = — — e (Qo0rauh) — 0,00, ) (5.63)
urlg 967 o vitp o pv

Using the lowest order Weyl transformation
Oy = 2w N, (5.64)
and diffeo transformation
O¢hpw = 0uéy + 0u&, (5.65)
it is easy to prove that the consistency relations

dwAw =0, 5§-Aw + 5§-Aw =0, 5§-A§ =0, (566)
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hold, where
Ay = _/d2$w<T5>g» and A¢ = /d% 'V (Tpw)g- (5.67)

For the even part A(®) it is possible to add a counterterm to the action and restore covariance.
The couterterm is

1
C= d*z hOh. 5.68
Toer) “ 7 5.68)
After this operation the divergence of the e.m. tensor vanishes and the trace anomaly be-
comes

1
(©) _ g _ L [ o
AL = AL 16,6 = /d rw (aAaph Dh) : (5.69)

which is the expected one (see above).

Similarly the parity-odd anomalies (5.57) and (5.63) satisfy the consistency relations
(5.66). One can add an odd counterterm to eliminate the odd trace anomaly but this is
definitely a less interesting operation.

The results obtained in this section are well-known. The methods we have used to de-
rive them teach us important lessons. The first concerns dimensional regularization. If not
explicitly stated it is often understood in the literature that dimensional regularization of
Feynman diagrams leads to covariant results. We have seen explicitly that this is not true,
and a reconstruction of covariance with counterterms is inevitable. In view of the discussion
on 3-points correlator of the e.m. tensor in section 7.1.4 we notice that the piece of (5.54)

N 1 [ & ot +/ +f—F 1+ 7
aTh =g [ G | (%)‘Str(? 2ty e a2~ P Z’y> 570

contributes in an essential way to both even and odd anomalies. Without this piece the result
of the calculation would be inconsistent. It marks the difference between first regularizing
and then taking the trace of the e.m. tensor or first taking the trace and then regularizing.
From the above it is obvious that the second procedure is the correct one. In other words
every irreducible Lorentz component of tensors must be regularized separately. This is the
second important lesson. We will return to this point also in the final section.

5.4 2-point correlator of e.m. tensors in 4d

In this section we are going to discuss the 2-point correlator of the e.m. tensors in 4d. The
expression in coordinate representation is well-known. We would like here to regularize it
with the differential regularization method, and, later on, compare it with the expression
obtained in momentum space with Feynman diagram techniques.

5.4.1 Differential regularization of the correlator

The unregulated 2-point function of e.m. tensors in arbitrary dimension d in coordinate
representation is given by

(B 0 T (0) = L5 (1 0) o 0+ Do () D (0) = S ) 671
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where
TyTy

2

L () = np — 2 . (5.72)

As before, it can be regularized by writing down a differential operator which, acting on an
integrable function, generates it for = # 0. One possibility for d > 3 is the following®

c/2 1
Ty () Ty = - DY)
(Thw (2) Tpe (0)) 2(d— 2)2d(d2 _qy e (xQd—4>
6/2 (2) 1
=2 dar ) e i) 67
where
D) = 04000505 — (1u0p0s + Npe0uy) O + 1upe 00, (5.74)

1
D;(Ez/)pa = a,uallapaa - 5 (nupauaa + nupauao + nuaauap + nuaauap) O

1
+ 5 (ptlve + i) OO (5.75)

Both these operators are conserved but not traceless:

D)y = — (d—1) (8,05 — npeD) O, (5.76)
D)y = — (9505 — 0peD) O, (5.77)

nonetheless (5.73) is both conserved and traceless. The expression (5.73) coincides with
(5.71) for x # 0, it is conserved and traceless.

There are, as usual, ambiguities in the definitions of the operators (5.74) and (5.75) for
x = 0. Particularly, in d = 4 we may consider the most general modification that one could
add to the expression (5.73), namely

Ao = [A0,,0,0,0,0 + B (10,05 + 1yp0u00 + 0uo0y0p + Me0,0,) 02
+C (1 0p0s + 1pa9u0y) O + D (Mt + Muptu) B° + Biluipe 0] % (5.78)
Conservation of A requires
C=-A+2D, D=-B, E=A+2B. (5.79)
With these conditions the trace of A is
A oo = =472 (BA + 4B) (1pe 0 — 8,0,) D6 (). (5.80)

This corresponds to the trivial anomaly OR, which can be subtracted away by adding a local
Weyl invariant counterterm to the action. The existence of a definition of our differential

3Notice that for d > 4, the function 1 / 224* is indeed integrable, while we have a function which is log
divergent for d = 4 and linearly divergent for d = 3 and in both cases we need a regularization. In the spirit of
differential regularization, we may use the following identities

d=3: = = 1\Z\log,u%f,
T 2

1 71Dlog,u2x2
¢ 4 z2

where log ?z* and (log p°2”) /x* are integrable functions in the respective dimension.
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operators which do not imply in the existence of this anomaly reflects the fact that it is a
trivial anomaly.
5.4.2 2-point correlator with Feynman diagrams

The computation is very similar to the one in 2d. Again, the only diagram that contributes
is the one of figure 5.1 and we have*

4 . ~
<Ipywﬁzap@n>=:4j/(§;§4e‘”“x‘”ﬂpmek> (5.81)

where

- 4 v
Tro(k) :—6i4 /(3754‘51‘ (;( p— k)'u’yyp_ll%@p — k)wpl“;”f’) + { o ; } . (5.82)

To evaluate it we use dimensional regularization. After introducing the Feynman parameter
z and shifting p as follows: p — p — (1 — )k, (5.82) writes®

- 1t d*p A0 (2p+ (1 —2x)k),(2p + (1 — 22)k)y
Tuwro(k) = =55 /0 dr / (2 / @ (P il i PP (5:83)
< [(p+ (1= 2)k)7(p — k)" (Novlirp = Norup + Noplvr — i€aurp) — L)

After the integrations (first ¢, then p, then z) one finds®

(‘TMV)\P(]C) = ﬁuw\p(k‘) + gjﬂw\p(k‘) + Z:;w/\p(k) (5.84)

where

- i 1
Dywrp(k) = — 320 156 8Kk kaky + 4k (kukunay + kakpmw)
— 6k (k,uk)ﬂ?up + kuk)\nup + kukpnu)\ + kukpnu)\)

— 4k, + 6k (Nuatip + Nupion)]

(5.85)

which is divergent for § — 0, but conserved and traceless,
B i logk?

32(4m)? 30
- 6k2 (kuk)\nup + kyk)\n,up + kukah/)\ + kukpn,u)\)
- 4k477ul/77/\p + 6k* (nu)\nup + nupnu)\)]

Lonp(k) = 8Kk koaky + 4Kk (kukunap + kakpmw)

(5.86)

“For the factor of 4 in (5.81), see the footnote in section 5.3.

>We use the mostly minus signature for the metric.

®To do integration properly we have to Wick rotate the momenta and, after integration rotate them back to
the Lorentzian signature. We understand this here.
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which is also conserved and traceless, and

- i1 31
(k)= — “logdm + ) kukykak
Funo(k) == 3507 30 [8 (7 ©8 7T+450> uliv AR

31
+2 <1 — v+ logdm + 150) k2 (kukanup + kukanue + kukpnux + kukpnun)

10 47
yx (3 — 4y + 4 logdn — 225) NuvMp (5.87)
4 (17
—k 5 6y + 6 log 47 | (MuA"wp + NupTvr)

47
—k? <4 — 4~ + 4 log4m + 450> (kukunry + k:,\kpnw)}

which is neither conserved nor traceless. Let us consider first £. We recall the Fourier
transform

e 1 4 k?
d*z e’k’”—2 log p2z? = LQZ log2 — v —log — | . (5.88)
x k W

Therefore, up to the term proportional to (log 2—+), by Fourier transforming (5.73) we obtain
precisely (5.86) with ¢ =1/ 74, in agreement with the results of [3, 4]. The term proportional
to (log2 — 7) is to be added to (5.87). Now the divergence of T contains three independent
terms proportional to k?k, kxk,, k*k.ny, and k*(kxn., + kpmua), respectively, while the trace
contains two independent terms proportional to k*k)k, and k7,,. On the other hand the
ambiguity (5.78) contains the same 5 independent terms with arbitrary coefficients. There-
fore it is always possible to set to zero both the divergence and the trace of T by subtracting
suitable counterterms. In the same way one can argue with the divergent term D. This term
deserves a comment: it is traceless and divergenceless, but it is infinite, so it must be sub-
tracted away along with the F term. Both F and D, the Fourier anti-transforms of F and D,
are contact terms and they can be written in a compact form as

(Tw(z))y = A9,0,000,h (x) + B’ (D@,ﬁ,\h,’,\(m) + Dayakhﬁ(x)) + C'nwO%h(z)

+D' Ol (@) + B (D8,0,h(x) + 1 D0r,h ¥ () ) (5.89)

where h = h} and A, B',C’, D', E' are numerical coefficients that contain also a part ~ %.
The local term to be subtracted from the action is proportional to

A/
/ d'z <2Wauayampw + B'h*100,0\h)
! 9 D/ 9
v / v
+ T hOPh A+ R DRy + BB D@ﬁ,,h) . (5.90)

We can conclude that the (regularized) Feynman diagram approach to the 2-point corre-
lator is equivalent to regularizing the 2-point function calculated with the Wick theorem
approach. But we can draw also another, less pleasant, conclusion. Like in 2d, the Feynman
diagrams coupled to dimensional regularization may also produce unwelcome terms, such
as the D and J terms above, which must be subtracted away by hand.

Finally we notice that, once (5.90) has been subtracted away, not only the nonvanishing
trace and divergence of the em tensor disappear, but the full contact term (5.89) gets can-
celed. Thus the regularized 2-point correlator of the e.m. tensor coincides with the “bare”
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expression.
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Appendix E

Details of computations

E.1 Direct computation for a chiral fermion in 2d

Consider a free chiral fermion 17, in 2d which has the 2-point function

—— i v-(z—y) 1—
(YL () YL (v)) GE P L, Pr 5 (E.1)
and the e.m. tensor )
17 [—— Ad
T,ul/ = Z <¢L7u Ov ¢L +p = V) . (EZ)
Before proceeding with the calculation let us recall some definitions:
v v 2 i\2
(A =" = () =1, (") =-1L (E.3)
Clearly, 4° = 49 and 4* = —;. For an arbitrary dimension D the analogous of 5 will be

D

denoted ~, and it is given by v, = (=i)2 " 5971 ... yp_1, which for D = 2 means 7, =

7071
It is straightforward to check that the following relations are true:

Yu = EuV'YV'%h E;w'VV = T Yx (E.4)
where we are using the convention where €p; = 1. It follows
tr(Vu Yo ve) = =26 (E.5)

Our purpose is to compute the 2-point of the em tensor in the theory (E.1). Since we are
dealing with a simple free theory we can use the Wick theorem.
The non-zero part of the correlation function comes from

1 _ < _ >
<T,u1/ (l') Tpo (y)> = E <: ¢L7u Ov ¢L : (1:) : U}L’Yp Do YL : (y)> + sym.,
which is given by the full contraction of this object, namely

(T (2) Tyo (y)) =16(217T)2 (tr [, 05 (W (2) ¥ (y)) 104 (L (y) Y (2))] +--)

+ sym.,

(E.6)

where the ellipsis stand for the three other ways of organizing the derivatives. We may use
the translational invariance of this correlator to shift + — = — y and y — 0. For simplicity
we will relabel x — y calling it simply x. Since the correlation function is simply a function
of x —y, &Y = —0”. Let us also remark that (¢ (2) ¢y (y)) = — (¢r (y) ¥r (z)). Thus,
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we can exchange all the derivatives on y by derivatives on x and the correlations functions
(1 (y)¥r (x)) by (¥r, () ¥ (y)), which, due to translational invariance, can be written as

(1, (x — y) ¢, (0)). Therefore,

<7py<x)7;a<y»-—16(éﬂ)2(u{yuay<¢L(x)wL<o>>wpag<wL(x>¢m(0>ﬂ +:0)

+ sym.

(E7)

Using the expression for the 2-point function (E.1) we have

tr [0y (Ve () ¥ (0)) 70 (. (2) ¥ (0))] =(;y@(

T

o l"B
> O <332> tr(Vu a8 PL),

22
and analogously for the other terms. One should notice that

tr(Vu Y870V PrL) = tr(VpYa v 18 PL)

and we are able to rewrite our correlation function as

ot = ks o (5) () () ()

X [tr(vuYaYpysPrL) + 1 <+ p] +sym.  (E.8)
Exchanging the position of 7, and v, in tr(v,v.7,73Fr) we have
(Y078 L) = 2Naptr (Vs Pr) — tr(vuvpva Pr)-
Thus

tr (Y YaYp Y8 PL) 1 p = 20aptr(Vu s PL) A 2Naptr(VpvsPL) — tr({ Vs Yo} YavsPL)
= 2 [naptr(VMVﬁPL) + nautr(%’VﬁPL) - nuptr(Wa’Y/BPL)] .

The trace of v,7, Pp, is straightforward to compute:

1
tr(yunPrL) = 5 [tr(vuye) — tr (Vo Ye)] = Nw + €
Therefore

tr (Y Y2V ¥8 L) + 1 > 0 = 2 (Mapus + Napnps — Muplap) + 2 (Map€us + Nap€ps — Nup€ap) -
(E.9)

It turns out that we are able to rewrite 7,,,e,5 as

1
Nup€aB = ) (Na€pp — MBu€pa + Nap€us — Npp€ua)

and using this expression we may rewrite (E.9) as

tr (Y YaYp Y8 PL) 1 o = 2 (Napus + NapMps — Muplas)
+ (Nap€us + Nap€ps + Mpu€pa + NBpua) - (E.10)
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Using (E.10) we can compute (E.8) and we find the parity-odd part

<T/W (x) Tpa (0)>odd =

(6% (6% (67 (67
1 (emx TuTpTo  €aTPTuTpTo n €pal TpTyTo  €oalTuTLT,

472 x8 x8 x8 x8
B €ualpyTTo _ €uallovT Ty _ €valput To B €vaouT™T) (E.11)
46 426 426 46
« (0% (0% «
 €paluo® Ty €paluo® Ty €oallupT Ty €oallypT Ty
416 416 426 476 '

As a matter of fact, out of this computation we find that the parity-even part matches (5.1)
with ¢ = 1/472, in agreement with [3, 4]. The expression (E.11) is traceless, conserved and
can be written as

1
(T (2) Tpo (0)) qq = 392 (eauTanU + €T, "o + €apL o + eapTWpO‘) , (E.12)

where T),, ., is given by the expression (5.23). Hence (E.11) agrees with the null cone result.

E.2 Regularization formulas in 2d and 4d

In this appendix we collect the regularized integrals that are needed to evaluate the Feyn-
man diagrams in the text both in 2d and 4d. The integrals below are Euclidean integrals. They
are an intermediate results needed in order to compute the Feynman diagrams in the text.
Since the starting points and the final results are Lorentzian, it is understood that one has to
do the appropriate Wick rotations in order to be able to use them.

In 2d, after introducing § extra dimensions in the internal momentum and a Feynman
parameter v (0 < u < 1), in the limit 6 — 0, we have

/ d?p / d°¢ 2 1
(2m)2 ) (2m)% (p2 + 2+ A)2  4r

2 o 2,.2
/ p / 't Cp LN (E.13)
(2m)2 ] 2m)° (p2+ 2+ A)2  dx

/dQP / d’t P’ 11
(2m)?2 J (2m)? (p? +€2+A) A
d*p do¢ p? 1
/(QW)Q/(%) S (p2 + 02+ A)2 4( S — 4 log(4r) — 10gA>

2 6£ 4
@t | eprrrar = 5t (5_1” log(M)HOgA) .

and

where A = u(1 — u)k>.
Proceeding in the same way in 4d, with two Feynman parameters v and v, in the limit
0 — 0, beside (7.25), we find

dlp [ d P 1 P
/ (2m)* / @rP (P + E+ AP (4n)? (‘5 — 7+ log(4m) —logA>

! ¢ ! 2 2
o | ap Ay = Ty (‘5 T lostim) o A> B
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and

1

dip [ d°C 2 B
/(2@4 /(27r)5 P2+ 02 +A)B ~  2(4n)2

1

/ d*p / d’e 22p?
2m)* ) (2m)0 (p? + 2 + A)3

where A = u(1 — u)ky + v(1 — v)ka + 2uv ki ko.

(47)?

A

(E.16)
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Chapter 6

Trace anomalies in chiral theories

In this chapter, motivated by the search for possible CP violating terms in the trace of the
energy-momentum tensor in theories coupled to gravity we revisit the problem of trace
anomalies in chiral theories. We recalculate the latter and ascertain that in the trace of the
energy-momentum tensor of theories with chiral fermions at one-loop the Pontryagin den-
sity appears with an imaginary coefficient. We argue that this may break unitarity, in which
case the trace anomaly has to be used as a selective criterion for theories, analogous to the
chiral anomalies in gauge theories. We analyze some remarkable consequences of this fact,
that seem to have been overlooked in the literature.

6.1 One-loop trace anomaly in chiral theories

The model we will consider is the simplest possible one: a right-handed spinor coupled to
external gravity in 4d. The action is

— 1
5= [ oWl (n+ em) v )
where " = e]'v*, V (m,n,... are world indices, a,b, ... are flat indices) is the covariant

derivative with respect to the world indices and w,, is the spin connection:
_ .ab
Wi, = Wy, Lab

where X, = i[%,%} are the Lorentz generators. Finally vp = H%q/). Classically the
energy-momentum tensor

71—
TMV = inFyquwR + (FL A V) (62)

is both conserved and traceless on-shell. At one-loop to make sense of the calculations one
must introduce regulators. The latter generally breaks both diffeomorphism and conformal
invariance. A careful choice of the regularization procedure may preserve diff invariance,
but anyhow breaks conformal invariance, so that the trace of the e.m. tensor takes the form
(3.54), with specific non-vanishing coefficients a, c and e. There are various techniques to
calculate the latter: cutoff, point splitting, Pauli-Villars, dimensional regularization and etc.
Here we would like to briefly recall the heat kernel method utilized in [21] and in references
cited therein. Denoting by D the relevant Dirac operator in (6.1) one can show that

1
oW =~ [ dta/lglo (T =~ 155 [ d'av/Iglobs (.2 D'D)

1672
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Thus

(T8 (2))g = 7o b1 (.2 DID) ©3)

The coefficient by (z, z; DTD) appears in the heat kernel. The latter has the general form

1 o(z,y)
K(t’x,y;ﬂ)fvwe_ 2 (14 thy (2,3 D) + t2bg (2,5, D) + ) ,

where D = DD and ¢ (z,y) is the half square length of the geodesic connecting = and ¥, so
that o (z,z) = 0. For coincident points we therefore have

1 1 1
K (t2,D) ~ 1 (5 + b asD) + 0 asD) +-- ). 64)
This expression is divergent for ¢ — 0 and needs to be regularized. This can be done in
various ways. The finite part, which we are interested in, has been calculated first by DeWitt,
[57], and then by others with different methods. The results are reported in [21]. For a spin
1 right-handed spinor as in our example one gets

1 2
by (azjx;DTD> = 180 (aE4 +cW=+ eP) , (6.5)
with
11 9 15
a——z, C—§, E—Z. (66)

This result was obtained with an entirely Euclidean calculation. Coming back to Lorentzian
signature the e.m. trace at one-loop is

1 11 9 15

(Th)g = T80 % 162 (—4 Eit 3 W2+ i P) : (6.7)
As pointed out above the important aspect of (6.7) is the i appearing in front of the Pon-
tryagin density. The origin of this imaginary coupling is easy to trace. It comes from the
trace of gamma matrices including a 75 factor. In 4d, while the trace of an even number of
gamma matrices, which give rise to first two terms in the RHS of (6.7), is a real number, the
trace of an even number of gamma’s multiplied by 75 is always imaginary. The Pontryagin
term comes precisely from the latter type of traces. It follows that, as a one loop effect, the
energy momentum tensor becomes complex, and, in particular, since 7} is the Hamiltonian
density, we must conclude that unitarity may not be preserved in this type of theories. It is
legitimate to ask whether, much like chiral gauge theories with non-vanishing chiral gauge
anomalies are rejected as sick theories, also chiral models with complex trace anomalies are
not acceptable theories. We will return to this point later on.

6.2 Other derivations of the Pontryagin trace anomaly

The derivation of the results in the previous section are essentially based on the method
invented by DeWitt, [57], which is a point splitting method, the splitting distance being
geodesic. As such, it guarantees covariance of the anomaly expression. To our surprise we
have found that, while for the CP preserving part of the trace anomaly various methods of
calculation are available in the literature, no other method is met to calculate the coefficient
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of the Pontryagin density. Given the important consequences of such a (imaginary) coef-
ficient, we have decided to recalculate the results of the previous section with a different
method, based on Feynman diagram techniques. We will use it in conjunction with dimen-
sional regularization.

To start with from (6.1) we have to extract the Feynman rules.! More explicitly the action
(6.1) can be written as

4 I MH 1 pabe o
S= [ dx+/lgl §¢R’Y 8#¢R_Z€ WuabPRYV5YR (6.8)

where it is understood that the derivative applies to ¥z and ¢ only. We have used the
relation {7%, X%} = i ¢%dr;v5. Now we expand

eZ=5ﬁ+XZ+-~, 65:654_}25"’_”'7 and guuznuu+huu+"' (69)
Inserting these expansions in the defining relations eZefj =07, Juv = eZel;nab, we find
Xb=—xt and hu =2xuw. (6.10)

From now on we will use both X and h,,, since we are interested in the lowest order con-
tribution, we will raise and lower the indices only with . We will not need to pay attention
to the distinction between flat and world indices. Let us expand accordingly the spin con-
nection. Using

1
Wpab = eva(Opet] +7oTo") and To”y = 5" (Oohay + Dubrg = Onhoy) + -+
after some algebra we get
,uabczi,uabca A 6.11
Wpab € € uXa Xb + . ( . )
For later use let us quote the following approximation for the Pontryagin density
e"”ApRuuUTR/\par — el (9,905 NdaXp = Oudo Xy 070" Xap) + (6.12)

Therefore, up to second order the action can be written (by incorporating /|g| in a redefini-
tion of the ¢ field ?)
1

b A
167 OuXar Xo VRYVSYR

~ 4 i H M a'y
S~ d*x 5(5(1 - Xa)¢R7 au¢R +
The free action is

4 b —— a3
Sfree = d*z §'¢R’Y 8awR (613)

We follow closely the derivation of the chiral anomaly in [58, 59], although with a different regularization.
For other derivations of this anomaly see also [60, 61].

2This is the simplest way to deal with y/|g|. Alternatively one can keep it explicitly in the action and approx-
imate itas 1 + %hﬁ ; this would produce two additional vertices, which however do not contribute to our final
result.



80 Chapter 6. Trace anomalies in chiral theories

and the lowest interaction terms are

4 i won o 1 pabe AT
St = [ dw | =5 Xa VRV Ou¥R + 7€ JuXar Xp VRVYSVR
4 i W o’ 1 pabe AT
= d*z _Zha YRY 8/1¢R + TGG 8uha/\ hb ¢R7€75¢R (6-14)
As a consequence of (6.13) and (6.14) the Feynman rules are as follows (the external gravita-

tional field is assumed to be %,,,). The fermion propagator is

7

- = —. (6.15)
D P+e
The two-fermion-one-graviton vertex (Vy,) is
p
1 1+ s
=3 {(erp’),ﬂqu (p+p’),,w} 5 (6.16)
p/
The two-fermion-two-graviton vertex (Vy44) is
1 A gl+s
) = atﬂVHIVIH/\ (k’ — k/) ’)/HT, (617)
where the momenta of the gravitons are ingoing and
tuyu’u’n)\ = Nup' €vv’'kX + Mo’ €/ kA + Nuv' €vp kX + Nvu €pv’ k- (618)

Due to the non-polynomial character of the action the diagrams contributing to the trace
anomaly are infinitely many. Fortunately, using diffeomorphism invariance, it is enough
to determine the lowest order contributions and consistency takes care of the rest. There
are two potential lowest order diagrams (see figures F.1 and E2 in the appendices F.1 and
F.2) that may contribute. The first contribution, the bubble graph, turns out to vanish, see
appendix F.1. It remains for us to calculate the triangle graph. To limit the size and number
of formulas in the sequel we will be concerned only with the contribution of the diagrams to the
Pontryagin density.

6.2.1 The fermion triangle diagram

It is constructed by joining three vertices V¢, with three fermion lines. The external mo-
menta are ¢ (ingoing) with labels ¢ and 7, and k1, k2 (outgoing), with labels p, v and p/, v/
respectively. Of course ¢ = ki + ks. The internal momenta are p, p — ky and p — k1 — ko,
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respectively. After contracting o and 7 the total contribution is

1 d4p 1 1
“ 36 ) @™ [(zﬁ ((2p = k1)pvw + (1 < v)) P
(2

(20 =2k~ bt + (4 ) = ey R k2)>

L+ 75] (6.19)

to which we have to add the cross diagram in which kq, i, v is exchanged with ko, 1/, /.
This integral is divergent. To regularize it we use dimensional regularization. To this end
we introduce additional components of the momentum running on the loop (for details see,
forinstance, [62]):p > p+ 4, 0= (by, ..., ln_4)

1 d*p [ dv p+/
]}LVM/V/(kl, ]{12) = _256/ (27[_)4 / (27{_)”74 tr (p2 — 2 (2]7 + 20 — kl)u"}/y

]15-1-[—%1
(p—k1)2— 2

+/
(2p + 20 — 2k — ko) e W (2p+2f — )2t ) (6.20)

where the symmetrization over u, v and i/, v’ has been understood.® After some manipula-
tions this becomes

T/,Ll/“/y/(kla k2) T;(Lll/?u, l//(kl’ k2) + T(V)u V/(k:[, k2)
1 d*p a4y p+/
256 ) (2m)* / @m1" <p2 — (2= k)
+/ - k + l

The terms TW, T(? turn out to vanish. The rest, after a Wick rotation (see appendix F.2),
gives

1 21
Tuuu v’ (kla k2) 61447 C1AA—2 (kl : k2 tuyu’y’)\p - tfwzll,/)\p) k{‘ké’ (622)
where
tfi,lz VKA k2uk1u’6w/ kX T k?l/kll/euu kA T k?ukll/el/u kX T kZVkl;/e/U/ KA (623)

Finally we have to add the cross graph contribution, obtained by k1, u1, v <> ko, ¢/, /. Under
this exchange the ¢ tensors transform as follows:

te—t,  tPD) o O L (6.24)

Therefore the cross graph gives the same contribution as (6.22). So for the triangle diagram
we get

tot 1 21 A
T (k1 ko) = 30792 (kl.kQ v ap —tfwg,y,m) ke kS (6.25)

*Some attention has to be paid in introducing the additional momentum components ¢. Due to the chiral
projectors in the Vyy, vertex it would seem that £ should not be present in the first and third terms in (6.20)
(because [£,~s] = 0); however this regularization prescription would give a wrong result for the CP even part
of the anomaly. The right prescription is (6.20).
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To obtain the above results we have set the external lines on-shell. This deserves a comment.

6.2.2 On-shell conditions

Putting the external lines on-shell means that the corresponding fields have to satisfy the
EOM of gravity R, = 0. In the linearized form this means

DX = 402X + 02X — DX (6.26)
We also choose the de Donder gauge
I'h,g" =0 (6.27)
which at the linearized level becomes
20ux\ — O\t =0 (6.28)
In this gauge (6.26) becomes
Oxw =0 (6.29)
In momentum space this implies that k¥ = k3 = 0. Since we know that the final result is
covariant this simplification does not jeopardize it.

6.2.3 Overall contribution

The overall one-loop contribution to the trace anomaly in momentum space, as far as the CP
violating part is concerned, is given by (6.25). After returning to the Minkowski metric and
Fourier-antitransforming this we can extract the local expression of the trace anomaly, as
explained in appendix F.3. The saturation with 2**, """ brings a multiplication by 4 of the
anomaly coefficient. The result is, to lowest order,
1

aymwz%gfmqmmm@@@—m@m@mmg (6.30)
Comparing with (7.50) we deduce the covariant expression of the CP violating part of the
trace anomaly

i 1 1N oT
<T/l;(x)>g = 76872 § e’ pR,Lw R)\pa'r (631)

which is the same as (6.7).

6.3 Consequences of the Pontryagin trace anomaly in chiral theo-
ries

In this section we would like to expand on the consequences of a non-vanishing Pontryagin
term in the trace anomaly. To start with let us spend a few words on a misconception we
sometime come across: the gravitational charge of matter is its mass and, as a consequence,
gravity interacts with matter via its mass. This would imply in particular that massless
particles do not feel gravity, which is clearly false (e.g., the photon). The point is that gravity
interacts with matter via its energy-momentum tensor. In particular, for what concerns us
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here, the e.m. tensor is different for left-handed and right-handed massless matter, and this
is the origin of a different trace anomaly for them.

As we have already noticed in 6.1, in theories with a chiral unbalance, as a consequence
of the Pontryagin trace anomaly, the energy momentum tensor becomes complex, and, in
particular, unitarity is not preserved. This raises a question: much like chiral gauge the-
ories with non-vanishing chiral gauge anomalies are rejected as unfit theories, should we
conclude also that chiral models with complex trace anomalies are not acceptable theories?
To answer this question it is important to put it in the right framework. To start with let us
consider the example of the standard model. In its pre-neutrino-mass-discovery period its
spectrum was usually written as follows:

U o Ve -
, UR, dg, < > , €R (6.32)
<d> L ¢/r

together with two analogous families (here and in the sequel for any fermion field 1, ) =

7°Ce*, where C is the charge conjugation matrix, i.e. 1/1 represents the Lorentz covariant
conjugate field). All the fields are Weyl spinors and a hat represents CP conjugation. If a
field is right-handed its CP conjugate is left-handed. Thus all the fields in (6.32) are left-
handed. This is the well-known chiral formulation of the SM. So we could represent the
entire family as a unique left-handed spinor 17, and write the kinetic part of the action
as in (6.1). However the coupling to gravity of a CP conjugate field is better described
as follows (see, for instance, [41]). First, for a generic spinor field 1, let us define (with
L=135R= 5" and ¢r = Ly, = RY)

YR =1"Cvy = ' CRY" = [°Cy* = Lip = 4, (6.33)

where we have used the properties of the gamma matrices and the charge conjugation ma-
trix C:

C™ 'y, C = -1, cct=1, ceCr = —1, cl=—¢

and in particular C~1y5C = ~I. Let us stress in (6.33) the difference implied by the use of ~
and °, respectively.
With the help of these properties one can easily show that

- 1 ~ = 1 —
Vgl (vm + 2wm> r = /lglvra" <vm + 2wm) VR

1 *
= VIR C 9™ (Tt o ) €

which, after a partial integration and an overall transposition, becomes

V0glvry™ <v + wm> VR (6.34)

i.e. the right-handed companion of the initial left-handed action. This follows in particular
from the property C13,,C = —X1,.

From the above we see that in the multiplet (6.32) there is a balance between the left-
handed and right-handed field components except for the left-handed field v,.. Therefore
the multiplet (6.32) when weakly coupled to gravity, will produce an overall non-vanishing
(imaginary) coefficient e for the Pontryagin density in the trace anomaly and, in general, a
breakdown of unitarity (this argument must be seen in the context of the discussion in the
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following section). This breakdown is naturally avoided if we add to the SM multiplet a
right-handed neutrino field, because in that case the balance of chirality is perfect. Another
possibility is that the unique neutrino field in the multiplet be Majorana, because a Majorana
fermion can be viewed as a superposition of a left-handed and a right-handed Weyl spinor,
with the additional condition of reality, and, therefore its contribution to the Pontryagin
density is null. In both cases the neutrino can have mass.

In hindsight this could have been an argument in favor of massive neutrinos.

From a certain point of view what we have just said may sound puzzling because it is of-
ten stated that in 4D massless Weyl and Majorana fermions are physically indistinguishable:
they have the same number of components and we can define a one-to-one correspondence
between the latter. A theory of Majorana fermions cannot have the kind of (chiral) anomaly
we have found. So where does our anomaly comes from? It is therefore necessary to spend
some time recalling the crucial difference between Weyl and Majorana fields in 4D. To start
with, the map between Majorana and Weyl fields mentioned above is not representable by
means of a linear invertible operator and this fact radically changes the way they transform
under Lorentz transformations. Majorana fields transform as real representations and Weyl
fields as complex representations of the Lorentz group. As a consequence, the relevant Dirac
operators are different. Now, when we compute anomalies using the path integral we have
to integrate over fields, not over particles. Therefore anomalies are determined by the field
content of the theory and by the appropriate Dirac operator. On the other hand anomalies
like our Pontryagin anomaly (and many others) are not physical objects, but defects of the
theory. Thus what we are saying is: if we want to formulate a theory with a different num-
ber of left-handed and right-handed Weyl fields, we are bound to find a dangerous anomaly
in the trace of the em tensor. This does not prevent us from constructing a theory with the
same physical content in an another way, which is anomaly-free, by using Majorana fields.
But the path integrals of the two theories are not coincident. This, in turn, is connected with
a related question: it is well known that, by means of mere algebraic manipulations, we
can rewrite the kinetic action term of a Weyl field as the kinetic term of the corresponding
Majorana field. So at first sight that seems to be no difference between the two. But this
conclusion would forget that the transformation from Weyl to Majorana fields is not linear
and invertible, so that one must take into account the Jacobian in the path integral. This is
hard to compute directly, but what we have stressed in this paper is that it manifests itself
(at least) in the Pontryagin anomaly.

6.4 Discussion and conclusion

The main point of this paper is a reassessment of the role of trace anomalies in theories
with chiral matter coupled to gravity. In particular we have explicitly calculated the trace
anomaly for a chiral fermion. The result is the expected one on the basis of the existing
literature, except for the fact that, in our opinion, it had never been explicitly stated before
(save for a footnote in [63, 64]), and, especially, its consequences had never been seriously
considered. As we have seen, for chiral matter the trace anomaly at one-loop contains the
Pontryagin density P with an imaginary coefficient. This implies, in particular, that the
Hamiltonian density becomes complex and breaks unitarity. This poses the problem of
whether this anomaly is on the same footing as chiral gauge anomalies in a chiral theory,
which, when present, spoil its consistency. It is rightly stressed that the standard model is
free of any chiral anomaly, including the gravitational ones. But in the case of ordinary chi-
ral gauge anomalies the gauge fields propagate and drag the inconsistency in the internal
loops, while in gravitational anomalies (including our trace anomaly) gravity is treated as a
background field. So, do the latter have the same status as chiral gauge anomalies?
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Let us analyse the question by asking: are there cases in which the Pontryagin density
vanishes identically? The answer is: yes, there are background geometries where the Pon-
tryagin density vanishes. They include for instance the FRW and Schwarzschild [65]. There-
fore, in such backgrounds the problem of unitarity simply does not exist. But the previous
ones are very special ‘macroscopic” geometries. For a generic geometry the Pontryagin den-
sity does not vanish. For instance in a cosmological framework, we can imagine to go up
to higher energies where gravity inevitably back-reacts. In this case it does not seem to be
possible to avoid the conclusion that the Pontryagin density does not vanish and unitarity
is affected due to the trace anomaly, the more so because gravitational loops cannot cancel
it. Thus, seen in this more general context, the breakdown of unitarity due to a chirality
unbalance in an asymptotically free matter theory should be seriously taken into account.

Returning now to the problem we started with in the introduction, that is the appear-
ance of a CP violating Pontryagin density in the trace of the energy-momentum tensor, we
conclude that unitarity seems to prevent it at one-loop, and we cannot imagine a mecha-
nism that may produce it at higher loops. In [63, 64] a holographic model was presented
which yields a Pontryagin density in the trace of the e.m. tensor, but again with a unitarity
problem [64]. Anyhow it would be helpful to understand its (very likely, non-perturbative)
origin in the boundary theory. This mechanism for CP violation is very interesting and,
above, we have seen another attractive aspect of it: its effect evaporates automatically while
the universe evolves towards ‘simpler” geometries.

A final comment about supersymmetry. In a previous paper, [66], the compatibility be-
tween the appearance of the Pontryagin term in the trace anomaly and supersymmetry was
considered and evidence was produced that they are not compatible. Altogether this and
the results of this paper point towards the need for a theory which is neither chiral nor su-
persymmetric, if we wish to see the Pontryagin density with a real coefficient appear in the
trace of the energy-momentum tensor. How this may actually be realized, as suggested in
[63, 64], is still an open and intriguing problem.
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Appendix F

Details of computations

E1 Calculation details: the bubble diagram

In this appendix we give a few details of the calculations in section 6.2. Let us consider first
the bubble graph (see figure F.1). It is obtained by joining two vertices, V;y, (on the left)

p kl;,uvy

q;,0,T

pP—q ko i/, 0!

FIGURE F.1: Bubble diagram with ingoing momentum ¢ and outgoing k; and
k.

and Vy44 (on the right) with two fermion propagators. The ingoing graviton in Vy, has
momentum ¢ and Lorentz labels o, 7 and the two outgoing gravitons in Vyy,, are specified
by ki, p, v and kg, i/, V', respectively. Of course ¢ = k; + k. The two fermion propagators
form a loop. The running momentum is clockwise oriented. We denote the momentum in
the upper branch of the loop by p and in the lower branch by p — ¢. This diagram is

i d*p [1

T+75
2XF1g (2m)4 6 | = tprrng (ko — ki) —

(207 —¢°)7" + (0 < 7)) (F1)

1

p p—d
The factor of two in front of it comes from the combinatorics of diagrams: this one must
contributes twice. Its possible contribution to the trace anomaly comes from contracting the
indices o and 7 with a Kronecker delta (in principle we should consider contracting also the
other couple of indices x, v and p/, 1/, but this gives zero due to the symmetry properties
of the t tensor). The integral is divergent and needs to be regularized. We use dimensional
regularization. To this end we introduce additional components of the momentum running
on the loop: p = p+ ¢, £ = ({4,...,¢,_4). The relevant integral becomes

i d4p d”_4£ N
Dus ) = 55 | i | ot = )

xtr<]§+t7’) pg+/ (2p+2l—gz)> (F2)

pr—02 (p—q)*—12
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After some algebra and introducing a parametric representation for the denominators, one
finally gets

i dn—4e
Duuu’u’(klakQ) 64 ,ulzu z//\p kl / dl‘/ / 27T P}

X [<;’(2x —Dp? +z(z—1)2z —1)¢* — (22 — 1)£2> qp}

Prai-og-ep Y

This vanishes because of the x integration.

F2 Calculation details: the triangle diagram

kl;N7V

q,0,T

.,/ /
kQ,HaV

(A) Triangle diagram. (B) Crossed triangle diagram.

FIGURE F.2: In both these diagrams the momentum ¢ is ingoing while the
momenta k; and k, is outgoing.

As for the triangle diagram (see figure F.2), with reference to eq.(6.21), we have

7 1 [dYp / dn—4¢ p+1 B
Tt R h2) = 256 / (2m)t ) (2m)n—4 o p? — 02 (2p+20= k1)

+/ -k
p 1 5 (2p + 20 — 2]{?1 - ]CQ)M/’}/V/P;E))

X e —
(10— k)2 —¢

/ / / dn— 4€ k p2
= Evy!
256 AT (2 4w (1 - )k — 2)2

X (53(25 — ok — /@)uf +6%(20 — 2k, — 1@)#) , (F.4)

which evidently vanishes when we symmetrize p with v and p/ with v/. T®) is similar to
T and vanishes for the same reason. Setting k? = k3 = 0, the remaining term in (6.21) can
be written

1—x 4 n—4
d*p a4l
T,ul/u’u/(klakQ) = EVV’)\pkl kp/ dI‘/ dy/ /(271’ n—4

2 PP + ((2x + 2y — 1)ky + 2ykz) 2@ +y— k1 + (2y — 1)ka)
( f2—|—2y(1 — T — )kﬁl k?z)

(E5)
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It involves two integrals over the momenta

/ d*p / a4 2 n—d4 0 (E6)
(2m)* | (2m)n4 (p? + 2(1 —x)q? — £2)3 3272 :
and
d4p dn74€ p2€2 nsd i
/ <2w>4/ e P e -aE—ep e U e vkrk o (ED)

Integration over = and y is elementary and one gets (6.22). Both RHS’s are obtained by
Wick-rotating all the momenta.

E3 Local expression of the trace anomaly

In this paper we focus on the amplitude
<T§@Xﬂw%ﬂilw%@»c=1/d%ﬂfyf24“”+“%ﬂdﬂf@)ﬂw@ﬂpr@»c (E8)

at one-loop order. On the basis of the previous discussion, the local expression of the

anomaly is obtained by Fourier-antitransforming (6.25) and inserting it into the trace of
(3.38). One relevant contribution is ¢,/ ki\kg k1 - ko 6(q — k1 — k2), from which

d*ky diky diq .
t“”“’”’*p/ (277)14 <27r>24 (27346 Whnetkay=a2) k3kg k1 - ko 6(q — ki — ko)
= tuuap0s050(x — 2) 050,:6(y — z)  (F9)

Inserting this into the trace of (3.38) we get

TEND =ty / dhady 1 () (y) 00Oz — 2) 90,2 6(y — 2)

= 4y, 0Th 0O 1Y, (F.10)
Another relevant contribution is given by (it comes from the term containing ¢(?1))
keaukiyr € kK2KS 0(q — ki — k2)
= €/ p / dAadtydtz Frth=a2) 9rg L 5(x — 2) 000y, 0(y — z)  (E11)
Inserting it into the trace of (3.38) we get
(TH(2)) ) = deyun, O 0-hM 00, hH7 (F12)

This result is still Euclidean.
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Chapter 7

Regularization of energy-momentum
tensor correlators: 3-point functions

In this chapter we finally turn to the 3-point function of e.m. tensors in 4d, and concentrate
on its parity-odd part. We derive in particular the regularized trace and divergence of the
energy-momentum tensor in a chiral fermion model. We discuss the problems related to the
parity-odd trace anomaly.

7.1 The 3-point correlator

The calculation of the 3-point correlator brings new elements into the game. First and fore-
most new (nontrivial) anomalies, but also an enormous complexity as compared to the 2-
point correlator. In this section we first show that generically at non-coincident points the
3-point function of e.m. tensors in 4d does not possess a parity-odd contribution due to
the permutation symmetry of the correlator. Then we compute the “bare” 3-point correla-
tor by means of the Wick theorem in the same specific chiral fermionic model considered
above, disregarding regularization. We find that, as expected, the parity-odd part identi-
cally vanishes. Subsequently we compute the same amplitude using Feynman diagrams
and regularize it. It turns out that not only the parity-even but also the parity-odd trace of
the e.m. tensor is nonvanishing. We will explain this apparent paradox in section 7.2.

7.1.1 No-go for parity-odd contributions

In this subsection we will review the fact that in four dimensions there are no parity-odd
“bare” contributions to the 3-point function of energy-momentum tensors, which has al-
ready been emphasized in [7, 8].

A very powerful tool to analyse which tensorial structures can exist in a given correlation
function in a CFT is the embedding formalism as it was formulated in [6]. In their language,
to construct conformally covariant tensorial structures becomes a game of putting together
building blocks respecting the tensorial requirements of your correlator. Particularly for the
3-point function of e.m. tensors we have seven building blocks. These building blocks are
written in terms of points P; of the six-dimensional embedding space and lightlike polariza-
tion vectors Z;. Three of them depend on two points, namely

Hiy = =2((Z1-Z2) (P P) — (Z1- P2) (Z2 - 1)), (7.1)

Hys = —2((Zy-Z3) (P2 P3) — (Z2- P3)(Z3- )], (7.2)
Hiy = —2[(Z1-Z3) (P~ P3)— (Z1- P3) (Z5- Py)]. (7.3)
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Four of them depend on three points, three being parity-even, namely

(Z1- Po) (P - P3) — (Z1- P3) (P - P»)

i = P, - P3 ) (74)
v = (Zy - P3)(Po-P1)— (Zy- Pr)(Pa- P3)’ (7.5)
P;- P
~ (Z3-P) (P Py) — (Z3- P) (P5 - P1)
Vs = PP, ; (7.6)

while the last one is parity-odd, being the only object that one may construct with an epsilon
tensor, i.e.
O123 = €(Z1, 22, Z3, P, P2, P3) . (7.7)

Our job now is to put together these objects to form a conformally covariant object with
the tensorial structure of the 3-point function of e.m. tensors. Particularly, the objects that
we will construct must present twice each polarization vector Z;, since each Z; is associated
with one index of the i-th e.m. tensor. Since we are interested on parity-odd terms we will
necessarily have the building block O123 which already takes care of one factor of each Z;,
thus it is clear that our only options are

Tr = O123V1VaVs3, (7.8)
Ty = O123(ViHas + VoHi3+ V3Ha). (7.9)

In the following we will show that both 7} and 75 are antisymmetric under the permuta-
tion of 1 and 2 for example, which forbids them to be present in the 3-point function of e.m.
tensors. By inspection of the expressions (7.1)-(7.7) we see that under the exchange of 1 and
2 our building blocks change as follows:

Hy2 — Hia,
Hys —  His,
Hy3 —  Has,
i - -V,
Vo = W,
Vs — —Vs,
O123 — Oi123

From these rules it is clear that both T and 75 are antisymmetric under the exchange of 1
and 2. Of course the same result holds for the exchanges 1 <+ 3 and 2 « 3.

7.1.2 The “bare” parity-odd 3-point correlator

Consider a free chiral fermion v/, in four dimensions which has the 2-point function'

— i v-(z—y) 1—15
<1/1L (z) YL (y)> = ﬁi(x ~ y)4 Pr, Pr= 5 (7.10)
and the e.m. tensor
T (— “ —
T = § (q/)L% Oy VL + 1 y) , where 9,=8,— 9, . (7.11)

"The factor of 315 in the propagator of a fermion in 4d is needed in order for its Fourier-transform to give the

usual propagator, namely i
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Since we are dealing with a free theory we are able to compute the 3-point function of e.m.
tensors by applying the Wick theorem. Using the explicit form of the e.m. tensor (7.11) we
write

7 L e e B
(T (@) Tyo () Top () == < G G b @) Dy o 35 ) P B ¢|L:<z>>

+ symmetrization. (7.12)

There are two ways to fully contract these fields, as shown in equatlon (7.12). Each of the

contractions is composed by a certain tensor with six indices fmwb 5. contracted with a trace
of six gamma matrices and a projector P, namely

1
Fhamysetr (VWa%’Yb%VCPL) and fo) 5 tr (%ﬂ Yo Ypy PL) (7.13)

where the upper index of f is 1 for the first way of contracting and 2 for the second way.
The ordering of the free indices in the trace are given by the two ways of performing the full

contraction. The functions f vaobpe are composed by eight terms which are the eight forms
of distributing the derivatives in the right hand side of (7.12). We will show that in reality
fM and f are the same object. To see this we will only need to exchange a with ¢ in the
expression for the second way of contracting, i.e.

2 1
£ et (vw‘lvwbvpchL) = £ et <7u'Yc'7a'7b’7p’7aPL) : (7.14)

Hence, the sum of the two ways of contracting will simplify to

1
f zEaLb,Bc [tr (%LVa%’Yb%VCPL) + tr (wvcvw”vpfy“PL)] . (7.15)

It is possible to put the second trace in the form tr (vpvav,ﬁc%anL), which reduces our
final expression to

1
f ,Ealbgc [tr (’Wya’ypvb’ya”ycPL) +tr (7,;7“%76%71’1%)] . (7.16)
The trace of six gamma matrices and a gamma five is given by

tr(’Yu’Ya’Yp'Yb'Ya’Yc'YEJ) =4 (nuaepbac — Nup€abac + Mpa€ubac

(7.17)
FNoc€papb — Mbc€papa + nabeuapc) .

As one can easily check, the trace (7.17) is antisymmetric under the exchange (¢ < p,b <> ¢),
thus the odd part of the correlation function is zero.

Now we will work out what are the functions f() and show the relation between f(!)
and f(?) mentioned above. From the first way of contracting we derive the expression

1 1 1
tr [%ay (PYaaa(x—y)QPL) Y900 ( by —— = ) PL> Ya0p ( €0, (2—33)2PL>] +---, (718)

where the ellipsis stand for the seven other ways of organizing the derivatives 9,, 0, and
3. From (7.18) we see that we will have some expression that we call f(!) contracted with
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tr (7,77 7* 707 Pr) . The expression for f(1) can be read off from (7.18):

8 — g gy L g 1 gugr 1 gy 1 gepe 1
fua(rbﬂc v 94 — 2% % (y _ 2)2 BYc (Z _ .73)2 o%a (x — y)2 B%b (y _ )2 vYc (Z — .73)2
7aya$ar ay azaz _ az 8y 8,2
oua(xy)Q[b(yz)Qﬂc(zx)Z Bb(y—z) (Z*m ]
1 1 1 1
— 3040} 05 o2 —0, 20,0
’ b@—zfl (@—y)° " (z-a) u—y> z—x]
T 0z Q)2 1 T 1 Y 1 r
R [a“ T (1‘ - ] o

The second way of contracting give us the expression

tr [wau <7a8a(12>2PL> YaOp < bab( ly) PL> YaOp ( Oc @_1x)2PL>:| +---, (7.20)

from where we may read off the expression for f(2

1 1 1 1 1 1
A = oo 950; 940! — 9508 0407 a0
b -2 " -y T y—a)? @2 T (e—y)? " (y-=
1 1
—020%0Y ! or ! 0507 ! — 0%0F oF
o%c 2 a 2Y8% 2 BY%a 2% 2
y—2)°| “(x—2) (z—y) (@—2)2 " (z—y)
ayaﬁab;2 T 50V L 5 — 02 ! SODY ! 2]
(z—y) (-2 “(y—2) (x—2) (y—=)
1 1 1 1 1
—D20%0" OF oYY — 040, oY ] : (7.21)
’ —wfl z—y)? ° “(y—a) (z—9)? ° (y—x)?

Itis now a straightforward exercise to check that if one exchanges a with c in the expression
of f vaobse ONe gets fmwbﬁc, ie.
@ _ )
fucab,@a — JvaobfBe’ (722)

We remind the reader that in this computation we have ignored coincident point singular-
ities. The next task will be to take them into account, which will be done in momentum
space.

7.1.3 Relevant Fourier transforms

In the next subsection, in order to compute the 3-point amplitude of the e.m. tensor, with
the Feynman diagram technique we will use (momentum space) Feynman diagrams. Al-
though essentially equivalent to the Wick theorem they lend themselves more naturally to
regularization. The two techniques are related by Fourier transform. Hereby we collect a
series of Fourier transforms of distributions that are used in our calculations. The source is
[67]. The notation is as follows

~ . 4 . ~
Fio@lh) = 6(k) = [ d'zc®o@), o) = [ Gze it
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In particular

e 1 AT
/d4$€ k ﬁ :?, (723)
re 10g 2211 47r2i —k?
4
/d an k2 log <lt2 y (7.24)

where i> = 2u%e™, v = 0.57721... being the Euler constant. As we have seen this is
essentially what one needs to compute the Fourier transform of the 2-point correlator. The
novel feature in the calculation of the 3-point correlator is the appearance of products of
similar expressions in different points, a prototype being

1
(. —y)* =z —2)%(y — 2)*

This is singular at coincident points and has a non-integrable singularity atz = y = 2z = 0.
Ignoring this let us proceed to Fourier-transforming it

(7.25)

i(k1x+koy—qz) i(krx+koy+(ki+ka—q)z)
4. 24 4 € _ 4. 14 €
/d xdydz @ =920 = 2%y = 2)° —/d rdyd'z @ = )22
= (2m)*0(q— k1 — k )/d4xd4 il (7.26)
Cumem R Vo= '

Let us set f(z,y) = m Then, using the convolution theorem, the Fourier transform

of f with respect to x is

) ik1z
Flfwnlin) = [decepay =5 [do ot

_ 1/ ‘21; F, [;](kl—p)fx[(xjy)z}(p)

- = 4
= / d*p I (7.27)

Therefore
4 44 el(krthay) 4 ik

—y)%x?y
= —i(27)8 d4p L
= it [ et Pkt ke P

We can now compute the RHS of (7.28) in the usual way by introducing a Feynman parametriza-
tion in terms of two parameters u, v:

/(d4> - kl (P + k2)? /du/l Udv/d4 /4 2+A)3 (7.29)

where p' = p — uk; + vk and A = u(1 — u)k? + v(1 — v)k2 + 2uv k1 ko. Performing the p’
integral one gets

/du/ludv/ /d5g (p—Ei—FA 247r /du/lu (7.30)
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Our attitude will be to define the regularization of (7.25) as the Fourier anti-transform of the
(7.30).

In general, however, the expressions we have to do with are not as simple as (7.30) and
the integrals as simple as (7.28). The typical integral of the type (7.28) contains a poly-
nomial of p, ki, k2 in the numerator of the integrand. In this case we have two ways to
proceed: either we extend the running momentum p to extra dimensions (dimensional reg-
ularization), as we have done in 2d, carry out the integration and Fourier-anti-transform the
final result, or we reduce the calculations to a differential operator applied to the Fourier-
anti-transform of (7.30) (differential regularization). Usually the former procedure is more
convenient, while in many cases the latter is problematic.

Other analogous expressions are obtained in appendix G.1.

7.1.4 The parity-odd 3-point correlator with Feynman diagrams

This section is devoted to the same calculation as in subsection (7.1.2), but with Feynman
diagram techniques. In order to compute the 3-point function of the energy-momentum
tensor for a chiral fermion, it is very convenient to couple it minimally to gravity and extract
from the corresponding action the Feynman rules, as presented in chapter 6 and in [19, 59].
Due to the non polynomial character of the action the diagrams contributing to the trace
anomaly are infinitely many. Fortunately, using diffeomorphism invariance, it is enough
to determine the lowest order contributions and consistency takes care of the rest. There
are two potential lowest order diagrams that may contribute. The first contribution, the
bubble graph, turns out to give a vanishing contribution. The important term comes from
the triangle graph. This has an incoming line with momentum ¢ = k; + k2 with Lorentz
indices p, v. The two outgoing lines have momenta k1, k3 with Lorentz labels A, p and «, 3,
respectively. The contribution is formally written as

4
TL?aﬁxp(kla ko) = —5% (5734 tr [(;((219 — kA, + (A< p)) ?—1161 (7.31)
% (2D — 2k1 — ka)ars + (@ > B)) pig((zp— Do+ (0 y>)> L 75]

to which the cross graph contribution ‘Il(fy)a aap(k1,k2) = (‘T;(j/)/\ pap(k2; k1) has to be added.
We regularize (7.31) as usual by introducing extra component of the momentum running

around theloopp = p+ £, 0 =y, ..., lsia:

) 1 d'p [ d¢ p+t
‘I,ul/ocﬁ)\p(kl’k?)_512/(27[.)4/(27.‘.)5 tr p2_£2(2p*]€1))\’yp

" P‘FZ—%l
(p—k1)2 — 2

(2p — 2k1 — k2)ap m (20 — QD ! J;%> (7.32)

where the symmetrization with respect to o < 3, A < p and p < v is understood. We
should now proceed to the explicit calculation. However one quickly realizes that this in-
volves a huge number of terms. To find an orientation among the latter it is very useful to
tirst compute the trace and the divergence of the e.m. tensor in the above formulas. They
are connected to the trace and divergence of the full one-loop e.m. tensor by the general
formulas of chapter 3.
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7.1.4.1 The trace

The trace of (7.32) is
la 1 d*p dor p+1
7! )uaﬁ/\p(kl’ k) = " 956 (27)4 (2ﬂ)5 tr P2 — (2 (2p — k1),
P+ ! — ¥

. (p—k1)?2—¢2

(2p — 2k — kz)aww (2p—¢) s 75) (7.33)

On the other hand if we first take the trace of (7.31) and then regularize it, we get

m 1 d*p do¢ p+1
‘I( )Maﬁ)‘p(kl’ k‘Q) = _ﬁ (27[_)4 (27‘_)5 tr 2 _ [2 (2p - kl))\’Yp

b

}ﬁ+[—%1

k)

<2p_2k1—k2)mw (2p+2f —g) 10 75). (7.34)

The difference between the two is?

1 1 dp a°/ p+/
A{.T( )Maﬁ/\p(k‘l, k2) 1728 (27‘(‘)4 (271')5 tr p2 — £2 (2p — k‘l),\’}/p

x M(zp—zkl k2>m/+f2 ! llz%). (7.35)

Similar expressions hold for T(?). Now it is easy to show that (7.33) vanishes along with
the analogous expression for 7(2), while (7.34) does not, and in fact the odd-parity part of
(7.35) is precisely the anomalous term computed in [19], which, together with the cross term
coming form T2, gives rise to the Pontryagin anomaly. More precisely, the two terms yield

TM

uapo(k1, k2) =

192(1) RTRS (Ko — trpasor (K2 4+ K3 + Kiks) ) (7.36)
The tensors t and t(2V) were defined in [19]. In [19] the external lines were put on shell (in
the de Donder gauge): k¥ = k3 = 0. This is the right thing to do, as we shall see, but it is
important to clarify the role of the off-shell terms too. Therefore let us consider nonvanishing
external square momenta. While the remaining terms, when inserted into the reconstruction
formula (3.38), reproduce the Pontryagin density to order /2,

~ € (9,050, O\O-hG — 0,05 by, 0307 hrp) + O(h), (7.37)
the term proportional to k7 + k3 in (7.36) leads to a term proportional to
29, MO\ per- (7.38)

They are both invariant under the Weyl rescaling 6k, = 2wn,,. Thus the corresponding
anomalous terms obtained by integrating (7.37) and (7.38) multiplied by the Weyl parameter
w are consistent. But while the first gives rise to a true anomaly, the second one must be

Egs.(3.38) and (3.44) suggest that the right prescription is (7.34), not (7.33). This has been fully confirmed by
the calculations in 2d. The anomaly is determined by the n-point functions where the entries are one trace of the
e.m. tensor and n — 1 e.m. tensors. We have quoted the “‘wrong’ formula (7.33) on purpose in order to stress this
point.
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trivial because there is no covariant cocycle containing the € tensor beside the Pontryagin
one. In fact it is easy to guess the counterterm that cancels it: it is proportional to

/#xmwwmmw@ma (7.39)

where h = hj,. But this counterterm breaks invariance under general coordinate transfor-
mations, which to lowest order take the form é¢h,, = 0,&, + 0,€, (with §¢w = 0). Thus we
must expect that off-shell terms break the e.m. tensor conservation. This does not mean that
there are true diff anomalies, but simply that we have to subtract counterterms (actually, a
lot of them, see below) in order to recover a covariant regularization. In other words taking
into account off-shell terms is a very effective way to complicate one’s own life, while dis-
regarding them does not spoil the result if our aim is to find a covariant expression of the
anomaly. The reason for this is that the equation of motion of gravity in vacuum

Ohyy — 0,05hyy — 9,0\, + 9,0,h3 =0 (7.40)
is covariant. If we impose the De Donder gauge
20, — O\l =0 (7.41)

the last three terms in the RHS of (7.40) vanish and the latter reduces to (A, = 0. Therefore
choosing this gauge and putting the external legs on shell (as we have just done) does not

break covariance and considerably simplifies the calculations’.

7.1.4.2 The divergence

The discussion in the previous subsection raises a problem. For not only can we subtract
(7.38) via the counterterm (7.39), but also (7.37) can be subtracted away by means of the
counterterm

N/#mmmwmmm@&@—@@maym@+wm% (7.42)

as it is easy to verify. This of course generates new terms in the divergence of the e.m. tensor.
Choosing the on-shell option to simplify the problem, they corresponds, in the momentum
notation, to the terms

~ €8poT klyki‘kg (kl)\kga — na)\kl . kz) + {)\ < p} + {Oé <> B} + {1 < 2} (7.43)

where the subscript v, in coordinate representation, is saturated with the diffeomorphism
parameter £”.

Let us remark that, when we refer to the lowest order in h, any anomaly appears to be
trivial and can be subtracted (see what we have done above in 2d). This is true also for the
even parity anomalies, but it is an accident of the approximation. What is decisive about
triviality or not of the anomalies is their diff partner. We must arrive at a configuration in
which the diff partner of the trace anomaly vanishes. In this case we can conclude that a
nonvanishing trace anomaly is nontrivial even if it is expressed at the lowest order in h.
This expression will be the lowest order expansion of a covariant expression (much as (7.37)
is). In conclusion we expect that subtracting away (7.37) by means of (7.42) is a forbidden

*Sometimes it oversimplifies them, for instance in 2d or in 4d for the 2-point correlator. In such cases there is
no way but doing the calculations in full, as we have done above.
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operation (it breaks covariance). But it is important to verify it by a direct calculation. This
is what we intend to do in the sequel.

The relevant lowest order contribution to (V#T),,),, see (3.43), comes from the 3-point
function (0|7 {0"T )., (x)Tx,(y)Tws(2)}|0). The latter corresponds to two graphs, the bubble
and the triangle ones (see [19]). The bubble graph contribution vanishes. The triangle con-
tribution is given by

1 d* 1 1
Ty g (k1 k2) = == ﬁ tr K((QP —k1)avo + (A < p)) " (7.44)

512 P
—(2p—q)-qn+2p— q)yg)> ! 27‘1

X ((2p — 2k1 — k2)avs + (a <> B)) p g

to which the cross contribution q“TlSlV)a sap(k2, k1) has to be added. We regulate the integral
as usual with an extra dimensional momentum ¢ and introduce Feynman parameters as
needed. After a rather lengthy algebra, in particular with explicit use of the identity

Nuv€xpor — NMu€vpor + Nup€uvror — Muo€uvrpr T Nur€vdps = 0, (7.45)
the regularized (7.44) can be recast into the form
DY) (k1 ka) = ¢ (T (ko) + T (o, By
vApa\Vls R2) = q uw\poaﬁ 1, ~2 prafBip 2,1

11—z é
d°¢
= 256 / dx / dy / / |:_€V/3m' (Ppk k3 + (K1pk3 + kopkT + 2k3p,)p7)

+euvppr (P ( (k1 + ko —p)" +p'k‘1 kS —p-ko kT + (ko — 2p)'k1pT) + €vorrnpp P° k1KY

+evpor (Pak1 kS + P (k1gk3 + kagk] — 2pk])) + Cevgor(p + k1 — k2)”

2p (k1 4+ k2)(2p + k1)A(2p — k2)a
[(p + xky — yko)? + 22y ky ko — £2]

(7.46)

This expression does not contain any of the terms (7.43), but of course this is not enough.
We have to prove that all the terms in (7.46) either vanish or are trivial in the sense that
they can be canceled by counterterms that are Weyl invariant. This analysis is carried out in
appendix G.2, where counterterms are constructed which cancel all the onvanishing terms
in (7.46) without altering the result of the trace anomaly calculation. Thus the lowest order
expression (7.37) cannot be canceled (except at the price of breaking diffeomorphism invari-
ance) and is a genuine covariant expression. It represents the lowest order approximation
of the Pontryagin density.

7.1.4.3 (Partial) conclusion

The results obtained in this section fully confirm those of [19-21]. The apparent contradic-
tion inherent in the fact that the “bare” parity-odd correlator of three energy-momentum
tensors vanishes will be explained in the next section. Here we would like to draw some
conclusion on the regularized e.m. tensor 3-point function. We have seen that the trace
and the traceless part of the correlator must be regularized separately. The traceless part of
the correlator can be regularized starting from (7.32). We would like to be able to conclude
that the regularized traceless part coincides with the “bare” part, i.e. it vanishes, but in or-
der to justify this conclusion the calculations are very challenging, because it is not enough
to regularize and compute (7.32), but we must also take into account all the counterterms
(with the exact coefficients) that we have subtracted in order to guarantee covariance, see
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appendix G.2. This can realistically be done only with a computer algebra program. For the
time being, although we believe the regularized traceless part of the correlator vanishes, we
leave its proof as an open problem.

Finally a comment on the parity-even part of the 3-point e.m. tensor correlator. The
calculation of the trace and divergence involves many more terms than in the parity-odd
part, but it does not differ in any essential way from it. Also in the parity-even part it is
necessary to introduce counterterms in order to guarantee covariance and the correct final
expression for the trace anomaly. On the other hand this is pretty clear already in the 2d case,
as we have shown above. Since the results for the parity-even part of the 3-point function,
both “bare” and regularized, [3, 4], and relevant even-parity anomalies are well-known, see
[68], we dispense with an explicit calculation.

7.2 The ugly duckling anomaly

The title is due to the non-overwhelming consideration met so far by the Pontryagin trace
anomaly. Needless to say its presence in the free chiral fermion model is at first sight sur-
prising. The basic ingredient to evaluate this anomaly in the Feynman diagram approach is
traditionally the triangle diagram, which can be seen as the lowest order approximation of
the 3-point correlator, whose entries are one e.m. trace and two e.m. tensors. On the other
hand, since the “bare” parity-odd part of the 3-point correlator of the e.m. tensor vanishes
on the basis of very general considerations of symmetry, it would seem that even the triangle
diagram contributions should vanish, because the regularization of zero should be zero.

The remark made in connection with formulas (7.33), (7.34) and (7.35) may seem to add
strength to this argument because it leaves the impression that the Pontryagin anomaly is
something we can do without. After all its existence in the 3-point correlators is related to
the order in which we regularize. One might argue that if we regularize in a specific order
the anomaly disappears, but this is not the case. First of all we remark that what one does
in all kind of anomalies is to regularize the divergence of a current or of the em. tensor,
or the trace of the latter, rather than regularizing the current or the e.m. tensor and then
taking the divergence or the trace thereof. In other words the regularization should be done
independently for each irreducible component that enters into play. But, even forgetting
this, in order to make a decision about such an ambiguous occurrence one must resort to
some consistency argument, and this is what we will do below.

In fact the apparent contradiction is based on a misunderstanding, which consists in as-
suming that the (unregulated) 3-point correlator in the coordinate representation is the sole
ingredient of the anomaly. This is not true*. The 3-point correlator of the energy-momentum
tensor is one of the possible markers of the trace anomaly, but, as we shall see, there are infi-
nite many of them and consistency demands that they all agree (the more so if the correlator
is unregulated). Let us start with by clarifying this point.

In chapter 3 we have shown how to reconstruct the full one-loop e.m. tensor starting
from the one-loop correlators of the e.m. tensors, see (3.38). What matters here is that the
full one-loop e.m. tensor contains the information about the e.m. tensor correlators with
any number of entries. The first non-trivial one corresponds of course to n = 2.

Now let us apply the reconstruction formula (3.38) to a single chiral fermion theory.
Classically the energy-momentum tensor for a left-handed fermion is

@) _ tgm o
T’ = 79ru0vtr + {n < v} (7.47)

*We remark that the parity-even 3-point correlator of the e.m. trace and two e.m. tensors also vanishes for
non-coincident points, but this does not prevent the even parity anomaly from being nonvanishing.
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which is both conserved and traceless on shell. An analogous expression holds for a right-
handed fermion. It has been proved in general (and we have shown it above) that the (un-
regulated) parity-odd 3-point function in the coordinate representation vanishes. Thus let
us ask ourselves what would happen if parity-odd amplitudes

O[TATE), (21) ... TE), (2n)}0)oda

Hivi HnVn

to all orders were to vanish. We would have the same also for the right handed counterpart,
while the even-parity amplitudes are equal. Therefore the difference

(T3 (@))g = (T30 (@))g = 0. (7.48)
This would imply that the quantum analog of 1,75 gyw + {p <> v} would vanish identi-
cally. This is nonsense, and means that the vanishing of the parity-odd 3-point function is an
accidental occurrence and that the (“bare”) parity-odd amplitudes will generically be non-
vanishing °. Inserting now these results in the reconstruction formula (3.38) and resumming
the series we would reconstruct the parity-odd anomaly. Let us apply this to the trace of the
quantum energy-momentum tensor. Since the parity-odd amplitudes are generically non-
vanishing we would obtain a nonvanishing trace anomaly. Now the only possible covariant
parity-odd anomaly is the Pontryagin density

1
P= (e”mlkmnmpqﬂzlkm) (7.49)
whose first nonvanishing contribution is quadratic in h,,
e“”’\pRW‘”RApM = 2P (Qﬁghz O\O-hy — 0,05, 8>\6”th) + ..., (7.50)

and can come only from the parity-odd 3-point correlator. But, if the latter vanishes, we
would get an incomplete, and therefore non-covariant, expression for this anomaly.

The conclusion of this argument is: covariance (and consistency) requires that, even if
the (unregulated) parity-odd 3-point function in the coordinate representation vanishes, the
corresponding regularized counterpart must be non-vanishing. This is precisely what was
found in [19] with (regularized) Feynman diagram techniques.

The existence of the Pontryagin anomaly is confirmed also by other methods of calcula-
tion: the heat kernel method, see [19, 21] and references therein, and the mass regularization
of [59], although the latter method have not been applied with the same accuracy as the
dimensional regularization in the present paper. We should mention also the dispersive
method which uses unitarity as an input. Of course we do not expect this method to repro-
duce this anomaly, which violates unitarity, [19]. In fact using such a method would be a
reversal of the burden of proof. The dispersive argument is very elegant and powerful, [12,
62, 69], but it assumes unitarity. Unitarity is normally given for granted and assumed by
default. But the case presented in this paper is precisely an example in which this cannot be
done.

Finally we would like to notice that the so-called Delbourgo-Salam anomaly, [59], i.e. the
anomaly in the divergence of the chiral current j,5 = ii/_)’yuvg,d;, is determined by a term (7.33)
in which the factor (2p—¢) is replaced by ¢. If, in such a term, we rewrite ¢ as 2p— (Qp— g), we
see that the second part reproduces the Pontryagin anomaly we have computed, while the
term containing 2p, once regularized, is easily seen to vanish. In other words the Pontryagin
trace anomaly and the Delbourgo-Salam chiral anomaly come from the same term.

>The analogue of the parity-odd 3-point correlator vanishing theorem does not exist for generic amplitudes.
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7.3 Conclusions

In conclusion, let us summarize what was reviewed and what was shown in this paper.
Our paradigm is always the theory of a free chiral fermion, thus every time that we refer to
Feynman diagram techniques or Wick theorem, we are making reference to these techniques
applied to this specific model.

We started in sections 5.1, 5.2 and 5.3 by reviewing the regularization of the 2-point
function of e.m. tensors in 2d, using both differential regularization and dimensional regu-
larization of the expression obtained with Feynman diagrams. Demanding the correlator to
satisfy the Ward identity for diffeomorphism invariance we obtain a violation of the Ward
identity for conformal invariance and we recover the known result of the 2d trace anomaly.
In section 5.4 the analogous result was shown also in 4d where the situation is different be-
cause we are able to regularize the correlator in such a way that both Ward identities are
satisfied.

In section 7.1, moving to the 3-point function of e.m. tensors in 4d, we first noted a
discrepancy between the computations in momentum space through Feynman diagrams
and the computation in coordinate space using the Wick theorem. The direct computation
through Wick theorem tells us that there is no (unregulated) parity-odd contribution in the
3-point correlator of e.m. tensors for the free chiral fermion. This result is indeed in agree-
ment with the general fact that in 4d there are no parity-odd contribution in the correlation
function of three e.m. tensors which was reviewed in section 7.1.1. With this fact in hand
one could try to regularize this correlator with the techniques of differential regularization
and would be obliged to conclude that there is no parity-odd trace anomaly simply because
there is no parity-odd contribution to be regularized. On the other hand, by doing the com-
putation in momentum space with Feynman diagram techniques we do find a parity-odd
trace anomaly. Is this result forced to be wrong?

We argued in section 7.2 that these results can perfectly coexist and the result in coordi-
nate space by no means is a no-go for the existence of the Pontryagin anomaly.



103

Appendix G

Details of computations

G.1 Fourier transforms

In this appendix we expand on the results of section (7.1.3). Let us start from the following
formal transformations:

dp ki . P 1
. 6 i _ 4. g4, i(kiztkoy)
) | ot e e e i (=) G1

d4p kz ; 0 1
—4(om)8 M _ / 4. 4, i(kix+kay)
i(2) /(%)4 Po—k)2p-a? drdye Iyt \ (z — y)2x?y?

According to the procedure outlined in section (7.1.3), the LHS’s of these equations will be
defined by means of (7.30) and, via Fourier anti-transform, will define the corresponding
regularized rational function in the RHS’s. The generalization to multiple powers of the
momenta k1, k2 in the numerator is straightforward. The (G.1) formulas and the like define
a differential regularization.

In the main body of the paper we have to do with similar integrals in which, however,
the numerator of the integrand contains polynomials of p beside k; and k3. In this case we
do not know a straightforward way to differentially regularize them and resort instead to
dimensional regularization, in which case other Fourier transforms are needed. For instance

)

d4k1 d4k‘2 etk1(z—2)+k2(y—2))
[ G mr Ry

- i ((E=2)t—2) 3
B i / d4k‘1 el’ﬂ(fy) / d4k2 2%2(%) B 1 1 5(4)( B )
“16 |/ @n)f 2 (2m)t© T 16r2 (w220 VY

where we set ]~€1 = k1 + k9 and 152 = ki — ko. Proceeding in the same way,

(G.2)

log (k1 + ks)* =

d4k’1 d4k52 etlk1(z—2)+k2(y—2))
| GGy

and it is understood that

4 4
/ Ak AR i (o2 +ha(y=2) g (k1 + k2)? =

— *(a +8 )2/ d4k1 d4]€2 ei(kl(x*Z)ﬁ’kQ(yfz)
= —(0y + 0y (2m)t 2m)r (k1 + k2)?

log (k1 + k2)?.
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G.2 Conservation of the e.m. tensor
In this appendix we complete the proof of section 7.1.4.2.

To start with we write down the structure of the various terms in (7.46) in momentum
representation and in coordinate space after applying (3.38)

€vpprk1-kakikiak] — /&”61,5,,7808,\8&8%)")8"}10‘5 =0,

€vpprk - kakinkiaky — / €Y €,5pr 0r O0Oah™ OT 07 hP (G.4)

_ % / €765 0900 OO hOP (G.5)
€vpprk - kakirkaoky — / €Y €,5r 0y 0o h™P D\OT 07 P (G.6)
€vpprk - kakirkaok] — / €Y €1pr 05 00T 9\07 P (G.7)

and other similar terms obtained by exchanging 1 and 2. (G.6) is the opposite of (G.7). In
addition we have the term

Naxévgpr (k1-k2)? k] — / €Y €15r 0y 00" WM 07 hP (G.8)

and the opposite one obtained by exchanging 1 and 2. All these terms appear with (nonva-
nishing) coefficients which are rational numbers or rational numbers multiplied by

2
5 + v — logdm + log 2k; - ko (G.9)

in the limit § — 0. The terms proportional to log 2k - ko will be disregarded here because,
due to the results in appendix G.1, they corresponds to the 2-point terms of eq.(3.43). All the
other terms have to be canceled by subtracting counterterms from the action. The important
point is that such counterterm must be Weyl invariant to the appropriate order in h, other-
wise they would modify the trace of the e.m. tensor. We show next that this is in fact true
for all the above terms.

The terms (G.4) and (G.8) are trivial, for we have

O / h€unpOth™ OMORE = 0,
o / h €0 h™ OO = / ¥ €y p00- 00 R O O, (G.10)
and
S / €urp W7 OTOMRE O = 0,
S¢ / €y D17 OTONRL LY = — / €Y €207 0" hH 8,00 hE, (G.11)

1
+2 / €Y €y rrp0" 0" N7 0000 hE, + 5 / ¥ €rn 0T O"hH7 0,0 O .
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Similarly
S / €vppr WW0h7P 9,070"h2 = 0,
d¢ / €vppr W@ 0shP 9,07 0"hS = / %€y ppr Oy O™ 00" hY

~5 [ € r0nT 0,00, (Ga12)

2
and
O / €uppr W7 0h®P 97 0,0"h = 0,
J¢ / €vgpr N7 0xh® 07050 hE = — / v (2%}7 00RO 00" hS (G.13)
+2€,p87 05 0P 0,050 hE + 26,57 70T Ophl2 00k + €,5,r DO’ 6“6780h> :
as well as

8 / €uppr 7O OT9,hS = 0,
1
3¢ / €0 3pr YT TIRP 97D hfS = / ¢ (5%07 0.0°hP7 9,079 h (G.14)
~2espr 00N 050" 0N, — €457 DOPROT OO O,0E),
and other similar ones. Using combinations of these relations it is easy to see that all the
terms listed above, which appear in (7.46), see (G.4), (G.6) and (G.7), are in fact trivial. They

can be reabsorbed in a redefinition of the action without altering the already calculated trace
anomaly.
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Chapter 8

Massive fermion model in 3d

In this chapter we analyze the 3d free massive fermion theory coupled to external sources.
The presence of a mass explicitly breaks parity invariance. We calculate two- and three-
point functions of a gauge current and the energy momentum tensor and, for instance, ob-
tain the well-known result that in the IR limit (but also in the UV one) we reconstruct the
relevant CS action. We then couple the model to higher spin currents and explicitly work
out the spin 3 case. In the UV limit we obtain an effective action which was proposed many
years ago as a possible generalization of spin 3 CS action. In the IR limit we derive a dif-
ferent higher spin action. This analysis can evidently be generalized to higher spins. We
also discuss the conservation and properties of the correlators we obtain in the intermediate
steps of our derivation.

8.1 The 3d massive fermion model coupled to external sources

1

The simplest model is that of a Dirac fermion" coupled to a gauge field. The action is

S[A] = / &P [ipy* Dy — mapp], Dy =0, + Ay, (8.1)

where A, = Af,(z)T* and T are the generators of a gauge algebra in a given representation
determined by . We will use the antihermitean convention, so [7%,T%] = f®°T¢, and the
normalization tr(7%7T%) = §?°. The current

Ji(x) = Yy, T4 (8.2)

is (classically) covariantly conserved on shell as a consequence of the gauge invariance of
(8.1)

(DJ)* = (95 + fe*°A™).J5 = 0. (8.3)

The next example involves the coupling to gravity

VR a I 1 C C 1 c
Slo) = [ doe (BB Vb - miv], V=0t juacs®, =[] 64

The corresponding energy momentum tensor

7 - > >
T,uz/ = Zw ('Y,u ov + 8#) (0 (85)

'The minimal representation of the Lorentz group in 3d is a real Majorana fermion. A Dirac fermion is a
complex combination of two Majorana fermions. The action for a Majorana fermion is 5 of (8.1).
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is covariantly conserved on shell as a consequence of the diffeomorphism invariance of the
action,

VAT (z) = 0. (8.6)

However we can couple the fermions to more general fields. Consider the free action

S = / &z (i Ounh — myp] (8.7)
and the spin three conserved current
1- 1 _ 5 _
Jprpops = 57/}7(/“ 8ugau3)¢ + ia(ul 8#2#”)%3)#’ - ga(m”tlﬁ’mgaug)lﬁ
1 - m2 -
+§77(#1#28 w'Y#g)aow - ?n(mmd)%@)d)' (8.8)

Using the equation of motion one can prove that
0HJuwx =0, (8.9)
T = S (—i0DY + 0N + 20130 (8.10)
Therefore, the spin three current (8.8) is conserved on shell and its tracelessness is softly

broken by the mass term. Similarly to the gauge field and the metric, we can couple the
fermion ¢ to a new external source b,,,» by adding to (8.7) the term

/ BT\ (8.11)

Notice that this requires b to have canonical dimension -1. Due to the (on shell) current
conservation this coupling is invariant under the (infinitesimal) gauge transformations

0buwa = 0 My, (8.12)

where round brackets stand for symmetrization. In the limit m — 0 we have also invariance
under the local transformations

5bu1//\ = A(/ﬂ?l/)\)a (8.13)

which are usually referred to as (generalized) Weyl transformations and which induce the
tracelessness of J,, in any couple of indices.

The construction of conserved currents can be generalized as follows, see [29, 30]. There
is a generating function for J(™. Introduce the following symbols

— —
Uy =0 s vy, =0y, (wv) = ufvy, (uz) = uf'z,, (v2) =z, etc,

where z# are external parameters. Now define

J(x;2) = Z Jfff.)““nzm o2t = (y2)Fu, v, 2)1, (8.14)
where
F(u,v,2) = ®=2) r(x) (X)) = M, X = 2(uv)(zz) — 4{uz){vz). (8.15)

VX
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Defining next the operator D = ((u + v) ~), it is easy to prove that, using the free equation
of motion,
DJ(xz;z) = 0. (8.16)

Therefore all the homogeneous terms in z in J(x; z) are conserved if m = 0. If m # 0 one
has to replace X with Y = X — 2m?(zz). Then we define

Z m n? -l :1Z<vz>e(<uz>_<”‘z>) fY)y (8.17)

and one can prove that
DJpm(z;2) =0, (8.18)

with m # 0. The case J®) in (8.17) coincides with the third order current introduced before.

For any conserved current J;(L?)un we can introduce an associated source field bH1--Hn
similar to the rank three one introduced above, with a transformation law that generalizes
(8.12). However, in this regard, a remark is in order. In fact, (8.12) has to be understood
as the transformation of the fluctuating field b,,,, which is the lowest order term in the
expansion of a field B,,, 5 = by, + ... whose background value is 0. b, plays a role similar
to h,, in the expansion of the metric g,,, = 7 + by + . .. (see also Appendix B). In order
to implement full invariance we should introduce in the free action the analog of the spin
connection for B,,,, and a full covariant conservation law would require introducing in (8.9)
the analog of the Christoffel symbols.

8.1.1 Generating function for effective actions

The generating function of the effective action of (8.1) is

OO n+1

WIA] = /Hd3 (A () LAY () 0T T (1) - - T (20)]0),(8.19)

where the time ordered correlators are understood to be those obtained with the Feynman
rules. The full one-loop 1-point correlator for Jj is

SWA]

<<J,iL (z)) = W (8.20)

- Zn - a a a a a
_ _Zn!/nd%i/l W () AT (2, ) (O[T T8 ()T (21) ... T (2)]0).
n=1 =1

Later on we will need also the one-loop conservation
(D" (T = (T (x)) + AL () (TH(2))) = 0. (8.21)

We can easily generalize this to the case of higher tensor currents J). The generating func-
tion is

OO n+1
W(p)

/ Hd% @ (g) b ()

x (0|TJ® (z1)...JP  (2,)]0). (8.22)

H11---H1p Hnl..-Unp
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In particular a,,, = h,, and Jﬁ,) = Ty, and a,, ) = byya. The full one-loop 1-pt correlator

o
for Ju is

1144
VR = sty =~ 2oy [ T mansen) aeron(a)

X (O]TJM.”“F(x)J;S?j)lmmp (1) . I (2n)[0). (8.23)

The full one-loop conservation law for the energy-momentum tensor is
V(T (2))) = 0. (8.24)

A similar covariant conservation should be written also for the other currents, but in this
paper for p > 2 we will content ourselves with the lowest nontrivial order in which the
conservation law reduces to

M J®) ()Y = 0. (8.25)

H1---fp

Warning. One must be careful when applying the previous formulas for generating

functions. If the expression (0|TJ£717)1,,,#1P($1) . J,Sﬂ)l,,,#np(:vn)|0> in (8.22) is meant to denote
the n-th point-function calculated by using Feynman diagrams, a factor i" is already in-
cluded in the diagram themselves and so it should be dropped in (8.22). When the Current
is the energy- momentum tensor an additional precaution is necessary: the facto
be replaced by 5. The factor 5 is motivated by the fact that when we expand the actlon

Sln+h] = /dd

lw+...7

dghv lg

the factor 52;?” = 1T,,. Another consequence of this fact will be that the presence of ver-
9=n

tices with one graviton in Feynman diagrams will correspond to insertions of the operator
%T/w in correlation functions.

8.1.2 General structure of 2-point functions of currents

In order to compute the generating function (effective action) W we will proceed in the next
section to evaluate 2-point and 3-point correlators using the Feynman diagram approach.
It is however possible to derive their general structure on the basis of covariance. In this
subsection we will analyze the general form of 2-point correlators.

As long as 2-point correlators of currents are involved the conservation law is simply
represented by the vanishing of the correlator divergence:

oM (0| TJP JP) )]0y = 0. (8.26)

M- Mp( ) V1...Vp

Using Poincaré covariance and this equation we can obtain the general form of the correla-
tors in momentum space in terms of distinct tensorial structures and form factors. Denoting
by

Jul---up,m---vp(k) = <j(p)... (k)j(p.).. (_k)> (8~27)
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the Fourier transform of the 2-point function, the conservation is simply represented by the
contraction of F), . with kt:

k1 j,ul.../.l,p,ul...up(k) =0. (828)

The result is as follows. For 1-currents we have

~ ~ - k2N kuk, — k*n K2\ kTe

ab a b ab phv |24 TV

j i — . 2
W(k) Uu(k)Jy( K =9 [T <m2> 16|k| " <m2> 27 } 629

where |k| = V'k? and 7, k are model dependent form factors.
The most general 2-point function for the energy-momentum tensor has the form

(k2 /m2
<TW (k) TPU (_k)> - g(ﬁk/\) (kﬂkv - ”uvkz) (kpka - ”pakQ)
o (k*/m?)
||
Kg (kQ/mQ)
C1921r

[(kukp — nupk?) (kvke — muok®) + 4> v]  (8.30)

[(EMJTkT (kvkd - 771/0]{72) +p U) +p V] .

where 7,4, 7, and r, are model-dependent form-factors. Vanishing of traces over (uv) or (po)
requires 7, 4+ 7; = 0. Both here and in the previous case, the notation, the signs and the
numerical factors are made to match our definition with the ones used in [28]. ?

As for the order 3 tensor currents the most general form of the 2-point function in mo-
mentum representation is

~ = k2 k2
<JM1#2M3(k>JV1V2V3(_k>> =T (W) ‘MSWMUQWHBVNTWW + Tl; (7712> ’klsﬂ—mulﬂmwﬂugw

i 2 k2
+ k4€M1V10'k; |:K/b <7’n2> 7T#2M37T1,2,,3 + K);) <7’n2> WM2V27T“3V3:| s (831)

where complete symmetrisation of the indices (y1, p2, p3) and (v, v2, v3) is implicit3 and

kok,
Tpw = N — —Zz (8.32)

is the transverse projector. This expression is, by construction, conserved but not traceless.
Vanishing of traces requires

47, + 37 = 0, 4y + Ky, = 0. (8.33)

8.2 Two-point functions

In this section we compute the the 2-point function of spin 1, 2 and 3 currents using Feyn-
man diagrams with finite mass m. Then we take the limit m — 0 or m — oo with respect to
the total energy of the process, i.e. the UV and IR limit of the 2-point functions, respectively.

?Except that we work in spacetime with Lorentzian signature (+ — —).
SWhen we say that the complete symmetrisation is implicit it means that one should understand, for instance

Ty po Tpgvy Tvgvg —7 9 [T 1 2 T s Mwgvg + Tpsps Mo Mg + oo -]



112 Chapter 8. Massive fermion model in 3d

These are expected to correspond to 2-point functions of conformal field theories at the rel-
evant fixed points. We will be mostly interested in the odd parity part of the correlators,
because in the UV and IR limit they give rise to local effective actions, but occasionally we
will also consider the even parity part.

8.2.1 Two-point function of the current J;(z)

This case has been treated in [35], therefore we will be brief. The only contribution comes
from the bubble diagram with external momentum £ and momentum p in the fermion loop.
In momentum representation we have

~ a3 1 1

ab p a b ab
J k)= Y 1 h/z = —

,uz/( ) / (2 )3 Ir < w m > 20

p p—k—m
/ Pp pop = k) =2 (0 = F) iy + pu(p — K)o + e h? +m i o
(27)? (p? =m?)((p — k)* —m?) '
For the even parity part we get
-~ 2i 4m? k| 2lm|] kuk, — k*n
ab(even) k) = 75ab 1 tanh _ uhy v .
T (k) - [( + ) arctan 2] 7 I (8.35)
while for the odd parity part we get
- 1 m K|
ab(odd) )= — ab o "
i 7 (k) 27r6 €uwak ] arctanh <2|m|) (8.36)

where |k| = V/k2. The conservation law (8.28) is readily seen to be satisfied. In the following
we are going to consider the IR and UV limit of the expressions (8.35) and (8.36) and it
is important to remark that we have two possibilities here: we may consider a timelike

momentum (k* > 0) or a spacelike one (k* < 0). In the first case, we must notice that

the function arctanh (%) has branch-cuts on the real axis for % > 1 and it acquires

an imaginary part. On the other hand, if we consider spacelike momenta, we will have

arctanh (;"ﬂ') = jarctan (%) and arctan (%) is real on the real axis. The region of
spacelike momenta reproduces the Euclidean correlators. Throughout this paper we will
always consider UV and IR limit as being respectively the limits of very large or very small

spacelike momentum with respect to the mass scale m. In these two limits we get

Ko

N i pkuky, — K2 [ 2E IR

Jab(even) k) — L&abu 3[m] , 8.37

pv (k) 8 || z Uv 537
jablodd) (1. 1 sab L %% R 8.38
(k) = 50 o I UVe (8.38)

The UV limit is actually vanishing in the odd case (this is also the case for all the 2-point
functions we will meet in the following). However we can consider a model made of N
identical copies of free fermions coupled to the same gauge field. Then the result (8.38)
would be

~ N m
ab(odd) _ ' gab i
T 0 (k) = 0P euak ZE (8.39)



8.2. Two-point functions 113

In this case we can consider the scaling limit 7 — 0 and N — oo in such a way that N is
fixed. Then the UV limit (8.39) becomes nonvanishing.
Fourier transforming (8.38) and inserting the result in the generating function (8.19) we
get the first (lowest order) term of the CS action
S

csS = I /d3xTr (A ANdA + %A ANAN A) (8.40)
m

K 17 a a 1 aoc fAa C
= = / d3 e (AMaVAA +3f b A“AﬁAA> :
In particular, from (8.38) we see that in the IR limit x = j:%. The CS action (8.40) is invariant
not only under the infinitesimal gauge transformations

SA=d\+[A, N,  A=A\(2)T" (8.41)

but also under large gauge transformations when x € Z. From (8.38) follows that sy = 0
and k;r = £1/2, which suggests that the gauge symmetry is broken unless there is an even
number of fermions. A further discussion of this phenomenon can be found in [28].

8.2.2 Two-point function of the e.m. tensor

The lowest term of the effective action in an expansion in h,, come from the two-point
function of the e.m. tensor. So we now set out to compute the latter. The correlators of the
e.m. tensor will be denoted with the letter 7" instead of .J. The Feynman propagator and
vertices are given in Appendix H.2. For simplicity from now on we assume m > 0.

The bubble diagram (one graviton entering and one graviton exiting with momentum
k, one fermionic loop) contribution to the e.m. two-point function is given in momentum
space by

. 1 [ d 1
T;w)\p(k) = _@ (27T)3T1" <:¢ — m(2p - k),u'}’l/

where symmetrization over (p, v) and (A, p) will be always implicit.

]Z)—kl—m@p — k))\’yp> , (8.42)

8.2.2.1 The odd parity part
The odd-parity part of (8.42) is

- 1 3

= (odd) .y _ i d°p o (2p+ (22 —1)k), (2p+ (22 — 1)k)x

Lo (F) = 35 / d‘T/ oy Cove ¥ P2 —m?+ z(1 — 2)k2]? ‘ (843)
0

The evaluation of this integral is described in detail in Appendix H.4. The result is

2 o 2
~(odd) ;.\ _ OM dm K| 2lm|7 €urok? (kvky — mypk?)
T = —— 11— — tanh —
o (F) A[k| K ;2 )arc an <2m| P 1927

~ sign(m)|m|?
64w

€urnakNyp.  (8.44)

A surprising feature of (8.44) is that if we contract it with £* we do not get zero. Let us look
closer into this problem.
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8.2.2.2 The divergence of the e.m. tensor: odd-parity part

To see whether the expression of the one-loop effective action is the legitimate one, one must
verify that the procedure to obtain it does not break diffeomorphism invariance. The bubble
diagram contribution to the divergence of the e.m. tensor is

_ 3
FFT (k) = —é (;lﬂ]; [Tr <;ﬁ 1m(2p— k) - k%M(zp— k)wp>

ST (p_lmmp SRk 2=k )|+ (s ). (649

-
pFom
Repeating the same calculation as above one finally finds

> (odd) _ sign(m)|m/|? ”
k”uT,uz/)\p (k) - _Teoup k% ky + ()\ <~ ,0) . (846)

This is a local expression. It corresponds to the anomaly

sign(m)|m/? v oo
Ag= == [ eoup"0 N (8.47)

The counterterm to cancel it is

sign(m)|m/|* vao
C= i €ouph5 07 R . (8.48)
Once this is done the final result is
kg (k*/m?) - [ v
(Tuw (k) Trg(—h))oda = =550 €ap k7 (kukx — Fnun) + (Y ) (8.49)
with ) " il
3m 4m 2lm
2/ 2y _ _9M _xme
kg(k*/m*) = ] [(1 12 )arctanh <2m|> + ] ] . (8.50)
Now (8.49) is conserved and traceless. To obtain (8.50) we have to recall that
~ 1
Tuu)\p(k) = Z<T,uu(k) T)\p(_k»? (851)

which was explained in the warning of section 8.1.1. To complete the discussion we should
also take into account a tadpole graph which might contribute to the two-point function.
With the vertex Vs it is in fact possible to construct such a graph. It yields the contribution

3 . -
@sgn(m)lmﬁ turpo K. (8.52)
This term violates conservation, just as the previous (8.46), but it has a different coefficient.
So it must be subtracted in the same way.

8.2.2.3 The UV and IR limit

Let us set lim’%‘ﬁo kg = Kyv, and lim| kg = Kk1r. We get

%’ao

m 3 m
k| k

Sin = IQUV:§7TT:0+O(‘TD. (8.53)
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As before for the gauge case, in the UV limit we can get a finite result by considering a
system of N identical fermions. Then the above 2-point function gets multiplied by N. In

A= Nm (8.54)

is fixed and finite. In this limit

lim  Nwg(k) = o2 ™ (8.55)
N—o00,| |0 2 |m|
For a unified treatment let us call both UV and IR limits of x4 simply x. In such limits

contribution to the parity odd part of the effective action can be easily reconstructed by

(odd)
Seft 192

W 97 (0,0\ — muaD) . (8.56)

This exactly corresponds to a gravitational CS term in 3d, for which at the quadratic order
in h,, we have

K VA a 2
cs = _9677[' d3l' et <3ﬂw bw/\ba + Sw#abwyb Wice > (857)
— Ap o bv o v
19% 7 €y (872 — 070K ) + .

Once again we note that the topological arguments combined with path integral quantiza-
tion force ~ to be an integer (k € Z). From k;r = 1 we see that the quantum contribution
to the parity-odd part of the effective action in the IR is given by the local gravitational CS
term, with the minimal (positive or negative unit) coupling constant. The constant 27\ in
the UV has of course to be integer in order for the action to be well defined also for large
gauge transformations. Finally we recall that the CS Lagrangian is diffeomorphism and
Weyl invariant up to a total derivative. However, note that for the Majorana fermion one
would obtain half of the result as for the Dirac fermion, i.e. kjp = +1/2.

8.2.2.4 Two-point function: even parity part

Although in this paper we are mostly interested in the odd-parity amplitudes, for com-
pleteness in the following we calculate also the even parity part of the e.m. tensor 2-point
correlator.

The even parity part of the two-point function comes from the bubble diagram alone,
eq.(8.42). Proceeding in the same way as above one gets

H(even 1 kz 1
T;(u/,\p )(k) = Z <m2> m (kukv - nuka) (k)\kﬁ - 77/\pk2)
2
% é(k ) |]1| [(Fukx — nuxk?) (kukp — nupk?) + p <> v] (8.58)
im3

- 487T (qup + NupTlv + 277uu77)\p) 5
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where
k? i i 2 3 (k2 - 4m2)2 k| ]
)= ampP = ) rctanh {2 ,
79 <m2> 647 k|3 mlk” + 4jm| 2| k| arctan (2[m\> ’ (8.59)
k? i [ (k* — 16m*) |k| |
2 ) = ——— 4mP — Im|k® + ————Zarctanh [ —— ) | . .
Tg <m2) TR |m| |m|k* + 37K arctan 3jm| (8.60)

Saturating (8.58) with k* we find

pr(even) im?
k Tuy)\p (k) = _48771' (k)\nVP + kpnu)\ + 2]€y77)\p) . (861)

The same result can be obtained directly from the even part of (8.45). The term (8.61) is local
and corresponds to an anomaly proportional to

Agz/kvgwﬁ+aﬁ) (8.62)

This can be eliminated by subtracting the counterterm

1
C = -5 /(h)‘”hM + h?). (8.63)

After this we can write

K2\ 1
(T (0 Top (s = 75 (13 ) 7 (i = 1) (1 = )

k
i (8.64)
/ kQ 1 2 2
+ 74 o) m [(kzusz — Nk ) (kzykp — Nypk ) + V] .
The UV limit gives
. _ . ;1
|%h|1f_1r)1oo Ty = — | kh|1i>loo o= 356 (8.65)
so that in this limit
oywovoo v b . 2 _ 2
<TMV (k) TAP( k)>even - 256 ‘k| ( (kukl/ nul/k ) (kpk)\ np)\k )

— [(ukip = mupk?) (kukr = mak?) + 62 ] ). (866)

This represents the two-point function of a CFT in 3d, which is a free theory, the massless
limit of the massive fermion theory we are studying.
The IR limit of the form factors (8.59) and (8.60) is

1 |m k

fo= ‘Z‘MO(']“D (8.68)

48w m
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In this limit we have

ilm| 1
(T T (NI = L2 (ks 4 2 5 ) 1 0 ) -
2
— (kukumrg + kxkpnuw) — = (Muavp + Tupion) + K20 | - (8.69)

2

IR
The expression (8.69) is transverse but not traceless because 7, + 7, # 0. To have a well-
behaved IR limit we may add local counterterms to cancel the whole IR expression. That
may be accomplished by simply performing the shifts
T o|m
Tg — Tg — ’?

, , 7 |m
. _Lomy 8.70
x| T | Tg_’79+487r’k (8.70)

These shifts correspond to the addition of a set of local counterterms in the expression (8.64)
and they do not change the UV behavior since they go to zero in that limit.

8.2.3 Two-point function of the spin 3 current

Let us recall that we have postulated for the spin 3 current an action term of the form
Sint ~ / A3 T b, (8.71)

where b is a completely symmetric 3rd order tensor (in this subsection we assume h,,,, = 0 for
simplicity). This interaction term gives rise to the following b-field-fermion-fermion vertex

Vors

5 1 9
(7(#1@/12‘]2#3) + Q1(H1Q1M2fyu3)) - ngMl’YMQQQHS) + gn(muﬂus) (Q1'QQ +m ) ) (8.72)

N =

where ¢; and ¢ are the incoming momenta of the two fermions. For a spin n current, the
analogous vertex can be obtained from the formula

Visr : (72) ei<(q1_q2)z>f (—2(q1q2><zz) + 4{q12){q2z) — 2m2(zz>) (8.73)

by differentiating with respect to z the right number of times (and setting z = 0).
As usual the contribution from the 2-point function comes from the bubble diagram with
incoming and outgoing momentum k. Using the Vs vertex the bubble diagram gives

- d®p 1 1
JM1M2H3V1V2V3 (k) = / (27‘()3 Tr (}ﬁ —m |:2 (7(1/1 (p - k)l/2 (p - k)ljg) +p(1/1pV2’YV3))
1

) 1
+§p(zx1’71/2 (p - k)l/3) - 577(1/11/27113) (p'(p - k) - m2):| m

1
’ [2 (/7(#1 (p— k)uz (p— k)us) +p(u1pu2’y#3))

5 1
+ 3P Yoz (P —FK)ps) — 31112 Vi) (p-(p—k)— mQ)D : (8.74)
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The parity-even part of the final result is given by

2 k2
7(even) _ k 5 / 5
Jumausuwwg (k) = m2 K120 i T pasin Twpws + T m2 K| T 1 T T

(8.75)
+ "41(161”/16271/23 vivevs?
where
_ i 4 2.2 4y
T = 5o 16 [6k||m| (k* + 8k*m” — 32m*)
2 2\3 2 (1.2 2 2 2 k|

— (3 (k: —4m ) + 8m (k: — 6m ) (k: +4m )) arctanh <2|m|>] , (8.76)
T = L —6|k||m| [ * - §I{:QmQ +16m* ) +
b7 2167kS 3

+3 (k2 — 47712)2 (k2 + 4m2) arctanh <‘k|)} (8.77)

2|ml|

and A("*") corresponds to a set of contact terms that are not transverse but may be sub-
tracted by local counterterms. It is given by

o}
m? |3 7
Afﬁv/f;lt)?,l/ww?, = o [41{7#1le NuapsMvovs + 3 (Bpir Fpao Moy vo Mpgs. + K Ko T po M)

32 52 3
+ﬁm277u11/177u2V277u3V3 + Bm277u11/177u2u3771121/3 - 4k277u1l/177u2u3771/2113:| . (878)

The parity-odd part is given by

2 2
7(odd _ g4 o k [k
J,L(Ll,ug),u,gl/lugllg (k) =k Eﬂfll’lgk |:K’b <m2> 71—//'2/"371-1’21/3 + Ky <m2) 7r/1«2V27r/143V3:|

(8.79)
odd
+ A/(nuz)usvwwy
where
Ky = —20|k|*|m| + 16|k||m|* + (k* — 32m*) arctanh iLIn (8.80)
T TrlkP 2im| )|
_ m 3 3 2 2)2 ||
K, = TSkl [2[]{:\ im| + 8|k||m|® — (k* — 4m®)” arctanh <2\m[ , (8.81)

and, as before, A(°!® corresponds to a set of contact terms that are not transverse but may
be subtracted by local counterterms. It is given by

dd sign(m)|m|> o
Afﬁug)ygulugug = _Teuwmk (kuz KpusMuovs + ks kugﬁuzus) + sznuzuznm%

32

+277m277,u2ll377ugl/3_k277,u2u3777/2y3 . (8.82)
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8.2.3.1 Even parity UV and IR limits
In the UV limit, i.e. |2t| — 0, we find

3 1
lim 7,=—- lim 7=

—. (8.83)
lo - Ao T 192

In the IR limit, i.e. \%\ — 0, we find

13577 ‘m‘ (’ZD [T ‘m‘ (‘ZD (8.84)

As in the case of the IR limit of the 2-point function of the stress-energy tensor, these leading
divergent contributions of the form factors give rise to a set of contact terms in the IR that
are all proportional to |m|. To add counter terms to make the IR well-behaved is equivalent
to perform the following shift in the form factors 7, and Tél

Ty =

8 |m m
T T 3En ’? DT Tt s 1357r ’ ‘ (8.85)
8.2.3.2 0Odd parity UV
In the UV limit we find
1 m m |2 1 m m|2
- "0 )—) A ) ‘—‘ . 8.86
o= Taal Tt <k ) = Tae T T <k (8.86)

As in the previous cases the UV is specified by the leading term in 7 We get (after Wick
rotation)

<o 1m STl 2
J;Sli%;%‘zfl)ugug (k) = ZTM Emumk [71{5#2]{#3}61/2]{71/3 - §k2kusku377#2112
k:2 1

(v, Ky, Nyaps + kuz kus num) + k? Nuova Musvs — k477u2u3 771/21/3] . (8.87)

T35 36
From now on in this section we understand symmetrization among 11, p2, u3 and among
v1, 12, v3. The anti-Wick rotation does not yield any change. We can contract (8.87) with any
k#i and any two indexes p; and find zero. Therefore (8.87) is conserved and traceless (it
satisfies eq.(8.33)).

We have obtained the same result (8.87) with the method illustrated in Appendix H.5.

8.2.3.3 0Odd parity IR

In the IR limit we find

8 m? 1 k|2 8 m? 2 m|2
_ o2 ) m=—g s~ O (2] ). ®s8
= o ke T 2a0m (‘m ) 0 Tora K 135m < k (8.88)

Once again the IR limit contain divergent contributions that can be treated by adding local
counter terms, which is equivalent to perform the following shifts on the form factors:

m2

AR (8.89)

Kb — K+ PRV
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The final result in Lorentzian metric (obtained with the two different methods above) is

7(o 1 o 1 8
J;(uiiﬁfu)lugug(k) = Eﬁuwwk @kllnuzugnvwzs - ﬁk4nM2V277M3V3
1 16 23
- @kQ (kmkl/snmus + kltzku377V2V3) + ﬁkzkm Ko Nugus — %kuzkuskw kvg]- (8.90)

The trace of (8.90) does not vanish. However at this point we must avoid a semantic
trap. A nonvanishing trace of this kind does not contradict the fact that it represents a fixed
point of the renormalization group. An RG fixed point is expected to be conformal, but this
means vanishing of the e.m. trace, not necessarily of the trace of the spin three current.

8.2.3.4 The lowest order effective action for the field B

The odd 2-point correlator in a scaling UV limit similar to (8.55), Fourier anti-transformed
and inserted in (8.22), gives rise to the action term

SOV / d*z e,“,,lg[38"3“1“2“36M28M381,28,,3B”1”2”3 — 897 BMH23100),,,0,, B""

+207 BM2300,,0,, B"?¥* + 407 BM2H P B,
~07 BB, |, (891)

where B,y = b, + . ... This is the lowest order term of the analog of the CS action for the
field B. This theory is extremely constrained. The field B has 10 independent components.
The gauge freedom counts 6 independent functions, the conservation equations are 3. The
generalized Weyl (g-Weyl) invariance implies two additional degrees of freedom. So alto-
gether the constraints are more than the degrees of freedom. The question is whether such
CS actions contain nontrivial (i.e. non pure gauge) solutions.

In a similar way (8.90) gives rise to the action

1 1
S = —— = [ &7 g [ — 9397 BMP3 ), 8, D,y BV
+649° BF#2#39),,. ,,, B3\, — 180° BM1*,00,,0,, B/"2"3
—320° Briks2 B 4997 BMAT2BYY |, (8.92)
This action is invariant under (8.12), but not under (8.13).
Remark The action (8.91) is similar to eq.(30) of [39]. The latter is written in terms of

spinor labels, therefore the relation is not immediately evident. After turning to the ordinary
notation, eq.(30) of [39] becomes

3
~ / Br o [ié)ah“”‘?‘“ 01130113 Opy O VY275 — 407 RF1H213[00,,, 0, RV,
207 BT (8.93)
and one can see that they are equal if we set B**) = 0 in (8.91). The reason of the difference

is that in [39] the field h*? is traceless, while in (8.91) the field B, is not. The presence of
the trace part modifies the conservation law and thus the action.
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8.3 Chern-Simons effective actions

In the previous section we have seen that the odd parity 2-point correlators of the massive
fermion model, either in the IR or UV limit, are local and give rise to action terms which
coincide with the lowest (second) order of the gauge CS action and gravity CS action for the
2-point function of the gauge current and the e.m. tensor, respectively; and to the lowest
order of a CS-like action for the rank 3 tensor field B. It is natural to expect that the n-th
order terms of such CS actions will originate in a similar way from the n-point functions of
the relevant currents. In particular the next to leading (third order) term in the CS actions is
expected to be determined by the 3-point functions of the relevant currents. This is indeed
so, but in a quite nontrivial way, with complications due both to the regularization and to
the way we take the IR and UV limit.

The purpose of this section is to elaborate on the properties of the gauge and gravity CS
actions, (8.40) and (8.57), respectively, in order to prepare the ground for the following dis-
cussion. The point we want to stress here is that in order to harmonize the formalism with
the perturbative expansion in quantum field theory we need perturbative cohomology. The
latter is explained in detail in Appendix H.3. It consists of a sequence of coboundary oper-
ators which approximate the full cohomology: in the case of a gauge theory the sequence
reduces to two elements, in the case of gravity or higher tensor theories the sequence is
infinite.

8.3.1 CS term for the gauge field

Let us start with the gauge case. The action (8.40) splits into two parts, C'S = C'S @ 4+ 086,
of order two and three, respectively, in the gauge field A. The second term is expected to
come from the 3-point function of the gauge current. Gauge invariance splits as follows

§0cs® =0,  sWcs® 4 500sB) = . (8.94)

These equations reflect themselves in the conservation laws, which also split into two equa-
tions. The conservation law for the 2-point function is simply the vanishing of the diver-
gence (on any index) of the latter, while for the 3-point function it does not consist in the
vanishing of the divergence of the latter, but involves also contributions from 2-point func-
tions. More precisely

DLOIT T () 5 (y) IS (2)]0)

= if "o = {OIT IS (@) IX()0) + [ (@ = )OIT IS (@) o w)lo),  (8.95)

which in momentum space becomes

—ig" 85 (ke k2) + f0TEC (ko) + £ TSL (k) = 0, (8.96)

where ¢ = k1 + ko and jﬁfi(k) and J gﬁf\(kl, k) are Fourier transform of the 2- and 3-point
functions, respectively.
8.3.2 Gravitational CS term

Let us consider next the gravitational CS case. Much as in the previous case we split the
action (8.57) in pieces according to the number of b, contained in them. This time however
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the number of pieces is infinite:

2
CSy =k / A3 e <auwgbmba + 3wwbwybcw,\ca> =CSP+0sP+...,  (897)
where
K 14 (o2 14
oS =2 / @2 ey I (070D — 070N ) (8.98)
and
K 1% oa C a 2 4 a
Ccs®» = 1 / A3 et A(2aahybaw;<m — 20,100 P, 0" hey — §amﬁ;abhyachA
—20,0° W (hG0chox — B§Ochan) + 0,0 B (15 0alhe — Duhi i)
+0,0°hE (Dphhae — BsDphac) — WER2D), (th - aaabhl;) ) (8.99)

Invariance of C'S; under diffeomorphisms also splits into infinite many relations. The first
two, which are relevant to us here, are

shesW =0, sS4 6P osh = o, (8.100)

where ¢ is the parameter of diffeomorphisms. Similar relations hold also for Weyl transfor-
mations.

Such splittings correspond to the splittings of the Ward identities for diffeomorphisms
and Weyl transformations derived from the generating function (8.22). The lowest order WI
is just the vanishing of the divergence of the 2-point e.m. tensor correlators. The next to
lowest order involves 2-point as well as 3-point functions of the e.m. tensor:

(O] T 0" Ty () Trp (y) Tap () }10)

= i {250 8 = 0T T @) T 10)] + 2555 [0 = YOI (T (@) Tasl) 0]
00— e O T (Tl Tap ) HO) = 50 = )OI (T (0)Tas (}10)

+ il = T D) Tasl@)0) + 5500~ DOIT D@ T} (5100

In momentum space, denoting by Tw,,\p(k) and by Tuy,\paﬁ(kl, k) the 2-point and 3-point
function, respectively, this formula becomes

iqufuzl/\paﬂ(klv k?) = QQ(afﬁ)u)\p(kl) + QQ(/\Tp)Vaﬁ(k2) - naBkETTV)\p(kl)
—pk1 Trvap(k2) + kovTaprp(k1) + k1 Topas(k2),  (8.102)

where round brackets denote symmetrization normalized to 1.

From the action term (8.99), by differentiating three times with respect to h, (x),hx,(y)
and h,s(z) and Fourier-transforming the result one gets a sum of local terms in momentum
space (see Appendix H.6), to be compared with the IR and UV limit of the 3-point e.m.
tensor correlator.

8.3.3 CS term for the B field

Here we would like to understand the nature of the “CS-like” terms obtained in the IR
and UV limits, and especially to understand how it is possible that they are different in the
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spin-3 case, unlike what we saw in spin-1 and spin-2 *. For this purpose, we use a higher-
spin “geometric” construction originally developed in [81]. In the spin-3 case the linearised
“Christoffel connection” is given by the so-called second affinity defined by
1 1
Lajanpipaps = 3 Doty Oy By g3 — 9 (1 081 B s + Oy 08, Banpy 5
+00108; Basi 8, + 00208, B s + 0208, B 183 + Oz 033 B 1 62)

+8ﬁ1 8523041&253 + 8518&’,304104252 + a52853304104251 } (8.103)

Under the gauge transformation (8.12) this “connection” transforms as
5AFa,B;,uup = 8uauapAaB- (8104)

The natural generalisation of (the quadratic part of) the spin-1 and the spin-2 CS action
term to the spin-3 case is given by

Ics|B] = / B VTP, 3 0, TP s
1
= 3 / P2 € (0005 BH*P 070,05 B"** + 20,08 979,B" 4
+ OBres 9°0B",5) + (boundary terms). (8.105)

From (8.104) directly follows that this CS term is gauge invariant (up to boundary terms). In
the spin-3 case one can construct another 5-derivative CS term by using Fronsdal tensor (or
spin-3 “Ricci tensor”) defined by

Rup = Tayuwp
1 (6%
- g{DBlwp -0 (8uBan + aVBapu + apBauV)
+ 8“8”Bpa°‘ + 0PO* Bo ™ + 8"6"BWO‘}. (8.106)

Using this tensor one can defined another CS action term

I,CS[B] = /d3$€wy7€up/\ aaRup)\

1
= 5 / APz € o (2 0005 B*P 9°0,0\B"* + 2 9,0B"*% 9°0,B""
— 20,05B"% 9°0OB" ,, + OB**# 9°0BY 45

+ OB!*, 8°0B"",) + (boundary terms). (8.107)

The presence of two CS terms in the spin-3 case explains why there is a priori no reason to
expect from UV and IR limits to lead to the same CS-like term.
Now it is easy to see that the following combination

5 Ics|B] — 3 Ih|B] (8.108)

“In the literature one can find two kinds of generalizations of the CS action in 3d to higher spins (for a
general review on higher spin theories, see [70-77]). One leads to quadratic equations of motion, the other to
higher derivative equations of motion. The first kind of theories are nicely summarized in [78]. The second kind
of theories, to our best knowledge, was introduced in [39] (following [79]). This splitting was already shadowed
in [80].
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exactly gives the effective action term (8.91) which we obtained from the one-loop calcula-
tion.

To understand why the combination (8.108) represents a generalization of the spin-2 CS
term (gravitational CS term), one has to take into account the symmetry under generalized
Weyl (g-Weyl) transformations, which for spin-3 is given by (8.13). It can be shown that the
CS terms (8.105) and (8.107) are not g-Weyl-invariant, but that (8.108) is the unique g-Weyl-
invariant linear combination thereof.

It is then not surprising that the effective current J,,,, obtained from (8.108) is propor-
tional to the spin-3 “Cotton tensor” studied in [82]. It is the gauge- and g-Weyl- invariant
conserved traceless totally symmetric tensor with the property that if it vanishes then the
gauge field is g-Weyl-trivial. With this we have completed the demonstration that on the
linear level the spin-3 CS term is a natural generalisation of the spin-2 CS term.

For completeness we add that the combination

057 (5 foslB) + 2151 (8:109)

reproduces (8.92), which is not g-Weyl invariant.

8.4 Three-point gauge current correlator: odd parity part

In this section we explicitly compute the 3-point current correlator of the current Jjj(z). The
3-point correlator for currents is given by the triangle diagram. The three external momenta
are q, k1, k2. q is incoming, while k1, k2 are outgoing and of course momentum conservation
implies ¢ = k1 + k2. The relevant Feynman diagram is

Ty (ks ko) = i / 0 (et e (8.110)
pox (D @m3 =\ p-m T p—fy—m T p—d-m

to which we have to add the cross graph contribution ji’ua/\bc(kl, ko) = J ;’Aa;b(kQ, k1). From
this we extract the odd parity part and perform the integrals. The general method is dis-
cussed in subsection 8.5.2, here we limit ourselves to the results. Such results have already
been presented in [35], but since they are important for the forthcoming discussion we sum-
marize them below. For simplicity we set k¥ = k3 = 0, so the total energy of the process is

E = \/(]2 = \/2]471‘]472.

Near the IR fixed point we obtain a series expansion of the type

o0

2n
Fabc(odd o1 E abe 7(2n
JOD (o ) i3 <m> FTE (k) 6111)

and, in particular, the relevant term in the IR is

70

,ul/)\(kl’kQ) == _126uu)\- (8112)

The first thing to check is conservation. The current (8.2) should be conserved also at the
quantum level, because no anomaly is expected in this case. It is evident that the contraction
with ¢ does not give a vanishing result, as we expect because we must include also the
contribution from the 2-point functions, (8.95). But even including such contributions we



8.5. Three-point e.m. correlator: odd parity part 125

get

3 1 1
_gfabcqufuu)\ + Efabcfu)\okg + Efabcﬁy,\gk? 7& 0. (8113)

Conservation is violated by a local term. Thus we can recover it by adding to I/S?,)A(kl, ko) a
term 4e,,,,». This corresponds to correcting the effective action by adding a counterterm

/ dae? f1e A% AD AS. (8.114)

Adding this to the result from the 2-point correlator we reconstruct the full CS action (8.40).

This breakdown of conservation is surprising, therefore it is important to understand
where it comes from. To this end we consider the full theory for finite m. The contraction of
the 3-point correlator with ¢ is given by

3
g TS (k. k) = /(;’;3% <¢T“p _1 m%pr — %11 — m’y,\TCZZ) — ;_ m) . (8.115)

Replacing ¢ = (p —m) — (p — ¢ — m) considerably simplifies the calculation. The final result
for the odd parity part (after adding the cross diagram contribution, 1 <+ 2,b — c,v <> \) is

J,‘jﬁ‘;(kl,kg) - _3 f"bCE)\uak? o arccoth( 1)
— L fabeey, kg ﬁarccoth <%) . (8.116)

Therefore, as far as the odd part is concerned, the 3-point conservation (8.96) reads

=g T\ s Ro) -+ FTS () e T k)

1 2 9 9
= _7fabC€>\Vo' (kf k—marccoth < ]ZL) + k5 k—zarccoth </~Z>>

2 2 2
+ L jabeg, <k1 kmarccoth ( kT) + kS k—Qarccoth < k:?)) —0. (8.117)

Thus conservation is secured for any value of the parameter m. The fact that in the IR
limit we find a violation of the conservation is an artifact of the procedure we have used
(in particular of the limiting procedure) and we have to remedy by subtracting suitable
counterterms from the effective action. These subtractions are to be understood as (part of)
the definition of our regularization procedure.

Something similar can be done also for the UV limit. However in the UV limit the re-
sulting effective action has a vanishing coupling ~ %, unless we consider an N — oo limit
theory, as outlined above. In order to guarantee invariance under large gauge transforma-
tions we have also to fine tune the limit in such a way that the x coupling be an integer. But
even in the UV we meet the problem of invariance breaking.

We will meet the same problem below for the 3-point function of the e.m. tensor.

8.5 Three-point e.m. correlator: odd parity part

We go now to the explicit calculation of the 3-point e.m. tensor correlator. The three-point
function is given by three contributions, the bubble diagram, the triangle diagram and the
cross triangle diagram. We will focus in the sequel only on the odd parity part.
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8.5.1 The bubble diagram: odd parity

The bubble diagram is constructed with one Vs vertex and one V4, vertex. It has an
incoming line with momentum ¢ = k1 + k» with Lorentz indices p, v, and two outgoing lines
have momenta ki, k» with Lorentz labels A, p and «, 3, respectively. The internal running
momentum is denoted by p. The corresponding contribution is

D)\pozﬁuu(kla k2)

i d3p 1 1
= T trpaso (k2 — k1) ——((2p, — v 8.118
where
t)\paﬁo = Ma€pBo T MBE€pac T MNpatrfo T NpB€rac- (8.119)
The odd part gives (the metric is Lorentzian)
2 2
- m q- —4m lq|
D By 5 = Sra_ oo - 7 v|2m— ——v— o
rpaBuv (F1, k2) 2567rtAp 8o (ko — k1) (7]“ < m 4l arctanh2m>
2m ¢ —4m? lq|
v | — + ————arctanh— ] | . 8.120
+4,9 <q2 + PE arctanhz, ( )
Saturating with ¢* we get
2
. m
P Dypasur(k1,k2) = ——txroase (ko — k1)72q,. .
q" Dxpapuw (K1, k2) S5 Aras (ko — k1)72q (8.121)
This corresponds to an anomaly
Ae ~ | d®20,6%€,5,h P07 8.122)
3 pB A
which we have to subtract. This gives
D)\paﬁ,uu(kla k2)
1 2m? q® — 4m? lq]
= 7t aBo k - k i v v 2 By . *
256m Apaf (ko 1) (quq Nuwq ) ( P2 +m PE arctanh2m> (8.123)

Taking the limit of the form factor (last round brackets) for I?m\ — 0 (UV), we find 0 (the linear

term in % vanishes). Taking the limit %‘ — oo (IR) we find

~(IR 2 1 o
Dty (k1 k2) = 3 5rg e (k2 = k)7 (4400 = Myud”) - (8.124)

This corresponds to the action term
~ / Bz (Oh — 8,0,h"™ ) trpase (Waf’haﬂ — 9T haﬁ) . (8.125)

8.5.2 Triangle diagram: odd parity

It is constructed with three Vs vertices. It has again an incoming line with momentum
q = ki + ko with Lorentz indices p,v. The two outgoing lines have momenta k1, k2 with
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Lorentz labels A, p and «, 3, respectively. The contribution is formally written as

A(1) 1 [ d&p 1 1
Tvapno (k1 k2) = “512 ) (2n)3 tr [(M(@p — k1), + (A <2 p)) m

1
X ((2p — 2k1 — k2)ays + (@ < B)) m((% — Qv+ (b V)))} , (8.126)
to which the cross graph contribution T/EV)Q A p(lﬁ, ko) = }EI/)>\ pa B(kg, k1) has to be added.

The odd part of (8.126) is

m d3p

Tusiaetbn2) = =515 | Gamys 0 160 = K000 #2000 = )50 = s

2p — k1)A(2p — 2k1 — k2)o(2p —
=t G e gy €120

where the symmetrization \ < p, o <> 3, i <+ v is understood. In order to work out (8.127)
we introduce two Feynman parameters: u integrated between 0 and 1, and v integrated
between 0 and 1 — u. The denominator in (8.127) becomes

(p—(1—wk — vk)? + u(l — w)k? +v(1 — v)k3 + 2uv ki ko — m2]3 .

After taking the traces, we get

1—u
=(1,0dd o o o
The k) = o [ [ [ s (203 + b + )

+ zeaﬁupka + €80 (-5}7 + (2]7 - Q)'kl + mQ) + npufaﬁ‘rkfkg]
(2p — k1)A(2p — 21 — k2)a(2p — @)y
[(p— (1 —uw)ks —vkg)2 + A)3 7

(8.128)

where A = u(1 — u) k2 +v(1 — v) k3 + 2uv ky -k — m?

So we can shift p — p’ = p — (1 — u)k; — vks and integrate over p’. The p-integrals
can be easily carried out, see Appendix H.4. Unfortunately we are not able to integrate
over u and v in an elementary way. So, one way to proceed is to use Mathematica, which
however is not able to integrate over both u and v unless some simplification is assumed.
Therefore we choose the condition k7 = 0 = k3. In this case the total energy of the process is
E = /¢ = 2k k.

An alternative way is to use Mellin-Barnes representation for the propagators in (8.127)
and proceed in an analytic as suggested by Boos and Davydychev, [83-85]. This second
approach is discussed in Appendix H.5. In all the cases we were able to compare the two
methods they give the same results (up to trivial terms).

8.5.3 The IR limit

The IR limit corresponds to m — oo or, better, Tz — oo where £/ = v/2k1-ks. In this limit we
find one divergent term O(m?) and a series in the parameter % starting from the 0-th order
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term. The O(m?) term is (after adding the cross contribution)

2

m
~ 16771' [16€aﬁukg (np)\nau + NpaMp + Tpr,\a) + 16€a/wk(17 (mﬂnau + NBa"p T 776;”7)@)
112 16 16
—€pBr <—3(7€1 — k2)ura + 3(11/61 + Tk2) oy — §(7k1 + 11k2))\77a,u>:| . (8.129)

This term has to be symmetrized under i <+ v, A < p,a <+ 5. It is a (non-conserved) local
term. It must be subtracted from the action. Once this is done the relevant term for us is the
O-th order one. Let us call it Tﬁﬁfgﬁ\?(h, kg). Its lengthy explicit form is written down in
Appendix H.6.2.

If we compare this expression plus the contribution from the bubble diagram with the
one obtained from C’Ség) in H.6.1, which it is expected to reproduce, we see that they are
different. This is not surprising in view of the discussion of the gauge case: the next to

leading order of the relevant CS action is not straightaway reproduced by the relevant 3-
point correlators, but need corrections. This can be seen also by contracting Tﬁiﬁ%g}p{) (k1, ko)
with ¢ and inserting it in the WI (8.102): the latter is violated.

Now let us Fourier antitransform Téiﬁ’,ﬁ?)

erating function. We obtain a local action term of 3rd order in %, which we may call cs
Having in mind (8.94), we find instead

(k1, k2) and insert the result in the W [g] gen-
(3)

g -

5005 + 6005 = Y@ () £ 0, (8.130)
where V() (¢) is an integrated local expression quadratic in &, and linear in the diffeomor-
phism parameter £. It is clear that in order to reproduce (8.94) we must add counterterms
to the action, as we have done in the analogous case in section 8.4. The question is whether
this is possible. We can proceed as follows, we subtract from (8.130) the second equation in
(8.94) and obtain

®3)

520) (67§g _ 0553)) -y (€). (8.131)

——(3
Therefore CS; - 0553) is the counterterm we have to subtract from the action in order to

satisfy (8.94) and simultaneously reconstruct the gravitational Chern-Simons action up to
the third order. The procedure seems to be tautological, but this is simply due to the fact
that we already know the covariant answer, i.e. the gravitational CS action, otherwise we
would have to work our way through a painful analysis of all the terms in Y(?)(¢) and find
the corresponding counterterms”.

The just outlined procedure is successful but somewhat disappointing. For the purpose

of reproducing C 553) the overall three-point calculation seems to be rather ineffective. One
can say that the final result is completely determined by the two-point function analysis.
Needless to say it would be preferable to find a regularization as well as a way to take the
IR and UV limits that do not break covariance. We do not know it this is possible.

On the other hand the three-point function analysis is important for other reasons. For
brevity we do not report other explicit formulas about the coefficients of the expansion in
£ and . They all look like correlators, which may be local and non-local. The analysis of
these expressions opens a new subject of investigation.

50f course in the process of defining the regularization and the IR limiting procedure, we are allowed to
subtract all the necessary counterterms (with the right properties) except fully covariant action terms (like the
CS action itself, for one).
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8.6 Conclusion

In this paper we have calculated two- and three-point functions of currents in the free mas-
sive fermion model in 3d. We have mostly done our calculations with two different meth-
ods, as explained in Appendix H.4 and H.5, and obtained the same results. When the model
is coupled to an external gauge potential and metric, respectively, we have extracted from
them, in the UV and the IR limit, CS action terms for gauge and gravity in 3d. We have
also coupled the massless fermion model to higher spin potentials and explicitly worked
out the spin 3 case, by obtaining a very significant new result in the UV limit: the action
reconstructed from the two-point current correlator is a particular case of higher spin action
introduced a long time ago by [39]; this is one of the possible generalizations of the CS action
to higher spin. It is of course expected that carrying out analogous calculations for higher
spin currents we will obtain the analogous generalizations of Chern-Simons to higher spin.
Our result for the spin 3 case in the IR is an action with a higher spin gauge symmetry,
different from the UV one; we could not recognize it as a well-known higher spin action.

Beside the results concerning effective actions terms in the UV and IR limit, there are
other interesting aspects of the correlators we obtain as intermediate steps. For instance,
the odd parity current correlators at fixed points are conformal invariant and are limits of
a free theory, but they cannot be obtained from any free theory using the Wick theorem.
There are also other interesting and not understood aspects. For instance, the two-point e.m.
tensor correlators of the massive model can be expanded in series of E/m or m/E, where
E is the relevant energy, the coefficients in the expansion being proportional always to the
same conformal correlator. For the three-point functions the situation is more complicated,
there is the possibility of different limits and the expansion coefficients are also nonlocal.
Still, however, we have a stratification similar to the one in the two-point functions with
coefficient that look like conserved three-point correlators (but have to be more carefully
evaluated). One would like to know what theories these correlators refer to.

Finally it would be interesting to embed the massive fermion model in an AdS; geom-
etry. One can naively imagine the AdS, space foliated by 3d submanifolds with constant
geodesic distance from the boundary and a copy of the theory defined on each submani-
fold with a mass depending of the distance. This mass could be generated, for instance, by
the vev of a pseudoscalar field. This and the previous question certainly deserve further
investigation.
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Appendix H

Details of computations and useful
facts

H.1 Gamma matrices in 3d

In 2 4 1 dimensions we may take the gamma matrices, [42], as

0 —i . 0 —i ) v 0
70—02—<Z. 0>, 71—101—<_Z. 0 )7 72—103—<0 —i)' (H.1)

They satisfy the Clifford algebra relation for the anticommutator of gamma matrices, namely

{'Y;u YW= 2N

For the trace of three gamma matrices we have
tr (Y1 Yp) = —2i€u0p,
Properties of gamma matrices in 3d

tr ('YM'VV) = 2w,
tr (YY) = —2i€up,

tr ('Yu’)/l/)’p’ya) =2 (77;11177/)0 — NupMvo + nuanup) )
(44, 597} = ko7,

Yo Vu Vv = _iea,ul/ + NpeYv — NovYu + M Yo (HZ)

tr (707#'71/7)\7[)) = -2 (e;wX’?ap + Nuv€orp — Mur€ovp + 771/)\€o,up) (H.3)
Identity for € and 7 tensors

Nuv€xpe — Mur€vpo T NMup€vre — NMuo€udp = 0

Finally, to make contact with the spinorial label notation of ref.[39] one may use the
symmetric matrices

(0)ap = 1(70)a €8, (F1)ap = (71)a €48, (F2)ap = —(72)a €8, (H.4)

where € is the antisymmetric matrix with €12 = —1, and write

~a ~b ~C

ha1a2a3a4a5oz6 = habc(’y )a1a2 (’7 )043044 ('7 )a5o¢6a 8(1(’7@6)(16 - aaﬁa etc. (HS)
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Wick rotation Among the various conventions for the Wick rotation to compute Feynman
diagram, we think the simplest one is given by the following formal rule on the metric:

Nuw — —7]/(5)- This implies
1

B = =% ppy = S0,

We have also to multiply any momentum integral by . For the sake of simplicity we always

understand the superscript ().

H.2 Invariances of the 3d free massive fermion

In the theory defined by 8.4 there is a problem connected with the presence of \/g = ¢ in the
action. When defining the Feynman rules we face two possibilities: 1) either we incorporate
v/e in the spinor field 1, so that the factor /g in fact disappears from the action, or, 2), we
keep the action as it is.

In the first case we define a new field ¥ = /et). The new action becomes

S = / d*z [iOE!Y*V, U — mPy] . (H.6)

due essentially to the fact that V,g,, = 0. The action is still diff-invariant provided ¥
transforms as

1
0¥ = 9,V + V"V (H.7)

In the case m = 0 we also have Weyl invariance with
1 .
0,0 = iw\If, instead of Oty = W, (H.8)

So the simmetries are classically preserved while passing from v to ¥. From a quantum
point of view this might seem a Weyl transformation of ¥, but it is not accompanied by a
corresponding Weyl transformation of the metric. So it is simply a field redefinition, not a
symmetry operation.

Alternative 1) is the procedure of Delbourgo-Salam. The action can be rewritten

. o .
S = / a3z [;‘IIE(’;V“ 9V —mIU+ §ngubceabcw . (H.9)

In this case we have one single graviton-fermion-fermion vertex V, s ; represented by

o+ 2w+ o+ ) (110

and one single 2-gravitons—2-fermions vertex V4 given by

1 A

Etuvu’v/k(k — K (H.11)

where
t,u,l/p/l/’)\ = Nuw €v' X T Mo/ €' X T My’ €Evp! X+ Nor’ €pp/ X (H]-Z)
the fermion propagator being
)
p—m+ 1€
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The convention for momenta are the same as in [19, 37].
Alternative 2) introduces new vertices. In this case the Lagrangian can be written

7 - P g . _
L = 509" dav—imiy
i - ay, < i N7 a2 i A "
t ¥ he Op b+ XYY" Ba b — Sham Py (H.13)
i _ o 1 -
+SPRY R O ¥ — {0 heDahantp €
As a consequence we have three new vertices. A vertex V,;, coming from the mass term

—% m i, (H.14)

another V",  coming from the kinetic term

by 9) s

!
and a new Vggff '
7
v [(p+ D) + @+ (H.16)

An obvious conjecture is that the two procedures lead to the same results, up to trivial
terms. But this has still to be proved.
In this paper we follow alternative 1 only.

H.3 Perturbative cohomology

In this Appendix we define the form of local cohomology which is needed in perturbative
field theory. Let us start from the gauge transformations.

SA=d\+[A N,  A=—-2NAs,  67=0, A=\(2)T° (H.17)

1

2
To dovetail the perturbative expansion it is useful to split it. Take A and X infinitesimal and
define the perturbative cohomology

sOA=dx,  §Ox=0, (D)2 =0
1
sMA=1[4,), W= —5 AL
5050 4 5Ms0) = g (1) =0 (H.18)
The full coboundary operator for diffeomorphisms is given by the transformations
569;11/ = vuéu + V&, 55&“ = f)\akgu (H19)

with £, = g,,§”. We can introduce a perturbative cohomology, or graded cohomology, using
as grading the order of infinitesimal, as follows

G = M + hyy g" =" — B L BN 4L (H.20)
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The analogous expansions for the vielbein is
a __ 5(1 + a + lwa +
€ =0yt X+ 5¥nt .

Since eZnabe’; = h,, we have

1 1
Xpw = ghys = =X Xav = —ZhﬁhA,,, (H.21)
This leads to the following expansion for the spin connection w?’
ab 1 va b b 1 vb a a 1 pa ob c
“Yuo T ¢ (aﬂev - 8,,%) ° (Ouey, — vey) — 2¢ ¢ (Opeoc = Ozepe) €, (H.22)

= 5 (ot —omg) - é (hoe0uhl — n70,05 ) + 7 (oo0oht, — n0, 15 )

—é (n7e 0,1ty — 10, hs) - éh; (0t — 1)

1 a a
- (ab(hgm) "y (hghg)) .
Inserting the above expansions in (H.19) we see that we have a grading in the transfor-
mations, given by the order of infinitesimals. So we can define a sequence of transformations
_ 50 s(1) , 5(2)
g =0¢ + 05 +6¢ +...

At the lowest level we find immediately
08 My = Oy + € € =0 (H.23)

and ¢, = £*. Since (5§0))2 = 0 this defines a cohomology problem.
At the next level we get

5O hyy = O3 + 0y + 0,0, 008 = oye (H.24)

One can verify that

(5§o))2 —o  sOs0 L 50500 _ g M2 = (H.25)

e 0 +0g 70 =0, (4

(
3

Proceeding in the same way we can define an analogous sequence of transformations for
the Weyl transformations. From g, = 1, + hy and duhy = 2wg,,, we find

O = 20m,  0Wku, = 2w0hy,  0Phy, =0, ... (H.26)

as well as 55,0)w = 60(})w =0,...

Notice that we have 6éo)w =0, 6§1)w = hw. Asa consequence we can extend (H.25) to

(07 + 3@ +8) + (5 + 33" + ) = 0 (H.27)

and 521)55}) + 68)621) = 0, which together with the previous relations make

(520) + 5&0) + 521) + 5{5}1))2 =0 (H.28)
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For what concerns the higher tensor field B,, ) in this paper we use only the lowest order
transformations given by (8.12) and (8.13).

H.4 Useful integrals

The Euclidean integrals over the momentum p we use for the 2-point function are:

dp 1 11

/(27‘(’)3 (p2+A)2 - 87T\/Z7 (H29)
dp  p? 3

/ @2m)® (P2 +A)* VA (H.30)
&p  pt LI

/(%)3 A 87rA , (H.31)

where A = m? + x (1 — ) k? and for the 3-point functions

d3p 1 1 1
- H.32
/ (2m)3 (p%2 + A)3 321 A3 (H.32)
3 2
/ dp _p _ 3 1 (H.33)
(27)3 (p? + A)3 321 VA
d®p p* 15
- 2VA H.34
| aerias = w (H39

where A = m? + u(1 — w)k? + v(1 — v)k3 + 2uvk; -ka. In these formulae z, u, v are Feynman
parameters.

Sample calculation As an example of our calculations we explain here some details of the
derivation in 8.2.2. To make sense of the integral in (8.43) we have to go Euclidean, which
implies p* — —p?, k? — —k?, 1y — —nw and d>p — id>p. Therefore

1 3 4.2 2
- (0dd) m d*p o 30N + 2 = 1)%kuky (pov
Ty = [ e [ LR ek . (H35
=g x/@ﬂJEP PP opE T \ep) | )

Next we use the appropriate Euclidean integrals above to integrate over p and get

1

Ty = — 2 [ drep, k°

wAp N 056m S,

m2 4 2(1 — 2)k2)3 (22 — 1)? </~L<—>V>
X <4mm( +z(1 — 2)k7) +k#kk(m2+x(1—x)k2)§>+ N6 p (H.36)

The z integrals are well defined:

! 1 1 k% + 4m? k
/0 dz (m? 4+ 2(1 — $>k2)% gm + 4—;—k‘m arctan 2|n’7, (H.37)

1 1 2 k’2 4 2 k
/ da (22 ) _ = _2% 4 —}—73771 arctan u (H.38)
0 (m? 4+ 2(1 — x)k?)2 k || 2m
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Therefore the result is

2
7(odd) m - k% + 4m? ||
T = — €, — 2 ML
HrAp (k) o567 VP k [ U/ < m + ] arctan 5
k, kv k2 4 4m? || TR
+ 7 (—2m + T arctan 72m —+ \ p

m kk)\
= —— €,k |2 — _ KA
2567 o [m< ud T g2 >

kuky\ k% + 4m? |k| v
+ (—H#A—F 12 > ] arctan% + p (H.39)

\k\

The final step is to return to the Lorentzian metric, k? — —k? and Nuv — —Nuw, arctan —

L
iarctanhg .
H.5 An alternative method for Feynman integrals
An alternative method to calculate Feynman diagrams was introduced in a series of paper

by A. I .Davydychev and collaborators, [83-85]. The basic integral to be computed in our
case are

d%p 1
Jo(d; o, Bym) = / @) (2~ (o~ % — )P (H.40)

and
d%p 1
(2m)d (p? = m2)*((p — k1)? — m?)P((p — @)? — m?)7’

with ¢ = k1 + ks. Following [83-85] these can be expressed, via the Mellin-Barnes represen-
tation of the propagator, as

J3(d; o, B,y;m) = / (H.41)

j1-d (me)%*O‘*ﬁ
Jo(d; v, fym) = (4r)2 T'(a)T(B)
du [ K*\" Tla+w)T(B+u)T (a+B—§+u)
X/Qm<_2) T (=u) [ (a+ 8+ 2u) 2 -
and
] ~d mQ)% a—B—y
( aw@»%m%( . (a)F(B) @)
S u t 3\"
r(a+6+7—§+s+t+u)F(a+3+t)F(5+s+“)+F(7+t+u). (H.43)

F(a+ B+ v+ 2s + 2t + 2u)

The integrals run from —ioco to ico along vertical contours that separate the positive poles
of the I''s from the negative ones. Positive poles are those of I' (—u) in the case of J; or
those of I'(—s)I'(—t)I'(—u) in the case of .J3, negative poles are the others. It is clear that the
contours of integration must cross the real axis just to the left of the origin. The contours
close either to the left or to the right in such a way as to assure convergence of the series.
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Let us analyse more closely the case of J; to better understand how this works. Using the
duplication formula of the gamma function, i.e.

T(22) = 22 1730 (2)T <z + ;) (FL44)

we are able to recast (H.42) into the form

L gg-a_ﬁf(“z”)F(“fﬂ/w(_k?)“

F(@)T(B)T (a+pB) ) 2w\ 4m?
Fa+uw) I (B+u)T (a+8—2+u)
r(aTwm)r(Lg“ —|—u>

x T (—u) (H.45)

Assuming ‘%’ < 1 (IR region), we must close the contour of integration on the right

(Re (u) > 0) in order to guarantee convergence of the result and by doing so we will pick-up
the poles of I' (—u). For a = = 1 and d = 3 we obtain

1 i 2
- tanh [ 4/ —— | . HA
87T\m|z<4m2) 9j +1  Amlk|m o ( 4m2> (H46)

On the other hand, assuming ’ % ’ > 1 (UV region), we need to close the integration contour

JIR(3:1,1;m) =

on the left. For« = f = 1and d = 3, we will have poles at u = —% andatu =-1,-2,-3,...,
hence

UV i |m| > f4m?\’ 1
1, 1m) = ——

1 i 4m?
- tanh { /=5 | - H.47
S[k < 2 > (F.47)

As far as (H.43) is concerned, in this paper we are interested in particular in the IR region,
which is the one where m? is much larger than k?, k3, ¢* in the case of J3. This requires that
the relevant powers s,t,u in the integrands be positive, and, so, the contours must close
around the poles of the positive real axis, that is the poles of I'(—s)I'(—¢)I'(—u). An easy
calculation gives

it~ a Fla+B8+7-3)
Js(d;a, B,v;m) = —m?2)2 "B 2
a—i_ﬁ_‘_fy_ﬂaaaﬁvfy k% q2 k%
P 2 —, =, = H.48
X 3|: a+/8+’7 m27m27m2 I ( )

where @3 is a generalized Lauricella function:

ai,az,as,a
¢3|:17 2,03, 04

21,22, Z3:|

O 0 X Ji J2

_ Z Z Z A1 %2 23 (@1) 1 -+52+45 (@2) 11452 (43) 1+ (@4) o 45 (H.49)

g1! ja! ja! (€)2j1+252+23

71=072=0j2=0
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where (a), = % is the Pochammer symbol. The leading term in the IR is clearly the one

given by ji = j2 = j3 = 0, i.e. by setting ®3 = 1 in (H.48).
In general, we need to evaluate not only (H.41) but more general integrals

' ' B ddp [
a5, 8.550) = [ G (1

One can prove by induction that the following formula holds in general

Tt (A0 Boyim) = > (—é)A (4m) M {[n]* [a1)™ [g]"™ [qg]“B}

A K1,K2,K3

X (OZ)Hl (ﬁ);@ (’7),‘@3 J3(d + 2(M - >\)7 o+ /{176 + Ko, + K3; m)7 (H51)

M1

where the symbol {[77]’\ [@a]™ .. an]™ } stands for the complete symmetrization of
Bt
the objects inside the curly brackts, for exampjlwe

{nql}ulugy{; = Nuape Qs + My ps Lo + Mpops Qip -

H.6 Third order gravity CS and 3-point e.m. correlator

In this appendix we collect the result concerning the odd parity 3-point function of the e.m.
tensor and its relation to the third order term in gravitational CS action.
H.6.1 The third order gravitational CS

From the action term (8.99), by differentiating three times with respect to . (x),hx,(y) and
hap(2) and Fourier-transforming the result one gets the sum of the following local terms in
momentum space (they feature in the same order they appear in (8.99),

14 kT ks (6;,LO'T (QanuAnpﬂ - qpnmmﬂ) + EAor(klanupnuB - klzﬂlua”pﬂ)

+€aa‘r(k52u77up77>\ﬁ - k2>\77u6771/p)> (H.52)
K1
7 16 ( —k1-k2 (k1pngy — kapnpw + (k2 — k1)unp)p)
+k3 (nppk1s — wpks) + ki (nguk2, — ngokan) ) (H.53)
K1
Z ZQu/\a (klﬁka2u - kluQﬁka) (H54)

( euaaqg (QL?UV)\ - q>\nﬂu)k2p + e,u,)\aqo (Qpnl/ﬂ - QBan)kla

| %
YRS

t+exack? (k1smup — k1umsp) k2w + €arnakd (k2pnus — k2unpp) k1w
+€,u)\ok<17(kly776p - klﬁan)QOt + Euaakg(kQVnp,B - k2p”ﬂu)£])\> (H55)
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( €vpo (qUQa(kQ,u - klu)nkﬁ - kirkla(k?)\ + QA)WB)

=~ =
Q0| =

+€l/,80' (qUQ)\(klu - k?u)nap - kgk2)\(kloc + QQ)nup)
+€ﬁpa (k?klu(kQ)\ + Q)\)nau - kngu(kla + %y)'ﬂx\l/) ) (H56)

( €ora(Naunpy (kT k1-k2 — kSka-q) + ngunpu (kT k1-q — kS k1-k2))
+€opa (nﬂ/\nyp(qUQ'kQ + kgkl k2) + nﬁpnw\(_qakl q + ng'k2))
-+6ayx(nuﬂnpa(q”q-k1%—kfkq~k2)%—nuanpﬁ(—q”kzwz+—k?q-k1))) (H.57)

e~ X
0ol .

1
§|: eaﬁunupkg (na)\kg - k2)\k2a) + ecrﬂ)\nupkg (nauk% - k2yk2a)

1=

+€apu77,uﬂk(17 (na)\k% - kl)\kla) + eapanuﬁk(f (77)\1/]{7% - klukl)\)
—%wmwwff—%wmmef+%me%mwmwwmf%%MH%)

These terms must be simmetrized under 1 <+ v, A < p,a < 3. They are expected to
correspond to odd-parity 3-point e.m. tensor correlator.
H.6.2 The IR limit of the 3-point e.m. correlator

The 0-th order term, after adding the cross contribution, is given (up to an overall multi-
plicative factor of 5g55-) by

4
= (0dd,IR) 1 (i)
Ty (kiks) = 2o ST, (k ko) (FL.59)
=1
where
(1) o |4 4 4
{‘Tuy,\paﬁ(kla kQ) = _eaﬁuk2 gkl'k2 (77p/\77au + Npall\p + npun)\oz) + gCIak'Q,unp)\ - gklak&)\npu
2 2
*gnku(Qaklp + klan + klak2p) + gnAa(Qkalu + klp(kl - k?)u)
4 2
+§k1MQ)\77ap + gnua(QQpQ)\ + kpo)\ + ka2)\ + k2pk2)\):|
2
+ geﬂﬁllk({l@ﬂ |:(k1 - kQ),un)\a + (q + kQ)/\mta - (q + kl)a”)\u} (H60)
2) o |4 4 4
Timpapki k2) = —eopkd §k1-k2 (MBANap + NapMru + NBuMra) + §Q)\k1,u775a — gkmkn%u

2 2
+§77)\M(QQaq,B + klaQﬁ + Q(:vk?ﬁ + klaklﬁ) + 577)\04(2(151{72“ + kQﬁ(k? - kl)/,L)

4 2
+§k52MQO/’7A,3 - gﬁua(%ku + kaggy + kzka)}

2
geapukgklﬁ |:(k2 - kl);ﬂ])\a - (q + kQ))\nua + (q + kl)oﬂ?)\,u} (H61)
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e

74 1
wnpas (k1 k) = €pay | Teknka(ky — k)ulax — gki-ka(15ky + 44k1)any, (H.62)

15

1 1
+§k1~]€2(44k2 + 15/41))\?%[# — Bklakl/\(llkl + 47]{2)“

1 1 1
+T5k2ak2>\(47€2 + Tk1), + gk‘mk‘z\(kz — k1) + Bkzak‘u(?)wﬁ + 31@’2)4

4) oLT 2 2 2
‘I/(U/)\paﬁ = —Npweoprki ks <377ua(k1 + QkQ)A =+ 377)\04(}?1 - k2)u - gnu/\@kl + k2>a>
(2 2 2
— NBveoprky k7 <_377,ua(k71 + 2ko) ) + gﬁAa(kQ —k1)u + 577“/\(21431 + k‘z)a) . (H.63)

This must be simmetrized under ;. <+ v, A <+ p, a <+ 8. The IR limit is entirely local.
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Appendix I

Feynman integrals

In this appendix we are going to review the results presented in [83-87]. The two fun-
damental facts that are going to be used repeatedly in these notes are the Mellin-Barnes
representation of 1/ (k? — m?)®

100

1 1 1 ds m2\°
@Q—WQQZ(WYWWa)/“%n<_k2>Iw_$F01+@’ (L1)

—100

and the Barnes’s Lemma

100

F(a—l—c)F(a—l—d)I‘(b%—c)F(b—i—d)‘

ds
/27”, (a+s)T'(b+s)I'(c—s)I'(d—s) = Tlatbtctd (L2)
I.1 Derivation of I5 (d, v, ) with Feynman parametrization
Here we are going to compute the integral
d? 1
L) = [ - (13)

@ ) |- k)]

We are going to use the Feynman parametrization to perform the computation. The useful
identity is

1 T(+w) (! a1 (1 — )2t
A Bv2 T (1/1) T (1/2) /0 [.’L‘A + (1 _ .T) B]y1+y2 . (1.4)

Using (I.4) in (1.3) we find

L'(v+wv) (1 d%p xv2 (1 — ZL’)Vl_l
d,v, ) = —————= dx . L.
I ( » V1 2) T (Vl) T (1/2) /0 / (27T)d [1' (p _ k)2 + (1 B ;1;) p2 vitv2 ( 5)

The denominator of the last expression can be written as

r(p—k)P+1-2)p’=(p—a2k)’ —z(@-1)k
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and by doing the change of variable ¢ = p — xk we can compute the integral in the momen-
tum

R PRI
(27r)d (2 —z(x—1) k2)”1+l’2 (4@% T (v1+PB) z(1—z) k2
1 d
_ Zl dd (kg)%—m—l/z r (Vl + vy — §) x%—yl—ug (1 B x)g—yl—yg )
(4m)2 I (1 +8)
(L.6)
Plugging back (1.6) in (I.5) we obtain
ji—d d_,. F(lll—l-yg—d) 1 d d_
L(d,vy, 1) = — (K?)2 777 2 /d:v:v2_”1_11—3:2y2 L
2(d01,02) (47)% (&) L)l () Jo ( )
In the last expression we can identify the Euler beta function
! ['() T (v2)
B _ d v1—1 1— va—1 — ,
(v1,12) /0 xx (1—x) T (1 1)
and the final result is
1—d i—l/—l/F _QFQI_ Fﬁl_
B () = yf o Lt B ) BG—n) gy,
(471')5 F(Vl)F(VQ)F(d—I/l —VQ)
1.2 Derivation of I, (d, vy, 5;m)
Here we are going to compute the integral
d 1
b (d v, mim) = [ 22 (L8)

@) (2 — )" [(p— k) = 2]

The main idea will be to rewrite the integrand as

/ dp 1 1
e oo () (o)

P? k)’
and use the Mellin-Barnes representation of the factors 1/ (1 + A)%, namely

1

(-%)" (-5%)

100

1 [ ds dt <_m22) <—(Tn2)2)tf(—s)F(—t)F(s+Vl)F(t+V2).

['(n)T (10) 2mi 2mi P p—k

—100
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Plugging this expression back in our integral we have

1 T ds dt "
m 273 27 (_mQ) F(=s)T(=t)T (s+uv1) T (t +12) X

—100

></ddp 1
" gy [ -0

where we identify the integral I, (d, vy + s, v2 + t;m) which we computed in the section I.1:

/ dp 1
Cn® gy [ - 2]

it=d (kQ)g—ul—uz—s—tF(V1+V — s+ ) T (E -1 —s)T (§—1n— 1)
(47)% T +s) T (e +t)T(d—v) —vg —s—1t) '

Performing the change of variables —u = vy + 5 — 4 + s + t we get

T ds du k2
27i T m2

(47r)% I (1)L (v2) omi 2mi > ['(=s) I (~u)

XF(V1+ug—%+u+s)F(g—u1—S)F(l/l—l—u—i—s)
T(5+u) '

NI
_l_

We may use Barnes’s lemma to compute the integration over s

/;;F(—S)F<L2i—V1—3>F(V1+u+s)1“<ul+y2_;Z_|_U+S>
T (i +u)T (e +u)T (24 u)T (11 + 1o — & +4)
T (11 + vo + 2u)

and we are left with

d_yy—vy P00 2\ U d

2 / du k r( >F(V1+u)f‘(u2+u)r(1/1+u—§+u)
—-— —u :
2mi \ m? I'(v1 +v2 + 2u)

il_d (_m2)

(47.‘.)% T 1/1) I (1/2)

—100

After rewriting the gamma function in the denominator of the integrand using the doubling
formula
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(

(

)

(

144
we find
it—d (—7712)%_”_”2 70 du ( k2 )u
(4@% I'(1)T (1) A 21\ m?
T +u)T (ro+u)T (1 +1mm— 2+
T (= (v1 + u) 1(1/2 w) (1/1 v — 5 u) (19)
ovitvet+2u—lp—3T (V1-5V2 + u) r (V1+52+1 + u)
It is convenient to rewrite our last expression using Pochammer symbols
I'(a+v)
(@), =2,
(a)
which gives us
1—d A 2\ U d
(i (_m2)g_,,1_1,2 r (yl + vy — 5) / du (_ k ) (—u) (v1), (v2),, (V1 + vy — §)u
(47)% F(n+mw) J 2w\ 4m? vt (utntl)
Assuming % < 1, we close the contour on the right and we pick-up the poles of I' (—u).
The integral becomes the following sum
F(I/1+V2_§ il k2 J (1/1)]- (1/2)]- (V1+V2_%)j
7! 4Am?2 VlJQrVQ)j (V1+gz+1)j

Zl_d( Q)Q—I/l—ug
—m 2
g T (v1 + 1) =
d 2
2 | Y
4m2

ilid (7m2)%7l/171/2 r (1/1 + vy — %)
4@% T(v+1a) ° vdvs pityotl

(47)
which is the definition of a generalized hypergeometric function. Our final result is
2( V1, V2, V1tV —

-[2 (d,l/l,VQ;m) -

—

I.3 Mellin-Barnes representation of /5 (d; vy, 15, v3)
(1.10)

Here we are going to find the Mellin-Barnes representation of the integral
1
[ZR)

dp
- [(qg +p)2} ” [(qs +p)2}

I3 (d;v1,v2,v3) E/(27T)d {(qﬁ_p)Q]

which comes from a triangle diagram with momenta k1 = ¢3 — q2, k2 = ¢1 — g3 and k3 =
g2 — q1 all ingoing. This parametrization of the external momenta is nice because it makes

Our first step will be to use the Feynman parametrization
3 drat T (1 =30, a)
=1 % { 7 (111)

conservation manifest.
_ I () /1 I1
()T ()T (v3) Jo [21A + 29 B + 23C|™

1

Av1Bv2(Cvs
where 1y = v + 15 + v3, to recast (1.10) in the form
[T, deiwy '8 (1= 3, @)

I () / ddp /1
(2m)* Jo [:m (1 +p)* + 22 (g2 +p)* + 23 (g3 +p)2] t

I'(1) T (v2) T (v3)
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The denominator can be written as

2
(p + Z xin’) + z129 (1 — q2)2 + z123 (1 — Q3)2 + zox3 (q2 — Q3)2 )
i

which can be written in terms of the external momenta k; as
2
(p + Z :ciqi> + xll’gkg + 3711:3143% + :Iigxgk% =2 - A.
i

Now we may perform the momentum integration

/ddp 1 :(1>”%T(w—‘é)<1>’“g
e P=A7  4mi T \a)

hence we have up to now

P o) P L e 50K

I3 (dyv1,v0,v3) = (L.12)

As we said in the introduction, the Mellin-Barnes representation of 1/ (A + B ) is
1 11 T ds (B
= — [ Z(Z) D(=s)T(s+)).
ArB) AT / i (7) TOT e+
Of course that it generalizes to expressions of the type 1/ (A + B + C)* for which we find

100

1 1 1 ds (B+C\®
(A+B+C)A:A*(/\)/2m'< A )F(_S)F(SJFA)

—100
and we use again the Mellin-Barnes representation to rewrite 1/ (B + C')™°. We obtain
11 Tas1 (11 Toa oy
— [ 2 — [ 2 (Z) (=T (t—s) | T (=s)T .
AAT (V) / omi A5 | BT (—s) / omi <B> (=Tt =) JT(=s)T(s+4)
In our last expression we shift s — s + ¢ to find

7

rds d o\

—100
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Using (I.13) to rewrite the denominator inside the integration over the z; in (I.12) we find

1

d
v @
(xl.%'gk'g + l’lxgk% + .%'2.%3]{%) tT2

1 1 1o 2\ S 2\t
L T ) (s ().
($1$2k§)yt_§ r (yt — §) 2mi 2mi \ woks x1k3 2

—100

Now we are left with the integration on the z;

with
d
= —wm—1y3—1—1t,
a B V9 Vs
d
b= -1 —v3—1—
B 1%} V3 S,

c=vs—1+s+t

We first do the integral with respect to x3 to deal with the delta function
1
/ dxldmx‘fxg (1—21 —x9)°
0

and now we do the change of variables

1’1:7757 532:77(1_5)7

which has Jacobian 7, and we find

L N By _T(a+b+2)T(c+ 1) a+ )T (b+1)
</0 d7777+b+1(1_77)></0 d&g (1_§)>_ T(a+b+c+3) I(a+b+2) )

Hence

Fla+1)T(b+1)T(c+1)
/0 Hdw’ (1—2};1) i = T(atbtc+t3s)

' ds dt [k} k2
B ) = T | e () () TP

—100

d d d
XF<2—I/2—V3—t>r<2—I/1—V3—S>F(V3+S+t)F(Vt—2+S+t>. (I.14)
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I.3.1 Some exact results
1311 d=Yu

When Y v; = d, I3 (d; v1, 12, v3) becomes particularly simple (see [87]), namely

il 3 T (d — Vi) v,—d
I3 (d;v1,v2,03) 5~ g = 2 k2772 (1.15)
v (4w)3£[1 Ty )
For example, for d = 3 and 11 = v» = v3 = 1 we have
1 1
I3(3;1,1,1) = —= )
3G LLY =~ gk

1.312 d=4andy;, =1
For d = 4 and v; = 1, the Mellin-Barnes representation of I3 (1.14) becomes

100

i 1 [ ods dt [K2\'/k2\°
I3(4:1,1,1) = —— — - (A 2) (=T (—s)’T (1 2. (11
st = [t () () rerrerass et g

Performing the integrals over s and ¢ we arrive at (vide [87])

i1 k? k2
I3(41,1,1) = ——® = 2 117

3(7 s Ly ) 1671'2]{% <k§7k§)7 ( )
where

1+py 2

1+px 3]’

D (x,y) = 1 [2 (Lig (—pzx) + Liz (—py)) + In (px) In (py) + In % In (L.18)

A

where Li; (z) is Euler’s dilogarithm and

1

= — i 2_ - 0=
A—\/(l r—y)  —dzy, p Er——

I.4 The Triple-K representation

I.4.1 The Triple-K representation of I3 (d, v, v, v3)

Here we are going to reproduce a derivation of the triple-K representation of I3 (d, v, 12, v3)
presented in the appendix A.3 of [14]. Our starting point is

d%p 1

: 1.19
2m) (1 +p)*" (g2 + )™ (g3 + p)*™* (19

I (d; vy, v2,13) E/

where we choose the auxiliary external momenta ¢; such that the physical external momenta
are given by k1 = ¢1 — ¢3, k2 = ¢2 — q1 ans k3 = g3 — ¢2. Using Schwinger parameters

1 _ L > a—1_-—sA
A5~ T(a) /0 dss* e % a >0, (1.20)
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we are able to write

ddp 1 1 dd — 1/ 1 vo—1 v3—1
= d 1— 2 3—
/ @m) I, (@ + )™ 1T () / (27)° /Rs S 83
X €xXp [— (81 (1 +p)° + 52 (g2 +p)* + 53 (g3 —|—p)2>] . (1.21)

Following [14], we will denote s; = s; + s2 + s3 and rewrite the expression in the exponent
as

s1(qu+ )+ 52 (g2 + 1) + 53 (g3 +p)° = 52 + A, (1.22)

where

2 2 2
(=p+ Q151 1 g252 + Q353’ A= (@1 — q2)" s152 + (@1 — g3)" 5153 + (g2 — ¢3) 5253 (1.23)

St St

Now the integral (I.21) becomes

1 di
R /R syttt / o) et (L.24)
i=11 Vi
For any s; such that Re (s¢) > 0 we have
de 1=d 1
/ e = (125)
(27‘() (47T)2 $t2
hence
dd 1 1—d 1 d
/ pd 3 = 13 / dis, 28 L2 em A (1.26)
(2m)* [Ti= (@i +p)™ (4m)2 [Tie T () R%

The integral representation (I.26) is akin to what we would get by using Feynman parametri-
sation instead of Schwinger. Now we are going to transform this integral representation
which contains three integrals into one that only contains one, namely, the triple-K repre-
sentation. We start by defining 14 = v + 12 + 3 and performing the following change of
variables:

V1V2 + V1V3 + V23 |4

- = — ) =1,2,3. .
SJ 21}] 2vj7 ] » < (127)

One should notice that these transformations imply

=L (R S RN
S= —5—5—5dU, s = = — — _ )
8@%1}%1}% ) t 21)1”2@37 9 q2 —q3) V1 q1 —4q3) V2 q1 —4q2) U3
(1.28)
Using these facts we find
jl—d 27_1”S 5 a4, 12
d 3 / dovved H Uf_yj_lengjvj, (1.29)
(47[')5 Hi:l r (Vl) Ri j=1

where we introduced the notation Q1 = g3—¢q2 = k3, Q2 = g1 —q3 = k1 and Q3 = g0 —q1 = ko
in order to have a more compact expression. The next step is to notice that we can write

1 1 1
V = vi1v9v3 < + —+ ) (1.30)
() V3
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hence

1—d d_, vi—d 3
25— 111 T |
s syl AR R B | R A
(4m)2 [T T (i) Jre. v vz U3 j=1

vi—d
Now we may use the Schwinger parametrisation to rewrite the term (% + i + %) ,i.e.

1 1 1 vi—d 1 0 J ) 3 ot
I T = — dtt®="— e Y. 1.32
(Ul ) Us) ['(d—w) /0 jI;[l (132

Inserting this expression into (1.31) we have

d
Z‘lfd 925~

o 5 —dhp—ri—1 —1Q%; -t
d : / dttd—”t—l/ i [ v; el TR T (13
(4m)2 T(d—v) [, T (vs) Jo RL i

Now we perform a new change of variables and define

1
uj = 5@311]», (1.34)
thus
Z‘l*d 27d+1/t oo 3 _d i1 —U'—ﬁ
_ : / di A1 / da [ Qi 2+, 2™ e
d 3 .
(4m)z T (d—v) [Ii T () Jo RL 4
(1.35)

We may recognize the integral form of the modified Bessel function of second type K, (z),
namely

1 o\w [ 2
K,(z)== (%) /0 e myV du, |argz| < % (1.36)

In fact,

2

oo d 1R

d—2vt+2v; —§+Vt—l/j—1 —Uj— 5

. ; . J =
Q] /0 duju; e

d )
—gtv—v;  d_

A T QK (VEQ)

5 —VttV;
[herefore
. _d
,Ll d 2 2+4

(4m)E T (d— ) T T (1)

I3 (dyvi,10,13) =

3
& d_q g vty
/0 dr x? 11@; JKg_,,tJr,,j (2Qj)
]:
(1.37)

where we have defined = = v/2t. The integral representation (I.37) is the triple-K represen-
tation of I3 (d;v1,v2,v3). For brevity, let us introduce a notation to talk about the triple-K
integral. Let

0o 3
Lasr po.ps) (K1, k2, k3) = /O dez® [] k7Kg, (xkj). (1.38)
j=1
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Recall that Q1 = k3, Q2 = k1 and Q3 = ko, hence

A _d
il d 9 5+4

(4m)e T (d—v) [T, T (v)

I3 (d; vy, 1v9,13) = Ig_l{g_ww} (k3, k1, ko) . (1.39)

I.4.2 Analytical properties and regularization of triple-K integrals

In this section we are going to study the analytical properties of the triple-K integral in the
Euclidean. Most of the material presented here is based on the references [14, 49, 54].
The triple-K integral is given by

Ia{ﬁl,ﬁz,ﬁs} (klv ko, k3) = kfl k§2k§3 / dx xaKﬁl (x kl) K52 (17 kQ) Kﬁs (1’ k3) . (1.40)
0

To study the convergence properties of (1.40) we need to study the bahaviour of the inte-
grand i) for large x and ii) for small x.

Forlarge z: The asymptotic behaviour of K (x) for large x is (vide [milne1972handbook],
p. 378):

Te T

— Eﬁ_i_...,

hence the asymptotic form of the integrand in (1.40) for large « is

Kz (z)

~ :L,Ozf % efx(kj +ko +k3)

which requires the sum of the norm of the external momenta to be positive for convergence
of the integral, i.e. k1 + k2 + k3 > 0.

For small z: The modified Bessel function of second type K is defined in terms of the
modified Bessel function of first type I as

1
K (@) = 5y U0 () = T3 (@) (141)
and [ is given by the series
2\ B "
Ig (@) = (5) Z_% 22T (B+n+1) vB. 142)

The series expansion of K3 (z) in # comes directly from (I.41) and (I.42), and is decomposed
into two series:

z\8 [~ (=1)" 2n 2\ A [~ (-1)" 2n
n=0 n=0
(L.43)
If 3 is an integer, the two gamma functions will contribute with divergent terms and in that
case we define
Kﬁ(I):liLI})K5+E($), Bel.
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We will write the expression (I.43) more compactly as

G (_1 " o n
o=+x1n=0

Using (1.44), the integrand of (I.40) becomes

3
aH Bj
x kj]ng ((Ek])
j=1

[e’¢) 3 .
(_1)n1 1+0;)B8i+2n; «a 3 (0iBj+2n,;
=> > (H 20'i/6i+2ni+1ni!r(_ni — 0ifBi) i TOIPEIN) got i (i) - (1.45)

oj=x1n;=0 \i=1

From the expression above we see that in order for the integral to converge in the vicinity of
z = 0, we need
a+ 14 [Bi|+[B2] + [B2] > 0. (1.46)

When the condition (1.46) is violated we may try and define the integral through an analyti-
cal continuation. The regularization scheme that we are going to consider is

a— &= a+ ue, Bjﬁﬁjzﬁj—i—ve, 71=1,23, (1.47)

where u and v are arbitrary parameters and ¢ is our regulator. Different choices of u and v
corresponds to different schemes. From the expression (1.45) we see that the integrand has
a Frobenius expansion of the form
Z cpz',
n

with

3 3 3 3
n:d+z<aj5j+2nj):—l+ a+1+Zojﬁj+Qan +e u+vZUj . (1.48)
j=1

=1 j=1 =1

Let us introduce an arbitrary energy scale i and split the integral (I.40) into an upper part
and a lower part, i.e.

-1

ju 00 3
& Bj
Id{51,52,B3} (k1, k2, k3) = / dﬂschx" + /M1 dx x H kj]KB]- (xkj). (1.49)

0 n j=1

The full integral must be independent of 1, which must hold true order by order in the
e-expansion. As we already established, the second integral will not contribute with any
divergencies, hence it can only contribute with terms of order ¢” and higher. Since the regu-
lators guarantee that 7 > —1, the evaluation of the first integral in (1.49) gives

N_(U—H) * a & B;
Ta{B1 o s} (K1, ko, ks) = ch ) - /N1 dr Hk:j K (zkj).
n j=1

Now we are going to show that divergencies are present only if = —1 + we, for some finite
w. Indeed, let us suppose that n = m + we, for m # —1. In this case the term 1/ (n+ 1) is
regular as e — 0, thus any divergency must come from ¢, but any such a singularity would
be u-dependent since it would be multiplied by =1 = 4=+ (1 + O (¢)). The only
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way to cancel this p-dependence is to have m = —1. From (1.48) we now establish that we
only have singularities when

a+1 —i—Ulﬂl +02,32+0353 = —27101,0275,3, Noy,09,05 = N1 + ng + n3. (150)
From (1.48) we also read the possible values of w in our regularization scheme, namely
w={u—3v,u—v,u+v,u+3v}. (I.51)

The different possibilities for w come from the different possibilities of combinations of the
signs o; in order to satisfy (1.50).

Types of singularities: One very interesting implication of the singularity condition (I1.50)
is that different sign combinations imply different powers of the momenta in the coefficient
of the singularities, which can be read from (I.45), namely

gy o o) art e p (ko) Bot2ns ) g ng € {0,1,2,... ) . (L52)

Recall that local terms in a 3-point function are those that are analytical on all three momenta.
If an expression is analytical on only two of the three momenta we call it semi-local, otherwise
we call it non-local. In configuration space, local contributions correspond to the product of
delta functions or derivatives of delta functions, semi-local contributions present a delta
function or derivative of a delta function times some contribution which has support at
non-coincident points and non-local contributions present no delta function and is purely
composed by functions with support at non-coincident points.

From (1.52) we see that given a solution of (I.50) with signs {01, 02, o3} we have a differ-
ent type of singularity. As a matter of fact, the classification is as follows:

{—--} — local singularity
{+-=-},{—-+-},{——+} — semi-local singularity
{-++r.{+—+},{++-},{+++} — non-local singularity

For a full analysis of the meaning of these singularities in correlation functions in momen-
tum space, see [49]. Summarizing the discussion, in the context of computation of corre-
lation functions of local operators in a QFT, the presence of local singularities indicate the
need of renormalization and call for the introduction of local counterterms. The presence
of semi-local singularities indicate the need of renormalization of the sources of the local
operators. Non-local singularities are not true singularities of the theory, are only spuri-
ous singularities of the triple-K representation and are not present in the final result. For
instance, if a Feynman integral is proportional to a triple-K integral that has a singularity
of type {+ + +}, there will be also a gamma function in the proportionality constant that
diverges, in this case I' (d — 1), vide (1.39).

I.5 Relating I, to /3
Let us consider the box diagram

) = dp 1
faldiw) = / (2m) 1L, [(qurp)Qr“

where the physical momenta k; are given by k; = ¢; — ¢i+1 and ¢5 = ¢;.
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Repeting the steps used for the computation of I3 we find

) = T () /?d R VT
e )>

BN

). (L53)

[SI[oH

d i
(477)2 Hz 1 I 1 TiTj (¢ — qJ)Q

Explictly, the denominator of (1.53) is given by
171.%'2/{% + x1238 + m1x4ki + xzxgkg + woxyt + $3x4k§,
where we have used the Mandelstam variables
s= (k1 +ko)?, t=(k1+ks)? = (ko+ks)>.
Performing the change of variables
za=A, z;=(1-AN)y, i=123,
we find

j1—d pl,t_,

Iy (dyvy) = / dezyuz—la (1 - Z?h)

(477 z 1

d

[ an A
0 [A (y153 + yot + ys3k3) + (1 — A) (yiyok? + y1yss + yoysk3) ]2

(L54)

I

The integration over A is of the form

L (1— A)2vte d = d d A
/ dA d:<+3_’/t) B3 eyl (1 Vi — 2,2+4 I/t,l—).
o

AM+(1-AN)B" 2 \2 B
(L55)
151 d=4,v,=1
In the particular case of d = 4 and v; = 1, the integration over A (1.55) gives
! 1 1
/ dA 5 = —0-
0 [AA+(1-A)B| AB
Hence
: 1 3
1 dyid (1=, v
I (4:1,1,1,1) = —— / . H@=12 bio 2213/ ) - (L56)
1672 Jo  (y1kd + yat + ysk3) (y1y2k? + y1yss + y2ysk3)

Now we will use the double Mellin-Barnes representation of (A + B + C )7>‘

1 1 1 dZ1d22 1 C #2
mzﬂf()\) / 27 2mi <A> <A> D (=2) P (=2) T (A + 21+ 22)

—100
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to rewrite the term (y1 k% + yat + ysk3) ~!. We find

100
L _ 1l [dudn <ylki>“ <y3k§
(y1ki + yot + y3k3)  yot 271 270\ yat Yot

—100

>Z2 T (_Zl) T (—2’2) T (1 —+ z1 + 22) .

(1.57)
Inserting (1.57) into (I.56) we find

T 16n2t 27 2mi \ ¢ t

—100

. 1 00 2\ 21 2\ 22
L(:1,1,1,1) = — dd(’“) (’%) [ (—20) D (—2) D (1 + 21 + 2)

—z1—22—1 2o

[os(oo 5] oo
0 =1 i

Yiyok? + y1yss + yoysks)

Comparing the integral over y; with (I.12) we notice that

1 3 21, —21—22—1_ 29
/ [T dvio (1—2%) o B =
0 =1 i (

y1y2k? + y1yss + yaysk3)
=A4mil' (z1+ DT (20 + 1) T (=21 — 22) I3 (2521 + 1, —21 — 29,20 + 1) .

Now we use the expression (I.15) to find

1 3 21, —z1—22—1_2z9 2\ ?2 2\ %1
1 /k k
| Taws <1—§ :yz)( Ui " s —8<;> (;) P (=) T (—20) T (14 21 + 22).
0 j—1 i

y1y2k? + y1y3s + yaysk3)

Thus
100

. 21.2\ *1 271.2\ ?2
L1111 = —— L dzld@<k2k4> (klki”> I (—21)°T (—22)°T (1 + 21 + 22)°.

T 1672 st 27 2mi \ st st

—100

From (I.16) we know that

zood d k2k2 21 k2k2 22 k,2k2 k}2k2
le2< 2 4) ( L 3> I‘(—zl)QF(—zg)QF(l—i—zl—|—zg)2—<I>< L - 4).

o2mi 2mi \ st st st st
—100

Finally, we have

i 1 k2k2 k2k2
I(41,1,1,1) = —— —@ ( 3 22
1411 11) 1672 st ( st ' st )’
where
® () = - [2(Lia (—p2) + Tia (—p)) +1n () I (py) + 10 L1 2022 L ] (15)
Y =5 2(—pz 2(—pY pr Py z 1+pr 3| :

where Lis (z) is Euler’s dilogarithm and

1

=\/(1—2z—y)?—14 SR —
A \/( r—y)” —day, p [Er———Y
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.52 d=3andy; =1

In the particular case of d = 3 and v; = 1, the integration over A (1.55) gives

_1

»

1-A)"2 2 1 4 1
/ dA ( ) r=-—=+ < —.
0 [AM+(1—-A)B]2 3AB> 3A2B2
Now we will use the double Mellin-Barnes representation of (A + B + C )7>‘

1 1 1 [ dede (B (C)?
(A+B+C) ALK, zwz?T(A) <A> PP (=2) T+ 2t 22)

—100

to rewrite the terms (y1 k7 + yat + ysk3) ~'and (y1k3 + yat + ysk3) 2. We find

100 d k2 21 k2 2]
1 _ 1 dz1 dzg (yl4> <y33) D(=2z1) T (=22) T (1 + 21 + 22),

(91h2 + ot +ysk3)  yat J 2mi2mi \ yat yat
—100
1 1T ey des (k2N g2\
— 1 G2z2 <914> (33> T (—21)T(—22)T (24 21 + 22) .
(y1k3 + yat + y3k§) Tt | 2mi2mi \ yot Yyat

—100

1.6 Reducing tensor integrals to scalar ones

In this appendix we are going to review the derivation of a formula to relate tensor one-loop
integrals with scalar ones presented in [84].

I.6.1 One-loop Scalar N-point function integral with Schwinger parametrization

Here we are going to consider the scalar N-point function integral

Vash= [ T2 D= (159)
Y o' TIL, Dy
and we are going to use the Schwinger parametrization
1 1 X A-1_—aD
= @ I
IR F()\)/o daa”™ e (I.60)

to simplify it. Applying (1.60) to all the propagators of (I.59) we find

ddp oo N N
T i) = HF b4 /(27r)d/0 [T daiay e 2ima i,
i=1

By performing the change of variables

N N
Yoai=A ai=Ag, Y pi=1
=1

=1
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we get

(d; {v;}) = (HF vi) )/ Hdﬁz grls (1_Zﬁz>/ /OOOdAAtheAZZN_lﬁiDi

The integral over A can be computed and the result is

[eS) a o
/ dAA”’/_le_AZf;l BiDi _ I (I/t) (Z ﬂle> .
0 i=1

Now we have

N

N - v;—1 l ddp al o
)(d§{Vj}>:<H (vi) ) (vt / l_Ildﬁzﬂf 5<1_§ﬂi>/(2ﬁ)d (Z&Q) ;

=1 i=1

where
N N 2
> BiD; = (p +)° @'%‘) +) BB (¢ — ¢j)° — m?
i—1 i=1 J>i

and the integral over the momentum gives us

o = _ i (-9 B (g — a:)? — m2 Y
/ (27r)d [52 + Ej>i BiB; (¢ — Qj)2 — mﬂyt B (47r)% I (vt) (Z Bi; (ai = ai) ’

which yields the following integral representation for the integral (1.59)

1 d F l/t— 5 N
N (& {vs}) = T / Hdﬁiﬁ;’i_15 (1 - Zﬁl> Zﬁlﬂj (¢; = g5)" = m?
( z IF V% =1 i=1

J>i

1.6.2 Relations among N-point function integrals and tensor integrals

Notice that if we derive (1.59) with respect to any one of the parameters ¢; we get

R (d;{Vj}):_/(ddp R (1.62)

aq;u' 2ﬂ_)d Hé\f:l D;-/j+5ij7
ie.
3(2“ N (d; {v;}) = =201, I ™) (ds {vj + 655}) — 20 I (d; {wj + 035}) (1.63)
where

dp p
1 @) = [ b
" ’ (2m)" TI;L, D)

From (1.63) we can read

1 0

maqyf W (d:i{v; — 0} (L6d)

I (d; {v;}) = —qip ™) (d; {vy}) —
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At this point we may notice that deriving with respect to any of the ¢; would be equally
effective to derive a formula for tensor integrals, hence from here on we will always derive
with respect to ¢, without loss of generality. Another thing that we might note is that the
expression (1.64) is useless if we want to compute 7, ,SN) (d;{v;}) and all the v; are one since
clearly we would need to start with an expression contaning log’s of the propagator. It turns
out that we can improve the expression (1.64) using a few identities involving the scalar

N-point integrals.

1.6.2.1 Vector integral

Using (I.61) we may verify the two identities

N)(d; {v}) = —4n Z v I N (d+ 23 {vj + G }) (165)
9 N
8751(1\0 (d; {v;}) = 271 ; (@1 — i), vl ™ (d+ 25 {v; + 61 + ). (L66)

If we add and subtract the term 27v1q101 TN (d + 2; {vj + 61; + 01;}) to (1.66) and use the
identity (1.65) we derive

N
0
o’ M (d; {vy = 0131) = =2 (1 = 1) | qupuld ™) (d: {3) + 47 Y g N (d + 23 {v; + 5jk})]
1 k=1
(L67)
Using the identity (1.67) in (I.64) we have
N
M (d {v}) = 47> g ™ (d+ 25 {v; + G5 }) - (1.68)
k=1

I.6.2.2 Rank 2 tensor integral

Of course that we can express [, fflvlk (d; {v;}) in terms of a derivative of ffj) (d;{v;}), namely

I ) =~ 2 () = s o ) (i =0u)). (69)

Using the expression (1.68) in the second term of (1.69) we have

) 0 (&
g I (di{v; — 6133) = 47T8 i <Z Ghpas (Vi — O1) TN (d + 23 {vj — 61 + 5jk})>
k=1

= 47”7;11#2 (Vl - ) (N) (d +2; {Vj})

+ 47 Z qkm

I (d + 2 {y = 615+ G }) -
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Using (1.67) we have

0
WI(N) (d+2;{vj — 01 + djx})
1

N
—2(1 = 14 01) [ @ TN (d+ 25 vy + 050 }) + 47> aiy (14 0) TN (d + 45 {vj + 850 + 850}) |

=1
thus

0
ogi"t M2 (d {VJ - 51J}) = ANy (V (1 —1) o) (d+2; {Vj})
1

N

— QWZ quQ (I/k — (51k> (Vl -1 + 51k> q1p1[(N) (d + 2; {Vj + 5Jk})
k=1
N

— 87 Z iy o (Vi — O1x) (1 — 1+ S1g) (v + S) I (d + 45 {w; + 81, + 0ju})
k=1

Notice that (v, — d1x) (11 — 1+ 61%) = vi (11 — 1) for any k € {1,..., N}. The second sum
we will split in two pieces, the one where k£ = [ and the one where k # [. We have

0 1
dgl" u2 (d {vj — 6151 = 77#1#2 (1 —1) o) (d+2;{v;})

2 (V1 — 1)
T 4n e ;_:1 BT N (d+ 25 {vj + 031 })
N
2 (Vl — 1)
1672 ; Gy BV (W + 1) TN (d + 45 {v; + 25;1.})

V1 — 1
16#2 Z Ghyes Qi+ Upia Ghpn) i T (d 4 45 {vj + 651 + 61})
k<
Notice that we can use (1.68) to simplify the second line, namely

1 0 1
ﬁaqm #2 (d {VJ - 51]}) 8—17“1#2](]\[) (d +2; {Vj})

+Q1M1 112 (d {VJ})
| X
+ 1602 Z Qhepir Doy Vi (Ve + 1) 1M (d + 4; {vj +20})
k=1
N

T 622 D (G sz + U Gz vier I ™) (d + 45 {v; + 06 + 551}
k<l
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Plugging this result back in the (1.69) we find

1
I, (s (v3)) = =g eI (d 4 2: {0)
1 N
+ W Z Aoy Qhopin Vi (l/k + 1) I(N) (d + 4; {l/j + 25jk})

k=1
N

+ 1672 Z (qk’ﬂlqluz + le%uz) Z//i’VlI(N) (d+4; {Vj + 5jk’ + 53'5}) :
k<l

1.6.2.3 General tensor integral

It can be proven by induction that the following formula holds in general

CICUDESNDS (—;)A (M )" fan]™

ARy KN
2)\+Z ki=M

Y,

(L.70)

1), - (VN) ey IM(d+2(M =N v+ k1, ..., un +6n), (L71)

where the symbol {[n])‘ i N } stands for the complete symmetrization of

e p
the objects inside the curly brackts, for exalmpllue

{041} 11 jogis = Mo Qps + My s Qs + Mpropus G -
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