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ABSTRACT: We discuss the renormalisation of mixed 3-point functions involving tensorial
and scalar operators in conformal field theories of general dimension. In previous work
we analysed correlators of either purely scalar or purely tensorial operators, in each case
finding new features and new complications: for scalar correlators, renormalisation leads
to beta functions, novel conformal anomalies of type B, and unexpected analytic structure
in momentum space; for correlators of stress tensors and/or conserved currents, beta func-
tions vanish but anomalies of both type B and type A (associated with a 0/0 structure)
are present. Mixed correlators combine all these features: beta functions and anomalies of
type B, plus the possibility of new type A anomalies. Following a non-perturbative and
general momentum-space analysis, we present explicit results in dimensions d = 3, 4 for all
renormalised 3-point functions of stress tensors, conserved currents and scalars of dimen-
sions A = d and A = d — 2. We identify all anomalies and beta functions, and explain the
form of the anomalous conformal Ward identities. In d = 3, we find a 0/0 structure but the
corresponding type A anomaly turns out to be trivial. In addition, the correlators of two
currents and a scalar, and of two stress tensors and a scalar, both feature universal tensor
structures that are independent of the scalar dimension and vanish for opposite helicities.
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1 Introduction

Momentum-space methods, ubiquitous in quantum field theory, are not yet widely available
for conformal field theories. Even elementary results such as the form of 3-point functions,
known in position space for decades [1—4], have only recently been studied in momentum
space [5-16]. With new applications in cosmology [17-28] and condensed matter [29-34]
for which momentum space is ideally suited, now is the time to close this surprising gap.
General results for 3-point functions, valid for generic values of the operator and space-
time dimensions, were presented in [10]. In certain special cases, however, these results
are invalidated by the presence of divergences. Starting with 3-point functions of scalar
operators, we formulated a corresponding renormalisation prescription in [11]. In [13], we
extended this prescription to obtain the renormalised 3-point functions of stress tensors and
conserved currents. This paper completes our analysis by presenting renormalised 3-point
functions for mixed correlators involving scalars, stress tensors and conserved currents.
Our entire approach is fully non-perturbative, making use only of conformal symmetry.
The standard position-space results for CF'T correlators are valid only at separated
points, with coincident insertions leading to singularities. Correlators should nevertheless
be well-defined distributions, and in particular should have a well-defined Fourier trans-
form. In certain cases, to achieve this we must first regulate then supplement the standard
position space expressions with suitable contact terms. The dependence on the renormal-
isation scale thus introduced then leads to conformal anomalies and/or beta functions.
From a purely position-space perspective, while it might appear that these contact terms
can be neglected, this is by no means universally true: certain correlators — for example,



the 3-point function of a stress tensor, conserved current and a scalar we study here —
appear to be nonzero at separated points but vanish when the constraints at coincident
points are taken into account. Examples also exist where an analysis at separated points
implies the correlator vanishes, whereas in fact it is nonzero due to contact terms [35]. Con-
tact contributions are naturally also important in applications where operator insertions
are integrated over the spacetime coordinates, such as conformal perturbation theory.

For our present purposes, the momentum-space 3-point functions are most easily found
by solving the relevant momentum-space conformal Ward identities. (Certainly, this is
far easier than attempting to Fourier transform from position space.) Using the minimal
decomposition for tensorial structure introduced in [10], these Ward identities take a simple
form and can be solved through surprisingly elementary means: in fact, just separation of
variables followed by a Mellin transform to extract the component of appropriate scaling
dimension. The resulting momentum-space 3-point functions can then be expressed in
terms of triple-K integrals, a general class of parametric integrals involving three modified
Bessel functions and a power.

For special values of the operator and spacetime dimensions, divergences now arise from
the lower limit of these triple- K integrals, corresponding to the divergences one would have
obtained from naively Fourier-transforming the position-space expressions over coincident
configurations. These divergences can be dimensionally regulated through infinitesimal
shifts of the operator and spacetime dimensions, producing corresponding shifts in the
parameters of the triple-K integrals. A major advantage of this regularisation is that it
respects conformal symmetry. Moreover, it allows the form of divergences to be read off
from a simple series expansion of the triple-K integrand. As shown in [11], this result is
a consequence of the Mellin mapping theorem which relates the singularities of a triple- K
integral to the poles of its integrand.

The nature of the singularities present now dictates the type of counterterms required
for their removal. In general, singularities in triple-K integrals arise whenever a certain
singularity condition is satisfied. This condition involves a choice of three independent +
signs, according to which singularity can be classified. Here, we will encounter singularities
of type (— — —) and (+ — —), along with permutations, whose implications are as follows.

Singularities of type (— — —) correspond to triple-K integrals whose divergences are
ultralocal, meaning they are purely analytic functions of the squared momenta. In position
space, they represent contact terms contributing only when all three insertion points are
coincident. Singularities of this type can be removed by local counterterms that are cubic
in the sources, giving rise to conformal anomalies. Singularities of type (+ — —) (and
permutations) correspond instead to triple-K integrals whose divergences are semilocal,
meaning they are non-analytic in only one of the squared momenta, or else a sum of such
terms. In position space, they represent contact terms contributing when only two of
the three insertions are coincident. Singularities of this type can be removed by cubic
counterterms involving two sources and one operator. The 3-point contribution from such
counterterms involves a 2-point function, generating the necessary semilocal momentum
dependence required to cancel the divergence. Counterterms of this nature effectively
reparametrise the source of the operator involved, and hence give rise to a nontrivial beta



function. Being quadratic in the sources, however, this beta function vanishes for the CFT
itself where the sources are set to zero.

For correlators featuring only stress tensors and/or conserved currents, as studied
in [13], only singularities of type (— — —) arise consistent with the fact that only countert-
erms cubic in the sources are available. With the introduction of scalar operators, this is no
longer the case and hence we now find both (— ——) and (4 — —) type singularities arising.
The elimination of these singularities can nevertheless be surprisingly intricate. Due to the
restrictions imposed by gauge and Lorentz invariance, we sometimes encounter cases where
either no counterterms are available, or else only counterterms of the wrong type, despite
the presence of singularities. In such cases, as we will see, the singularities are instead
eliminated through two additional mechanisms, acting either singly or in combination.

The first is that cancellations can occur between the singularities of different triple-K
integrals contributing to the same correlator. More precisely, we decompose the tensorial
structure of correlators into a minimal set of basis tensors, each of which is multiplied by
a scalar form factor depending only on the momentum magnitudes. The conformal Ward
identities then impose that each of these form factors is given by a specific linear combina-
tion of triple- K integrals. We can then obtain cancellations between the singularities of the
different triple- K integrals appearing in these sums. Alternatively, as a second mechanism,
the relevant linear combination can be such that a singular triple- K integral is multiplied
by a coefficient that vanishes as some appropriate power of the regulator.

Remarkably, no arbitrariness is involved in either of these cancellation mechanisms.
The set of constants determining these linear combinations of triple- K integrals, which we
refer to as primary constants, are themselves constrained by a subset of the conformal Ward
identities. In general, these can be split into two sets, the primary and secondary Ward
identities, the first of which can be solved in terms of triple-K integrals up to constants
of integration which are the primary constants. The secondary conformal Ward identities
then act simply to constrain these primary constants. (As such, they can most easily
be analysed in special kinematic configurations for which the triple- K integrals simplify,
such as the soft limit where one momentum vanishes.) Their action not only reduces
the number of undetermined parameters to their final physical values, but moreover selects
primary constants such that all singularities not removed by counterterms are automatically
cancelled through the mechanisms described above.

With all singularities eliminated, the regulator can now be removed to obtain the renor-
malised correlators. Where anomalies and/or beta functions are present, these renormalised
correlators obey modified conformal Ward identities now featuring additional inhomoge-
neous (or ‘anomalous’) terms. The form of these additional terms can easily be found by
inserting the renormalised correlators back into the original homogeneous Ward identities,
but can also be understood from theoretical considerations. This is particularly simple
for the dilatation Ward identity, since a dilatation is equivalent to changing the renormal-
isation scale p while holding the renormalised couplings fixed. On general grounds, the
renormalised generating functional W satisfies

d 0 )
Mo +/ddaz zj:ﬁqﬂw




where A is the anomaly action and the Sgr are beta functions for some set of couplings
which we schematically denote ®!. Note that anomalous dimensions are absent, as we
work non-perturbatively assuming a CFT with some specific set of dimensions is given.
The anomaly action and beta functions can be read off from the counterterm action (see
section 2.10), after which the anomalous dilatation Ward identities for correlators follow
by functional differentiation.

Understanding the anomalous terms entering the special conformal Ward identities,
namely the primary and secondary Ward identities above, requires more effort. One way,
as we show in section 4, is to view the CFT as the flat-space limit of a Weyl-invariant
theory on curved spacetime [36]. This perspective is also natural since we use the metric
as a source for the stress tensor. The anomaly then derives from the Weyl variation of the
renormalised generating functional,!

50W:/ddw\/§fla(w), A:/ddw\@fl, (12)

with the variation of the sources given by the beta functions. Since conformal transforma-
tions are equivalent to a diffeomorphism followed by a Weyl transformation, their action
on the renormalised correlators can now be evaluated.

Denoting the generating functional as

W = lim In ( e~ Set ™ Jsource ) (1.3)

e—0

we further require the regulated counterterm action satisfies the Weyl covariance condition

d
60’(Sct + Ssource) = /ddm go‘ﬂ@(‘cct + Esource)- (14)

In fact, this relation is automatically satisfied by the divergent part of the counterterm
action. As we will see, all divergences in the regulated theory satisfy non-anomalous Ward
identities meaning their Weyl variation follows from their scaling dimension. (Anomalies
arise only after adding counterterms and removing the regulator.) The relation (1.4) is not
however automatically satisfied by the finite (i.e. scheme-dependent) part of counterterms.
Imposing (1.4) thus restricts us to a narrow class of (conformal) renormalisation schemes,
reducing the number of scheme-dependent terms entering the renormalised correlators.
This restriction to conformal schemes is especially useful for the mixed scalar/tensor cor-
relators we study here, for which a large number of potential counterterms exist even after
gauge- and Lorentz-invariance have been imposed.

Finally, we wish to highlight two features of our results in three spacetime dimensions:

e For the 3-point function (T},,,7},1,O), the tensorial basis in which correlators are
decomposed has a degeneracy due to the appearance of an evanescent tensor [10, 13].
As a contraction of a 4-form, this tensor vanishes in three spacetime dimensions but
not in the dimensionally regulated theory. When such tensors appear with divergent

!Derivatives of o can be removed through integration by parts. The resulting V,J" contributions to
the anomaly correspond to finite local counterterms (see, e.g., [37]), and are thus scheme-dependent.



coefficients, one usually finds a type A conformal anomaly which preserves scale but
not special conformal invariance [38]. This mechanism was recently demonstrated for
the four-dimensional Euler anomaly in [13]. Here, in section 3.4.4, we find instead a
three-dimensional counterexample where a 0/0 limit leads to a trivial anomaly that
can be removed by counterterms.

e In three dimensions, we find that (7},,,,7},.,,O) and (J*' J#2O) each involve only a
single tensorial structure, which is independent of the dimension of the scalar op-
erator. This tensorial structure is such that the correlators vanish when the stress
tensors or currents have opposite helicities. Dependence on the scalar dimension en-
ters only via an overall (scalar) form factor involving the momentum magnitudes. It
would be interesting to find a deeper explanation for this curious behaviour. Holog-
raphy is perhaps relevant, as both cases involve a single four-dimensional bulk vertex
whose non-scalar part is Weyl invariant.

The layout of this paper is as follows. In section 2, we introduce our momentum-
space technology summarising the relevant Ward identities; their tensorial decomposition
and solution in terms of triple-K integrals; regularisation and renormalisation; results for
2-point functions; and the extraction of anomalies and beta functions. Our main results
for renormalised 3-point functions are then presented in section 3. In section 4, we give
a detailed analysis explaining the form of the anomalous conformal Ward identities, after
which we conclude in section 5. Two appendices discuss the analysis of counterterms, while
a third presents general shadow relations for the correlators of interest.

We have endeavoured to make this paper self-contained, with the relevant background
material summarised in section 2. The different subsections of section 3 can then be read
independently of one another, so readers interested only in results for a particular correlator
may head directly to the relevant subsection after reviewing our conventions in section 2.

2 Overview of the method

This section summarises the notation and definitions we will use for presenting our results.
A complementary discussion of our solution method can be found in section 2 of [13]; here
we focus principally on the new features arising for mixed correlators of scalars and tensors.

Throughout, we assume we are working in d > 3 Euclidean dimensions.

2.1 Transverse Ward identities

Under a variation of the sources, we find the variation of the renormalised generating
functional

SW (g, A%, ¢'] = — / dYz\/g <;<ij>55g’w + (1) SAL + <01>55¢1) , (2.1)

where the subscript s denotes a nontrivial source profile. The gauge field Aj; sources a
symmetry current J** associated with some group G, in general non-Abelian. The indices



a=1,...,dimG and repeated indices are to be summed. The ¢! source scalar primary
operators Q! transforming in some representation R with generator matrices (T }%)I 7
Under a gauge transformation a®, the sources transform as

dg" =0,
§AY = =V,a® — gf* Abat,
5¢" = —iga™(TH) ¢’ (2.4)

where fo%¢ is the structure constant and g the gauge coupling. Under a diffeomorphism &,

Sghv = —2av e, (2.5)
JAL = €'V, A% + AIV €, (2.6)
5¢! = ¢V, (2.7)

where we perform all symmetrisations (and antisymmetrisations) with unit strength. The
invariance of the generating functional under these transformations yields the transverse
Ward identities,

0=V, (1), — ig(O")o(TH) &7 + gf e AL (),
0= V(T + (01) V0! + (JH),2V}, A% — ALY, ().

Introducing the covariant derivative and field strength

DI =§"7v, —igAL(T)", (2.10)
Fp, =2V, Al + gf " AL A, (2.11)

we can alternatively write (2.8) and (2.9) as

0= Dy (J")s — ig<OI>S(T1%)U¢J7 (2.12)

0= V*(Tw)s + (O1)s Dy’ — F,(J"),. (2.13)

To obtain the second of these equations, we substituted (2.8) into (2.9), and for the first
we used the adjoint representation (7%)% = —i f% for the current.

The corresponding transverse Ward identities for 3-point functions now follow by func-

tionally differentiating twice with respect to the sources. In momentum space, these iden-

tities give the longitudinal components of 3-point functions in terms of 2-point functions,
for example

P (74 (p1) 0" (p2) O3 (ps)))
= —g(T) "B (O (p2) O (—p2)) — g(TH) 2 (O (p3) O™ (—p3))). (2.14)

Our double-bracket notation for correlators simply indicates stripping off the overall delta
function of momentum conservation, thus

(T (p) O (p2) O™ (p3)) = (T (p1) 0" (p2) O™ (p3))) (2m)?5(p1 + P2 + p3), (2.15)
(0" (p2) O (p3)) = (O"(p2) O™ (—p2))) (27)6(p2 + p3).- (2.16)

We list the transverse Ward identities for each correlator at the beginning of every section.



2.2 Trace Ward identities

The trace of stress tensor correlators are determined by the trace Ward identities. These
derive from Weyl transformations, under which the sources transform as

5g" = =209, 0AL=Bago, ¢ = ( —(d— A" + 5¢1>a. (2.17)

By definition, our beta functions [ Az and (4 begin at quadratic order in the sources,
and hence arise from the renormalisation of (+ — —) type singularities. In the CFT,
where all sources take their background values, Aj; then has Weyl weight zero while ¢! has
Weyl weight d — A’. These weights are chosen so that under a conformal transformation
(constructed from a Weyl transformation and a diffeomorphism as discussed in section 4),
the operators J#¢ and O now have the required dilatation weights d — 1 and A’.

The renormalised generating functional is not in general invariant under a Weyl trans-
formation and transforms anomalously as given in (1.2). From (2.1), we then obtain the
trace Ward identity

(T)s = [— (d— AN + By ](O)s + Baa (J#)s + A. (2.18)

The corresponding Ward identities for the renormalised 3-point functions follow by func-
tionally differentiating this identity twice with respect to the sources, before restoring them
to their background values. As [ Ag and 3,1 are quadratic in the sources, and all 1-point
functions in the CFT vanish, these beta function terms make no contribution to the 3-point
trace Ward identities. They may however contribute to the anomalous conformal Ward
identities, as discussed in section 4.

Where present, we list the trace Ward identities at the start of each section of our
results. Note these identities apply only in the renormalised theory; in the dimensionally
regulated theory from which our analysis begins, all stress tensor correlators are traceless.
Through identifying and eliminating the divergences that arise, we determine the anomaly
and beta functions, and hence the trace Ward identities for the renormalised correlator.

2.3 Defining the 3-point function

We define all 3-point functions through three functional derivatives of the generating func-
tional, as in [3]. All metric factors are positioned outside the functional derivatives to
preserve symmetry under permutations, e.g.,

4 W

Vo(x1)g(z2)g(xs) 09717 (21)dgH22 (m2)0¢! (23) 10’
(2.19)

where the subscript zero indicates switching off the sources. We caution this definition

<T,U1V1 (wl)Tugug (5132)01(%3)) = —

differs from that in [10], where 3-point functions were defined through three insertions
of the relevant operators. All results can easily be converted between these definitions,
however, and we point out differences where they arise. Our present convention simplifies
the treatment of semilocal terms in divergent correlators, for reasons discussed in [13].



Once the definition of the 3-point function has been fixed, the solution of the conformal
Ward identities is unique.? Of course, if this definition is changed, the form of the Ward
identities and hence that of the solutions can change (see e.g., [39]). Nevertheless, for a
given definition the solution is still unique hence such modifications do not constitute an
intrinsic ambiguity.

2.4 Momentum variables

We denote momentum vectors with bold letters, while their magnitudes are

pj =Ipjl = \/p?, j=12,3. (2.20)

For 3-point functions, momentum conservation allows any Lorentz scalar p; - p; to be re-
expressed purely in terms of the momentum magnitudes. To write our results in compact
form, we define the following symmetric polynomials of the momentum magnitudes

ai23 = p1 + p2 + p3, b123 = p1p2 + p1p3 + p2p3, C123 = P1DP2DP3,
ij = Pi + Pj bij = pivj, (2.21)

where i, j = 1,2, 3, as well as the combination

J? = (p1 +p2 +p3)(—p1 +p2 +p3)(p1 — p2 + p3)(p1 + p2 — p3)
= —pi — p3 — P§ + 2p3p3 + 2p3p3 + 2p3pi. (2.22)

By Heron’s formula, v/ J?/4 represents the area of the triangle formed by the momenta.
Equivalently, the Gram determinant of any two such momenta is given by .J?/4.

2.5 Tensorial decomposition

We decompose all correlators into a basis of scalar form factors multiplying tensor structures
built from the metric and momenta. The form factors are functions of the momentum
magnitudes, A; = A;(p1,p2,p3). When no arguments are specified, this standard ordering
of momenta is assumed; otherwise the exchange of arguments is indicated with an arrow,
e.g., Aj(p1 <> p2) = Aj(p2,p1,p3).

Through momentum conservation, only two of the three momenta appearing in a
3-point function are independent. Rather than making a global choice for these two inde-
pendent momenta, which would obscure the permutation symmetries for 3-point functions
of identical operators, we will instead make a different choice of independent momenta for
each operator insertion. Numbering all Lorentz indices according to the operator insertion
they are associated with, we choose the independent momenta according to the cyclic rule:

p1, P2 for pi,11; po,p3 for ps,vo and ps3, p1 for ps,vs. (2.23)

Thus, for example, for the second operator insertion, which carries Lorentz indices labelled
with a 2 subscript, the independent momenta are ps and p3. By respecting the permutation

2The possibility of constructing local solutions corresponding to non-triple-K integrals, as discussed in
appendix A.3 of [11], can be ruled out by explicit computation, see [13].



symmetry of identical operators, this choice of independent momenta leads to a basis with
the minimal number of scalar form factors; see section 1 of [10]. Use of this cyclic convention
is assumed whenever we refer to the “coefficient of” some specific tensorial structure in a
3-point function. Thus, before reading off this coefficient, we first replace momenta as
required (using momentum conservation) so as to be consistent with (2.23).

One of the main advantages of momentum space is that the transverse Ward identities
are algebraic. As we saw above, this means all the longitudinal components of 3-point
functions can be reduced to 2-point functions. Moreover, all trace components can be ob-
tained from the trace Ward identities. The remaining transverse-traceless tensor structure
can then be decomposed with the aid of the transverse and transverse-traceless projectors,

T (P) = O, — p;f”, (2.24)
Moo (P) = 5 (T (PITos(P) + TP (P)) ~ — s (P)mas(p). (2:25)

We will write the transverse(-traceless) parts of the conserved current and stress tensor as
Gt =T, tu = 11, Ty (2.26)

2.6 Conformal Ward identities

The conformal Ward identities (or CWT) can be split into two types, which we label primary
and secondary [10]. The primary conformal Ward identities can be expressed using the
second-order differential operators

P d+1-28; 0

A 7 R TR
J

i,j=1,2,3 (2.27)

where A; denotes the dimension of the j-th operator in the 3-point function at hand. In
(Tyyy0, JH2JH3), for example, we thus have Ay =d and Ay = Ag=d — 1.

The solution to these primary CWIs can be written in terms of the triple- K integral
Iop;y and (for convenience) its reduced counterpart .J N{k;}- These integrals are defined by

. 3
o B
10{515253}(])171727173) = /0 dz z Hpijﬁj (pjx)a (2.28)
j=1
INGky =L 1N, dingy (2.29)

where K, is a modified Bessel function of the second kind and we use the compressed
notation {k;} = {kik2ks}. Solutions to the primary CWIs consist of linear combinations
of reduced triple-K integrals multiplied by constants C; which we refer to as primary
constants. Some of these primary constants are fixed by the secondary CWIs as below; the
remainder are free parameters characterising the specific CFT at hand.



The secondary CWI involve the first-order differential operators?

0 0

Ly — 2 2_ . 9 o902 9

~N =pi(p1 +p3 — p3) ap, T P2
+[(2d — Ay = 285 + N)pi + (241 — d)(p3 — p3)] . (2.30)

0
R=p1— —2A1+d 2.31
b1 3]91 1+ y ( )
and their permutations

?V = Ly with (p1 — pg) and (Al > AQ), (2.32)
Rl = R with (pl — pQ) and (Al — AQ). (2.33)

Substituting in our solution of the primary CWI, these secondary CWIs serve to fix a
number of the undetermined primary constants C'; appearing in our solution. To evaluate
these relationships it is useful to examine the secondary CWI in the soft limit p3 — 0,
where the action of the differential operators (2.30)—(2.33) on triple-K integrals can be
explicitly evaluated [10]. To do this, we use the general relation

0 .
%Ia{ﬂj} = _piIa+1{18j—6ij}7 ,] = 17 27 3 (234)

to eliminate derivatives, after which the soft limit is given by

pgigo Logg,1 (00 p3) = Logppp™ tP P70t (2.35)
where
20737 (B3 a—P3+1+01p1 + 0202
lafpy = Fm_ﬁiJr)l) 01’0216_{[_171: ( 5 ) . (2.36)
This formula is valid for $3 > 0 and away from poles of the gamma functions.
2.7 Regularisation
Triple-K integrals diverge whenever [11]
a+1+p8 =+ B+ B3 =—2n, (2.37)
where n is any non-negative integer n = 0,1,2..., and any independent choice of + signs

can be made for each ;. The singularity type (& =+ %) is then given by this set of signs.
In such cases, we regulate using the generalised dimensional scheme

Ia{ﬂlﬁzﬁs} = Id{ﬂ]ﬁ}ﬁ}} = IOH"LLE{,Bl+’l)16,62+’026w83+v36}7 (2'38)

3In the original arXiv version of this paper, we used L, and R, where s is the spin of the first operator.
As this operator is always either T, or J*, we have simplified by substituting s = A; —d+2 and redefining
Lsn =& Ly with N =s+n and Rs — R.

~10 -



where the constants {u,v;} parametrise our freedom to shift the operator and spacetime
dimensions according to

d—d=d+2ue, Aj—= A=A+ w+v)e, =123 (2.39)

Each choice of the constants {u, v;} thus defines a different regularisation scheme. After the
divergences have been removed, physical dimensions are then restored by sending € — 0.

For the conserved current J#* and stress tensor 7}, our choice of scheme is restricted
by the necessity for these operators to retain their canonical dimensions, i.e.

Ay=d—1, Ar=d = v=u (2.40)

With this scheme, gauge- and diffeomorphism invariance are respected and the transverse
Ward identities take the same form in both the regulated and the renormalised theory.

The divergences of triple-K integrals can be directly read off from a series expansion
of their integrand about the origin [11]. Writing this expansion as

z prJK (pj ch , (241)

7=1

1+we (for some finite nonzero w) that become

the divergences arise from terms of the form x~
poles in the limit as € — 0. Via the Mellin mapping theorem, these divergences are given

by the formula

div _ C—1+we 0
I, = zw: 4 O(E). (2.42)

When the singularity condition (2.37) is multiply satisfied, the coefficients ¢_14ye them-
selves contain poles in €, leading to a higher-order overall divergence.

2.8 Reduction scheme and master integral

For four-dimensional CFTs, all the triple-K integrals we encounter can be derived from a
single finite master integral I1(gop}. The corresponding reduction scheme, which we use to
obtain many of our results, is derived in [12]. The master integral I;{ooo} is well-known
in the literature (see e.g., [12, 40-42]) and represents, for example, the 3-point function of
Oy = :p?: for a free conformal scalar ¢ in four dimensions. It can be evaluated as

7[.2

n
I ——21 ln +lnXlnY Lis X — LisY 2.43
1{000} — 2m D3 P3 2 2 ( )

where J2 is given in (2.22) and

—pi+ 5+ — V-J? _ s+ pi+pd— V-T2

X = , Y =
2p3 2p3

(2.44)

Here, X is effectively a dimensionless complex variable with conjugate X =1 —Y.
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To express our results efficiently, we also define the finite auxiliary integrals

(fin) 1 0 0 0

12{111} =73 [p% (2 +p10pl> + 3 <2 +p28m> +p3 <2 +p36793 Iijoo0y,  (2.45)
(fin) 0 0 o 1

i = (1) (g ) (2 ) (370w (245

Up to scheme-dependent terms, these auxiliary integrals are simply the finite parts of the
divergent triple-K integrals after which they are named.? Similarly, although we will not
write it this way, the frequently occurring combination (1/4).J%1, {ooo} is simply the finite
non-local part of the divergent integral g1} (see (4.6) of [12]). The derivatives appearing
in these formulae, and in all our later results, can be trivially evaluated using

8 1 2/ 2 2 2
P1 871)1[1{000} =5 [2291 (p1 — p2 — p3)L1{000}
1 1
=it + 5 (07 +p3 — p3) Inp3 + 5 (07 — pi + ) 1np§] , (2.47)

with the analogous results for other momenta following by permutation. In this fashion,
for example, we can re-write (2.45) as given in equation (3.48) of [13],

2,92 2 4
(fn) _ 4pipaps 1 279 2 2 P1
12{111} - = J2 Il{OOO} - 6.J2 |:p1 (pQ +Dp3 — pl) In <p%p§>

4 4
P p
+p3(p +p3 — p3)In <222> + pi(p} +p3 —p3)In <232>} . (248)
piP3 Pibs

To obtain compact expressions, however, we usually leave such derivatives unevaluated.

2.9 Renormalised 2-point functions

In spacetimes of general dimension d > 2, the momentum-space 2-point functions read

(0" (p)O’(—p)) = Cood" p*>~, (2.49)
(J"(p) T (=p))) = Cs0%7" (p)p" 2, (2.50)
(T (D) Tpo (=) = Crr1lup0 (P)P?, (2.51)

while all 2-point functions of different operators vanish. These expressions are unsuitable
however when the power of the momenta becomes an even non-negative integer. When
this occurs, the 2-point function is ultralocal in position space (i.e. has support only when
the operator insertions coincide) and can be removed by a local counterterm. The 2-point
function would then vanish implying the operator has zero norm in violation of unitarity.

In reality, in all such cases the corresponding coefficient Cpp, C ;5 or Crr has a UV
divergence, and renormalisation is necessary. For the scalar 2-point function, this occurs
whenever

n=A-— g (2.52)

*For example, we define Ir(11c14e11c) = —1/3¢+ I{{1,, + O(e). From (4.20) of [12], this definition is
equivalent to (2.48). Alternatively, from (3.16) of [12] with & = 3 and ; = 1 + ¢, we obtain (2.45) after

noting that Iitc e} = l1{000} + O(€®) and using the dilatation Ward identity for I1 {000y -
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is a non-negative integer, while for 2-point functions of conserved currents and the stress
tensor, renormalisation is necessary in all even spacetime dimensions d = 2N.
To remove these divergences we pass to the dimensionally regulated theory with

d = d+ 2ue, A=A+ (u+v)e (2.53)

where u and v are constants parametrising our choice of regularisation scheme. (For stress
tensors and currents, conservation enforces v = u, however for a scalar v is unrestricted.)
Provided v # 0, the 2-point functions are now finite. The overall normalisation constant
is now a divergent function of the regulator,

Cj

Ve

C;(e) +C” +0(e), je{00,1JTT}. (2.54)

allowing the regulated 2-point functions to be expanded as

C
(0" D)0 (~P))reg = 8"/p* 7 | 222 4 Coolnp® + Oy + 0(6)} , (2.55)
C
(TH9 D) T (=P) Yreg = 67 (p)p" [U‘f +Crylnp® +CV) + O(e)] : (2.56)
C
<<T;w(p)Tp (_p)>>reg = H,uzxpa(p)pd |:5;T + CTT 111]92 + C:(poj)« + O(E):| . (2.57)

These expressions can be renormalised through the addition of suitable counterterms.
To quadratic order in the sources, these counterterms are

S = /dd+2UEw \/§M2UE [COO(ﬁIDAid/Q(ﬁI + CJJaabFﬁVD(dfll)/ZF,uub
+ err Wiy pe 09/ QW’“"D"} , (2.58)

where W, .- denotes the Weyl tensor and the renormalisation scale p enters on dimensional
grounds. All the Laplacians are raised to positive integer powers, as required for locality,
since the scalar counterterm exists only when A — d/2 = n while those for the currents
and stress tensors only when d = 2N > 4. Beyond quadratic order in the sources, these
Laplacians should be replaced by their Weyl-covariant generalisations.

Choosing the counterterm coefficients

(—1)2=42Cpp

0
oo = T + 5292') + O(e), (2.59)
(=120, o)
—1)4/2¢
CrT = ()4,06TT + Crg?j)ﬂ + O(E), (261)

where the finite coefficients cg)gg, CSO} and cé?% encode a particular choice of renormalisation

scheme, the renormalised correlation functions can now be obtained by subtracting the
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counterterm contributions from the regulated correlators and taking the limit € — 0. This
procedure yields the renormalised correlators

2
(O (p)O? (—p)) = 6172~ [coo wl+ Doo] , (2.62)
na vb __ sab_uv d—2 p2
(7 (D)™ (~p))) = 57 (p)p [au L+ DJJ} | (2.63)
2
(T (P)Tpo (—P)) = Hpvpo (p)p? [CTT In % + DTT} (2.64)
where
Doo = CS% — 2(—1)24/20) (2.65)
Dyy=C) —a(-1)¥2D), (2.66)
Dyp = O — 4(=1)420).. (2.67)

From the perspective of the renormalised theory, however, the constants Dpo, Dy; and
D77 represent scheme-dependent terms whose values can be adjusted arbitrarily through
a change of the renormalisation scale.

Unlike our original expressions (2.49)—(2.51), the renormalised correlators (2.62)—(2.64)
are non-analytic functions of the squared momentum, and are hence nonlocal. Due to the
explicit u-dependence introduced by the counterterms, they acquire a scale-dependence

ui«of(p)o%—p)» — op?A g, (2.68)
ui«ﬂ“(pw”b(—p)» — 25 (p)p 2. (2.69)
ua‘l«TW(p)Tp (=) = 20 (P)"Crrr. (2.70)

The anomalous terms appearing on the right-hand sides of these equations are finite, local,
and scheme-independent.
2.10 Anomalies and beta functions

The general structure of the anomalies and beta functions can be understood from (1.1).
Let us consider first the case where only anomalies are present, and no beta functions. This

case encompasses all 2-point functions, and 3-point functions for which only type (— — —)
singularities arise. The anomaly action is then
0
A=—limuy—S 2.71
o iy et (2.71)

where the counterterm action depends only on the non-dynamical sources and hence can
be extracted from the expectation value in (1.3). The quadratic anomaly action associated
with the 2-point functions above is thus

A:—/M%@

1
Cood! (~D)A2¢! + 20,y Fl (-0O) -0/ Frve

1
+ §CTTWquU(_D)(d74)/2wul’pg . (272)
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Let us now consider cases involving beta functions. These arise wherever (+ — —)
singularities of 3-point functions (or permutations thereof) are removed by counterterms
involving two sources and an operator. Where type (— — —) singularities are also present,
then we have both beta functions and anomalies. For concreteness, let us (%on§ider the

¢ for the

current J*® is renormalised by a cubic counterterm involving J*¢ and some quadratic

case of a beta function for the gauge field Ajj. Here, the bare source AZ

source combination, which we denote schematically by

48
a(ct) _ ct
ALY = 5ua (2.73)
In the full action for counterterms and sources, the current thus appears as
Summon + S = [ Al (4 + A4 = [ateagtpe s @

Perturbatively inverting, the renormalised source Aj (with respect to which we differentiate

a (bare) AZ (ct).

to find the renormalised correlators), is now given by Al = Ay Since by

definition Az(bare) is independent of the renormalisation scale u, the beta function is now

Bag = —lim M(,iAg(Ct). (2.75)

e—0

From (1.1) and (1.3), the corresponding anomaly action is

_ 8 d 5 3 —Ssource_sct
A_<'u6,u+/d l‘ﬁAﬁm>lg%|:ln<6 >}

=i 2 d g a (ct) na %
_lg%[ M(?,uSCt+/d T <'u8,u,A“ JHE 4 5A% : (2.76)

Here, the first term on the second line involves only the counterterm action, since the
source action has no explicit dependence on p. In the second term, the first bracketed
factor is equivalent to (minus) the beta function, while the second bracketed factor derives
from differentiating the source and counterterm actions with respect to Aj;. As the beta
function is already of quadratic order in the sources, note here we need only evaluate the
linear part of 0S¢t/ Ay, coming from the 2-point counterterm action (2.58).

The second line of (2.76) now depends only on the sources and not on the current.
Clearly this is true for both the linear part of 0S¢t/ dAj, and for the beta function, while the
explicit J#* in the second term cancels with the first-term contribution coming from acting
with —u(9/0u) on the [diz AZ(Ct)J“a piece of Sci. As the anomaly action thus depends
only on the non-dynamical sources, and not on the operators, we were able to remove the
expectation value in the second line. This remains true even in more complicated cases
where beta functions for other operators are present, once (2.76) is suitably generalised.

Examples. Let us consider the correlator (JH#¢O20%5) where O! is a marginal scalar.
In d = 3, as discussed in section 3.1.3, this has only a (+ — —) singularity and hence a
beta function but no anomaly. In d = 4, as discussed in section 3.1.5 and 4, we find both
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(+ — —) and (— — —) singularities, and hence a beta function as well as an anomaly. Both
cases can be understood from the general formulae (2.75) and (2.76).

Working in a scheme with v = v; and v9 = v3, as dictated by current conservation and
permutation symmetry, in three dimensions the relevant counterterm action is

S = /d3+2uew C1M2(v27u)eig(Tﬁ)1J (bIDM(z)JJ;m’ (277)

where the coefficient ¢; = cgfl)e_l + O(€°) has a pole removing the (+ — —) singularity of
the correlator. From (2.75), the beta function is then

Bag = —2(vy — )\ Vig(Tp)" o' D, (2.78)

From (2.76), the anomaly vanishes since §Sc; /6 A}, has no linear piece in three dimensions,
and the remaining terms cancel.
In four dimensions, including all terms up to cubic order, we have instead

Sep = /d4+2uem |:CJJ/~L2UEFHVGF5V + CO0N2v26(D2¢I)2 + clMZ(vg7u)eig(TI%)IJ¢IDM¢JJ,ua
+ cap®?ig(TH) " F** D, ¢! D¢ |. (2.79)

As we saw in (2.58), the first two counterterms are required for the renormalisation of the
2-point functions. Only the final three terms proportional to ¢pp, ¢1 and co contribute
to the 3-point function at hand. Analysing the divergences, we find that all counterterm
coefficients carry single poles except for co, which has a double pole

o =c D24V O(€%). (2.80)
The (+— —) counterterm proportional to ¢; leads again to the beta function given in (2.78)
above. Using (2.76), the anomaly action is

A= lg% d4+2ue$ [ _ QuECJJMQUer,VaFEV _ 2U26C00/,L2v26(D2¢)[)2

+ (—2vgeca + 8(vg — u)ecieyy)ig(TH) ! F*** D, ¢' D, ¢ |. (2.81)

For the final term to have a finite limit, the pole of eco must cancel against that of ecic sy, the
term coming from 0S¢t/ 0 Aj, times the beta function. As we will see in section 3.1.5, when
we insert the specific counterterm coefficients obtained from our analysis of the divergences,
this is indeed precisely what happens. Making use of (2.59) and (2.60), the anomaly action
is then

1 rva a N a rva
A= —/d4a: [2CJJF# Ff, + Coo(D*¢")? + 2a0ig(TH)" F**D,¢' D¢’ |, (2.82)
where
ap = vacs V) — 4(vg — u)(c(_l)cf,o} + c(lo)cf]fil)). (2.83)

As we will see in section 3.1.5, however, this term is scheme-dependent and can be consis-
tently set to zero. In fact, as we discuss in section 4, the ag term in (2.82) is Weyl exact
and hence does not represent a genuine anomaly.
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3 Results for renormalised correlators

We now present our main results for renormalised 3-point correlators. In each case, we list
the relevant transverse and trace Ward identities; the decomposition of tensor structure into
transverse-traceless form factors; the primary and secondary conformal Ward identities; the
divergences arising and the counterterms available to us for their disposal. We generally
classify these counterterms according to whether they give rise to beta functions or to
conformal anomalies. For each correlator, we then compute explicit results for the cases
d = 3 and d = 4, with scalar operators of dimension A’ =d —2 and A = d.

3.1 (JrOO)
3.1.1 General analysis

Decomposition. Using the transverse Ward identity,

Pr (T4 (1) O (p2) O (p3))
= —g(T})* (O (p2) O™ (=p2)) — 9(T)""2(O" (p3) O (—p3))), (3.1)

we can decompose the 3-point function into transverse and longitudinal pieces,
(119 (p1) O (p2) O™ (p3))) = (1 (p1) O (p2) O™ (p3))

- ]; [9(Tf) " (O% (p2) 0" (—p2)) + g(T) 2 (OF (p3)O" (—pa))] . (3.2)

Form factors. The transverse part can then be written

(1 (p1) O (p2) O™ (p3)) = AT 7t (pr)ps, (3:3)

where the scalar form factor Ay is a function of the momentum magnitudes and is symmetric
under (p2, I2) <> (ps3, I3), i.e.,

A?ISIQ (p17p37p2) = ‘4(1112[3 (p1>p27p3)- (34)

Its relation to the complete correlator is
A2Ts — coefficient of ph* in (JH1%(p1)O2 () O3 (p3))), (3.5)

where before reading off the coefficient we first impose the cyclic rule (2.23), which in this
case amounts to eliminating p5* via momentum conservation.

Primary CWIs. The primary CWIs are
K;; AR5 =0, 0,5 =1,2,3. (3.6)
Their solution in terms of triple-K integrals is
APEE = CY R Ty oo0y, (3.7)

where Cf12[3 is a primary constant.
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Form factor | Integral (——-) (+--) (—++)
Ay Jigoooy | A=d/2+1+n | A=d+n|A=d/2-1-n

Table 1. Singularities arising for (J*1O20%3) with A = Ay = As.

Secondary CWIs. There is only one independent secondary CWI, which reads

Ly A" = 2(A1 — 1) prys, (I (p1) O (p2) 0" (p3)). (3-8)

The right-hand side of this identity can be evaluated using the transverse Ward iden-
tity (3.1) and the scalar 2-point function (2.49). The role of this secondary CWI is then
to fix the primary constant 0?1213 in terms of the scalar 2-point normalisation Cpp. To
obtain this relation, it is sufficient to work in the soft limit p3 — 0. In this limit, the
left-hand side of (3.8) can easily be evaluated using (2.34) and (2.35). Divergences, where
they arise, can be avoided by working in the regulated theory. One finds that the secondary
CWI can only be satisfied if

247d/2g(T1%)I213 COO(G) sin (TI'(AQ — d/2))
AT (d/2— 1)

s — Oy As- (3.9)

The 3-point function thus vanishes for an uncharged scalar operator, for which g = 0,
or whenever Ay # Ag. For cases where Ay = d/2 + n, the 3-point function is actually
non-vanishing since the zero in the sine function cancels against the pole in the 2-point
normalisation Cop(€), see (2.52) and (2.54).

Regularisation. To obtain a nonzero 3-point function, in the following we restrict to
the case of a single scalar operator with As = As. This requires a scheme with vy = v3.
To preserve current conservation, we also impose u = v;. Provided u # wvs, this scheme
is then sufficient to regulate all the divergences arising, which are summarised in table 1.
Note that singularities of type (+ + —) and (4 + +) are forbidden as the former requires
d < 0 while the latter requires Ay = A3 < 0. For a unitary theory, the (— + +) singularity
only occurs for Ay = Az = d/2 — 1 corresponding to a free theory.

Renormalisation. To remove these singularities we need to evaluate the counterterms
available to us. These fall into two classes. The first class consists of counterterms that
are cubic in the sources: these serve to eliminate (— — —) singularities and give rise to
anomalies. The second class consists of counterterms involving two sources and one opera-
tor. Counterterms of this type remove (+ — —) singularities and give rise to beta functions,
since adding them to the Lagrangian redefines the source of the operator in question.

As we will see below, the cases where counterterms exist are those summarised in
table 2. Comparing with table 1, we see that for (— — —) and (+ — —) singularities
a counterterm is always available. In the remaining case of a (— + +) singularity, the
primary constant multiplying the divergence must instead vanish as a suitable power of
the regulator. The resulting finite form factor is then fully nonlocal, see [11].
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Singularity type | Counterterms available when
(———) A2:A3:d/2—|—1—|—n
(—|-——) A2:A3:d+n

Table 2. Availability of counterterms for (J#1O220%s).

Anomalies. To find the possible anomalies, we must therefore classify all counterterms
with one A} and two ¢!. Since counterterms must be both Lorentz- and gauge-invariant,
the source A, can only appear through its field strength Fy, or covariant derivatives D,,.
(We will ignore possible topological terms since we are considering only the parity-even
part of correlation functions.) We therefore have two possible families of counterterms, of
which the simplest representatives are

/ A4z D, ¢! DH!, g(T&)17 / d4xF*eD, ¢! D, ¢ (3.10)

More complicated examples can then be constructed featuring an even number of additional
covariant derivatives. Counterterms of this type exist and give rise to anomalies whenever

d
Do=A3=7+1+n n=012... (3.11)
Beta functions. There are potentially four types of counterterm involving two sources
and one operator: (i) those containing the current J#® and two scalar sources ¢'; (ii) those
containing J*¢ plus the sources ¢! and Al (iii) those containing the scalar operator Of
and two scalar sources ¢; (iv) those containing O along with ¢/ and A

The simplest counterterm of the form (i) is
g(T8)t / d4x J" ¢! D¢ (3.12)

Allowing for the possible addition of further derivatives, the existence of this counterterm
then leads to the following requirement for a nontrivial beta function:

Ay=As3=d+n, n=0,1,2,... (313)

In fact, this counterterm is the only one capable of generating a nontrivial beta function.
As we will now verify, all the remaining possibilities are either ruled out or else do not
contribute to the 3-point function at hand.

The two simplest counterterms of the form (ii) are

r! / d’z.J" D¢, ret! / d*cF, *J" D, ¢", (3.14)

@bl are some invariant tensors specified by a chosen representation. The first

where 7%/ and r
of these counterterms must be rejected as it contributes to the 2-point function (J**O7),

which has to vanish by conformal invariance. The second counterterm simply does not
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contribute, either to the 2-point functions or to the 3-point function. (Its contribution to
(JHeOTO7) is proportional to r! (JHO7) = 0.)

Through similar reasoning, counterterms of the form (iii) also make no contribution to
the 3-point function. Indeed, the simplest such term is

TUK/dda: 0’7 o™, (3.15)

whose contribution to (J**O!0”) is proportional to /K (Jr2OK) = 0. Finally, countert-
erms of the form (iv) are forbidden on dimensional grounds, since the scaling dimension
of the combination AZ(’)I ¢’ already exceeds the spacetime dimension. With these general
considerations in place, we now proceed to examine some specific cases of interest.

3.1.2 d:3andA2=A3:1

The relevant triple-K integral for this case is finite and (3.9) leads directly to

Aa[213 — 29(T1%)1213COO (316)
! a123b23 ’

where the symmetric polynomials appearing in the denominator are defined in (2.21).

3.1.3 d:3andA2:A3:3

Here, the triple-K integral arising in our solution (3.7) of the primary CWIs is linearly
divergent. Its evaluation in a fully general regularisation scheme yields

T\ "2
<§) I%""UE{%‘FUIE%-H)QE,%—FU;;&}
— pl pl 5
N _(U+U1 —Ug—v3)e + U+ v] — vy — U3 [u(_2+'YE+1112) —Ullnpl]
+ p3) + p2ps + p5 + p3
_ pi(p2 +ps3) apzps PR L o).
123

+ |:p1 Inajos + (1 —In 2)p1 (317)
This result is obtained by first evaluating the integral in the special scheme v; = 0 for
j =1,2,3, in which all Bessel functions reduce to elementary functions. The scheme can
then be changed through the addition of suitable terms using the method described in [12].

As discussed above, current conservation and the requirement Ay = Ajz impose a
regularisation scheme where u = v1 and vo = vs. In fact, these conditions are also imposed
independently by the secondary Ward identity (3.8). As it is interesting to see this in
operation, we will leave the parameters u, v; generic for the time being. The primary
Ward identities are thus solved by the regulated triple- K integral above, multiplied by an
undetermined constant CY 1213(6), which is itself a function of the regulator e. Since the
integral is linearly divergent, to keep track of finite terms in the product we need to expand
this constant to linear order in the regulator,

Ciﬂzh (6) _ C%O)alz[g +e C{l)alz[s + 0(62). (318)
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The left-hand side of the secondary Ward identity (3.8) then reads

3 _ 2_ 2 _ 3
LlAclbIQI;;: <g>20(0)a1213 [pg_p§+(u v1)p1(Py—p3)+ (v2 Us)p1+0(€) ) (3.19)

1 2 U~+V1 — V2 — V3
As we see, this result does not depend on the subleading term C’F)abh. The right-hand
side of the Ward identity (3.8) is instead
—29Coo(TH)"*"(p3 — p3) + O(e), (320)

after using the transverse Ward identity (3.1). Comparing these two expressions, we see
that the scheme-independent terms match provided

_3
Cift = =2 (3) 7 gCoolT)" +0(). (3:21)

This result is also consistent with our general formula (3.9). The remaining scheme-
dependent terms in (3.19) must then vanish, for arbitrary values of the momenta. Clearly
this is only possible if u = v; and vy = v3. To solve the secondary Ward identity (3.8) thus
requires working in a regularisation scheme respecting current conservation (v = v1) and
permutation symmetry of the scalar operators (vy = v3).

Our remaining task is to renormalise the correlation function. A single counterterm is

available, namely
Sct = /d3+QU6£U ig(T]%)I2IB J“a¢I2Du¢I3ILLZ€(’U2_u). (322)

In the regularisation scheme v = v1 and ve = w3, which we now enforce, the contribution
of this counterterm to the 3-point function is

(71 (p1)O" (p2) O (p3))er = 2019(TH)"*"* Cpyp® 2= py 2l (p1 )5 (3.23)
Choosing the counterterm constant

Coo

(0)
= = 4 +0 .24
2C 7 7(vy — u)e “ (€), (3:24)

€1

(0)

where ¢} is arbitrary, we obtain the finite renormalised 3-point function

M23 bi2s + p3 + p3

+ DRIy, (3.25)
a123

A?Izh = QQ(TI%)IQ]sCOO |:—p1 In

Here, th[?’ is a scheme-dependent constant that can be expressed in terms of subleading
quantities in the regulated theory,

3 C(l)a[g]g

DQIQI3 — E 2 1 4 T(L IPYE) (0)
1 (2) 2(vg — u) +4C9(TR) g
—In2 209(—1+1In2
+Coog(T;§)1213“(7E n2) 4 2vp(=1+m2) (3.26)

V2 —U
This relationship is not meaningful in the renormalised theory, however, where only the
constant D‘f]ﬂ'“‘ appears. The value of this constant can be arbitrarily shifted by a change
of the renormalisation scale pu.
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Anomalous CWI. The p-dependence introduced by the counterterm ensures the renor-
malised form factor obeys the anomalous dilatation Ward identity

0
po AT = 2C00g(TH)™="p1. (3.27)

1
The primary CWI are non-anomalous and retain their original homogeneous form (3.6).
The secondary Ward identity (3.8), on the other hand, becomes anomalous for the renor-

malised form factor and reads
L1 AY2' = 2g(Tf) 5 Coo (—p + pi) — 29(T) ™" Coop?. (3.28)

As we noted in the introduction, the form of the anomalous dilatation Ward iden-
tity (3.27) can easily be understood from (1.1). Due to the (+ — —) counterterm (3.22),
we have the beta function

Coo .

Bay = ig(TR)" 6" Dy, (3.29)
g Cy
as can be seen by inserting (3.24) into (2.78). Without (— — —) counterterms, the anomaly

vanishes and from (1.1) we find

528 41 ()
(22)d¢"s (x3) lo

I @) O @) O (a) = [ @i (@) @) (3.30)

In momentum space, this reads

uag«J“”‘(pl)C?I2 (p2)O0™ (p3)) = %%(TE)%JOZ<<J”b(p1)J““(—p1)>>- (3.31)
L JJ

Substituting for the 2-point function and decomposing into form factors using (3.2)
and (3.3), we recover precisely (3.27). The form of the anomalous secondary CWI (3.28)
can similarly be understood through an analysis analogous to that presented in section 4.

3.1.4 d:4andA2:A3=2

Here, the solution to the primary Ward identities reads
A?IQIS = Cf121312{100}7 (3.32)

where the triple-K integral on the right-hand side is finite. Substituting this expression
into the secondary Ward identity (3.8), the left-hand side is®

Ly Ad2ls — cal2ls (1 p2 — In pd). (3.33)

Evaluating the right-hand side using the transverse Ward identity (3.1), we obtain however
a pair of divergent scalar 2-point functions. Passing to the regulated theory, we can remove
these divergences with the first counterterm in (2.58). Since the left-hand side of the
secondary Ward identity is finite, scheme-dependent corrections to (3.33) can only appear

®Here, we use (3.12) and (4.19) of [12] to write Io(100} = —p10111{000}, and the latter is given in (2.47).
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at order € in the regulated theory. This means all finite scheme-dependent terms on the
right-hand side of the secondary Ward identity, due to the counterterm (2.58), must cancel
in order to satisfy the Ward identity. This required cancellation occurs only in the scheme
u = v and vy = v3. Once again then, we see that the secondary Ward identity forces us to
use the appropriate regularisation scheme preserving current conservation and permutation
symmetry of the scalar operators. In this scheme, we then find

C = 4g(TH) " Coo, (3.34)

leading to the renormalised form factor
0
AL = 49(T3) 21 Coolagign) = —49(T1%)12[3COOP1afplfl{OOO}’ (3.35)

where the right-hand side can be evaluated using (2.47). As no singularities arise in the
3-point function itself, the dilatation and primary CWI are non-anomalous. The secondary
CWTI (3.33) is anomalous only due to the singularities in the scalar 2-point function as we

saw above.

3.1.5 d:4andA2=A3:4
In the regulated theory, the primary CWIs are solved by
ACILIQIS — Cf1213[2{122}, (336)

where the triple-K integral on the right-hand side exhibits a double pole in the regulator.
Using the method given in [12], in the regularisation scheme u = v; and vy = vs3, we find

Pt n 1 V2
2u9(u—wv2)€?  2vge |[u—uy

vy +u(In2—vg)
uU—"v9

pinpi+ ( >pf+p§+p§] +O(€°).

(3.37)

Irp129y =

The scalar 2-point function, on the other hand, has a single pole as given in (2.55). Eval-
uating our solution (3.9) of the secondary CWI with v = v; and vy = v3, we find

Cof2ls — gg(T8)lels [coo te (COOU(WE “n2)+ vzo(g%) n 0(62)} : (3.38)

Since the triple-K integral has a double pole, in principle we also need to work out the €2

term here. In practice, however, this term will only generate a scheme-dependent contribu-

tion, as the double pole it multiplies is ultralocal, so we can avoid evaluating it explicitly.
Up to cubic order in the sources, the relevant counterterms are

S = /d4+2u€w |:CJJM2UEF;LVGF5V + COON2U26(D2¢1)2 + CIMZ(UQ7u)eig(T]%)IJJ,ua¢IDH¢J
+ cop®2ig(TH) " F** D" Dyg” | (3.39)

Here, the counterterms proportional to ¢;y; and c¢pp are responsible for renormalising the
2-point functions. Their coefficients must therefore satisfy (2.59)—(2.60), namely

Cry 0 Coo 0
11 = T2y +0(), o= oy O + O(e). (3.40)
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Although the cj; counterterm does not contribute to the 3-point function directly, its
presence is necessary to ensure the Weyl covariance of the cubic counterterm action. As
we show in appendix A, this imposes the relation

(vg — u)eca + 2(1 + vae)coo — 4(ve — u)ecieyy =0 (3.41)

which will play an important role in our understanding of the anomalous Ward identities.

The counterterms proportional to cop, ¢1 and cs lead to the 3-point contribution

(J"(p1) O™ (p2) O (p3) ) et

, C 2ue
= 2g(ry e |+ (2 o)+ 00 (2) ] Ppseh(p)
a €V C
- 20(3" e (522 4B+ 000 ) 08 + 1)t + 200 (3.42)

Notice here that the contribution from the c¢p» counterterm is not transverse:
Coo 0 ,
PLu{(" (P1) O™ (p2) O (p3))) e = (W+2c£929+0<e> 9(TH) "1 (ph—p3).  (343)

This behaviour can be understood from the transverse Ward identity (3.1), which holds
both in the regulated and in the renormalised theory. Since the c¢pp counterterm con-
tributes to the right-hand side of this identity through the renormalisation of the 2-point
function, it must supply an equal contribution to the left-hand side as we see above.

The transverse part of the counterterm contribution (3.42) must now cancel the di-
vergences of the regulated form factor (i.e., the triple-K integral (3.37) multiplied by the
primary constant (3.38)). This requires the counterterm coefficients

Coo (0)
= "= 4 +0 .44
“ (vg —u)Cyye ‘1 (), (3.44)

_ Coo | 1[Cy0 1 CooCY) (0)
N * u + vy — U Cry Coo — Coo

+ 0(€%), (3.45)

uv9e? €

where the leading term in ¢; is fixed by cancelling the singularities proportional to p? In p?.
Inserting these coefficients into the relation (3.40), Weyl covariance then constrains the
finite part of the ¢y; counterterm so that

D;;  Doo
—_— = 3.46
Cr; Coo (3.46)

Here, Dpo and Dj; are the scheme-dependent coefficients appearing in the renormalised
2-point functions, as defined in (2.65) and (2.66).
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Using the reduction scheme for triple-K integrals given in [12],° we can now evaluate
the renormalised form factor yielding

0 0
(2 reags) (2 ) (0w

2 2 2 2
= <ln 2 P Py pglnz’i;)
T

AR = g(TR)2" Coo

1
2.9
+ p2In 2188 p1p3 21 p1p2 —p’ln p2123
pt 1
P2
+ QQ(TI%)IQIS (a0 + Coo — D@@)p% In M—;
— 9(T#) """ (Coo — 2Doo) (p3 + p3) + DI p}. (3.47)

Besides Do, this result contains two additional scheme-dependent constants, Df12[3 and
ag. The first multiplies a p? term that can always be added with arbitrary coefficient as it
satisfies the homogeneous conformal Ward identities. The second is related to the data of
the regulated theory by

(0)
) + Doo + 1 uC(f)(')CJJ

ap = Cyyc —02(CY + Coo)| (3.48)

vy — U Cyy
and can consistently be set to zero through an appropriate choice of cgo). In particular,
this choice is preserved under a change of renormalisation scale, since rescaling p? — e*u?
shifts Dpo — Doo — A\Cpeo and D(ILIQIS — D%I2I3 — (2)\(a0 — Do) + AQCoo)g(T}%)IQh,
but leaves ag invariant.

From the perspective of the renormalised theory, ay appears as a (scheme-dependent)
coefficient in the anomaly action (2.82). Indeed, our earlier expression (2.83) matches (3.48)
after plugging in the relevant counterterm coefficients (2.60), (2.66) and (3.44)—(3.46). As
its scheme-dependence suggests, however, this term does not represent a genuine anomaly.
In fact, it is Weyl exact as we will see later in (4.34).

Anomalous CWI. Using the relation (3.46), the anomalous CWI for the renormalised
form factor (3.47) can be written as follows. First, we have the dilatation Ward identity

o) Coo p
M@A?IZIS = 4g(T]%)IQI3 |:C’JJ <CJJ In ;é +Dyy p% - aop% - CO(’)(p% +p§) . (3.49)

then the primary CWls

KQgA?IQIS = 0, K12A6111213 = 8a0 g(T}%)Izh, (350)

%Specifically, I»{120} can be related to Io(i11} as given in table 1 of [12]. Using (4.2), (4.6), (4.15) and

(4.19) of [12], we can then re-write the non-local part of this integral as Io(r{“ﬁ‘l}loca]) (1/4)J* I {000} -
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and the secondary CWI

C 2 2
LAY = 4g(T) 2 | — % <CJJ In 1% + DJJ) pi— <C'oo In p% + Doo) P
7J I I
2
D
+ (Coom + Do) 4+ 2Coond + aosi + 14 - p§>] s

At first sight, the inhomogeneous terms appearing on the right-hand sides of these identi-
ties are quite complicated, involving a mix of semilocal terms with momentum dependence
matching that of the renormalised 2-point functions, and ultralocal terms related to anoma-
lies. As we will show in section 4, however, all these anomalous Ward identities can easily
be understood from first principles.

In the meantime, the form of the dilatation Ward identity (3.49) can be understood
using (1.1). Since we have both (+ — —) and (— — —) counterterms, we have both a beta
function and an anomaly as discussed in section 2.10. From (2.78) and (3.44), the beta
function is 2Coo

Bay = =7 = i9(TR)"¢' Dg”, (3.52)

whereupon (1.1) yields

u(iU““(wl)Ob (@2) O (23))

(52 b\ L 3 T
:/d3:c <5¢12 Pay() 0<JVb(a:)J““(w1)> O Alz) ’0> (3.53)

(22)007 (5) - 0AG(1)00" (22)00" (x3)
In momentum space, we then obtain

B 4Coo

uai«zf““(pl)Ob (p2)O" (p3))) = TﬂgT“ﬂ?’pzu<<J”b(p1)J““(—P1)>>+A%é137 (3.54)

where, from the anomaly action (2.82), the anomaly contribution
(As00)™21 = —2C00g(Tf)™" (v3+p3) (P —P5) —4ao g(Th) " pin (p1)pay.  (3.55)

Inserting the renormalised 2-point function (2.63) and decomposing into form factors us-
ing (3.2) and (3.3), we then recover the anomalous dilatation Ward identity (3.49).

3.2 (Ty,,,00)
3.2.1 General analysis

Decomposition. The transverse Ward identity reads

PV Ty (P1) O™ (p2) O™ (p3))
= 3, (O (p3) O™ (—p3))) + Py, (O (p2) O™ (—p2)).- (3.56)

Since our renormalisation prescription preserves diffeomorphism invariance, this identity is
non-anomalous and takes the same form in both the regulated and the renormalised theory.
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Weyl invariance, on the other hand, is not in general preserved in the renormalised theory.
This leads to an anomaly A2%3 in the trace Ward identity for the renormalised correlator”

(T (p1)O™(p2)O™ (p3))
= (d — A3) (O™ (p2) O™ (—p2))) + (d — A2) (O (p3) O™ (—p3)) + A2, (3.57)

The specific form of this anomalous contribution can be determined on a case-by-case basis.
In fact, only the last of the examples we study here is anomalous and the corresponding
anomaly is given in (3.89).

Using these identities, the renormalised 3-point function can be reconstructed from its
purely transverse-traceless part according to

(Tyy0, (1) O™ (p2) O (p3)) = (10 (P1) O™ (p2) O™ (p3))

d—A
| (18 Tamalen) + T R o0)) (O ()0 (-p2) + (2 3]
AIQIg
+ d— 17r#1V1 (P1), (3.58)
where )
Pa Pubv
%Va(p) = ? |:2p(u51/)oc - ﬁ <6/J«I/ + (d - 2) ;2 >:| : (359)

Form factors. The tensorial structure of this transverse-traceless part is

<<tH1V1 (pl)OIQ (pZ)OIB (p3)>> = A{QIS HM1V1O¢151 (pl )pglpgl ) (360)

where A; is a form factor depending on the momentum magnitudes. This form factor is
symmetric under (pe, I) <> (ps3, I3), i.e.,

A{3I2(p1)p37p2) - Aizlg(p17p27p3)u (361)
and is related to the full correlator by
A" = coefficient of papav, 1 (T, (P1)O™ (p2) O (p3)). (3.62)

To apply this formula, we must first select the independent momenta according to the
cyclic rule (2.23) before extracting the coefficient indicated.

Primary CWIs. The primary CWIs are
K APfs =0,  4i,j=1,2,3, (3.63)
and their solution in terms of triple-K integrals is
AP = CP* Jyt00y, (3.64)

where 0{213 = 0{312 is a constant.

"Note the trace Ward identity (3.57) and reconstruction formula (3.58) differ from those in [10] since
here we define the 3-point function through three functional derivatives, as discussed on p. 15-16 of [13].
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Form factor | Integral (——-) (+--) (—++)
Ay Jogoooy | A=d/24+1+n|A=d+1+n|A=d/2-1-n

Table 3. Singularities arising for (T},,,,020%), with Ay = A = A.

Singularity type | Counterterms available when
(———) AQZAgzd/Q—Fl"‘n
(+——) A2:A3:d+1—|—n

Table 4. Availability of counterterms for (7},,,, 0720%3).

Secondary CWIs. The independent secondary Ward identity is
Lo A{ﬂ?’ = 2A; - coefficient of pa,, in P Ty, (1) O™ (P2) O3 (p3))
— 21 (0" (p2)O" (—p2))) — (O™ (ps)O" (—pa))). (3.65)

To obtain the second line, we used the transverse Ward identity (3.56) with independent
momenta as prescribed by (2.23). The constraint imposed by this secondary CWI on the
primary constant C{QI?’ can be extracted by analysing the soft limit ps — 0, similar to
our earlier analysis leading to (3.9). Working in the regularised theory where necessary to
avoid divergences, we find

23_d/20(9(9(6) sin (ﬂ(d/Q — Ag))

Il _
Ci?? = ~T(d)2) 0Ny, As- (3.66)

Once again, for non-identical scalars with As # Ajz the 3-point function vanishes. For
Ay = d/2 + n, the 3-point function is non-vanishing since the zero in the sine function
cancels against the pole in the 2-point normalisation Cop(€), see (2.52) and (2.54).

Regularisation. From now on, in order to obtain a non-vanishing 3-point function, we
will restrict to the case of a single scalar with As = As. This condition requires us to work
in a scheme with vo = v3. In addition, conservation of the stress tensor requires u = v;.
All singularities are then regulated provided u # vy. The cases where singularities occur
are summarised in table 3. Singularities of types (+ + —) and (+ + +) are forbidden as
the former requires d < 0 while the latter requires Ay = Az < 0. For a unitary theory, the
(— + +) singularity only occurs for Ay = Az = d/2 — 1 corresponding to a free theory.

Renormalisation. As discussed previously for (J*OQ), counterterms can be classified
by the type of singularity they remove. Those removing (— — —) singularities give rise
to anomalies and are cubic in the sources, while those removing (+ — —) singularities
give rise to beta functions and involve two sources and one operator. As we will see
below, counterterms can only be constructed for the cases listed in table 4. Comparing
with table 3, we see that for (— — —) and (+ — —) singularities counterterms are always
available. For cases with a (—4+) singularity, the primary constant must instead vanish as
a suitable power of the regulator. The resulting finite form factor is then fully nonlocal [11].
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Anomalies. Our analysis of anomalies here is similar to that for (J#1O0). The countert-
erms must be Lorentz-invariant, and hence the metric tensor can appear only through the
Riemann tensor or covariant derivatives. Moreover, since we functionally differentiate with
respect to the source g"” only once before returning to a flat metric, the Riemann tensor
cannot appear more than once. There are therefore two possible types of counterterms,
the simplest examples of which are

/ dYa\/gV 0" VI, / A%\ /gR"'V ,¢'V ,¢". (3.67)

We can also add an even number of additional covariant derivatives. The existence of these
counterterms leads to anomalies whenever

d
A2:A3:§—|—1—|—n, n=0,1,2,... (368)

Beta functions. Beta functions derive from counterterms containing one operator and
two sources. Here, the only such counterterms contributing to the 3-point function at hand
are those containing the stress tensor and two scalar sources. This can be seen through an
analysis similar to that discussed earlier for (J*O0).® The simplest terms of this form are

/ dda /g Tl !, / A4z /g "V 0"V ¢! (3.69)

More complicated examples can be constructed by adding an even number of covariant
derivatives. The contribution to the 3-point function from the first counterterm in (3.69)
(and its analogues with additional covariant derivatives) is proportional to (177}, ), however,
which vanishes by scale invariance. (The 2-point function has no trace anomaly above two
dimensions.) From the second class of counterterms, we expect nontrivial beta functions
to appear whenever

A2:A3:d+1+n, TL:O,I,Q,... (370)

Comparing (3.68) and (3.70) with the corresponding formulae (3.11) and (3.13) for
(JFOO), we see the conditions for anomalies in the 3-point functions are identical while
those to obtain a beta function differ by a unit shift in dimensions. In particular, for a
marginal scalar with Ay = Az = d, the 3-point function (J*OQ) exhibits a nontrivial beta
function while (7},,O0O) does not. For a marginal scalar, both 3-point functions contain
anomalies if and only if d is even.

3.2.2 d =3 and A2:A3:1
The direct evaluation of (3.66) leads to

(p1 + a123)

AP = 200081 5
bazajys

(3.71)

where the symmetric polynomials appearing are defined in (2.21).

8Note that counterterms containing two scalar sources and a scalar operator, while generating a beta
function for ¢, do not contribute to (T,,OO) and so are not relevant to our present discussion.
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3.2.3 d = 3 and A2:A3:3

In contrast to the case of (J#OO) with d = 3 and Ay = A3 = 3, here the correlator is
represented by a convergent triple-K integral. This is consistent with (3.69), from which
we see that no counterterms are available. Evaluating the triple- K integral, we find

3 atoabioa —
ARl — 900801 (@193 al?g 123 0123)_ (3.72)
a123

3.24 d=4 and A2:A3:2
This case is almost identical to the corresponding case for (J#OQ). The triple-K integral
is finite and the solution reads

APl — —20005121313{200}

d 9
= —2Cppo2! ( — - 1) —T , 3.73
00 p1{m a1 oL 1{000} ( )

where (g0} is given in (2.43). The scalar 2-point function is singular, but the combina-
tion appearing on the right-hand side of the secondary Ward identity (3.65) is finite and

unambiguous.

3.2.5 d =4 and A2:A3:4
Expanding the solution (3.66) of the secondary CWI, working in the regulated theory with
Coo(€) as given in (2.54), we find

ClTs = —2C00 + 2¢ [uCoo(1 — yg +1In2) — 1,09 | + O(2). (3.74)

The regulated form factor then reads

2Co0

o (p? + 3 + p3) + O("), (3.75)

Iols _ ~Iol3 _
Al - Cl I3+ue{2+ue,2+v25,2+v25} - =

requiring us to choose a scheme with vy # 0.
At our disposal we have four linearly independent counterterms built from g,,, and !
that yield a non-vanishing contribution to (7),,00), namely

COO/d4+2u€$\/§(D¢I)2M2U2€, C2/d4+2u6113\/aRMVV‘u(ﬁIvV(bI/LQvQG,
Cg/d4+2u6$\/§RVH¢IV“¢IM2v2€, C4/d4+2ue$\/§R¢)ID¢1M2U2€. (376)

The coefficient ¢pp of the first counterterm is already fixed by the renormalisation of the
scalar 2-point function, as given in (2.59). The remaining counterterms only contribute
to 3- and higher-point functions. In fact, only the first two counterterms contribute to
the transverse-traceless part of the 3-point function. Their contribution to the form factor
A2l g
! Iol 2, .2y, 2 2 2
AP 3 = 4deoo(ps + p3) ™ — 2copy 2. (3.77)
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Adding this contribution to (3.75), the divergence proportional to p% + pg cancels while to
eliminate the divergence proportional to p? requires ¢a = —Coo/(vee) + cgo) + O(e).

At this stage the resulting 3-point function is finite and the solution depends on the two
undetermined constants 582’) and cgo). In addition to cancelling the divergences, however,
the counterterm action should also be Weyl covariant as given in (1.4). As here there are

no beta functions, this condition simplifies to

85Set = / ddm\/gwaiﬁct. (3.78)

Evaluating the Weyl-covariant completion of the first counterterm in (3.76), we find”

Set =00 / Nl (D¢1)2—QEiZZ;)RWamIam’ E;)Q ))R¢ID¢’
(2+ue)(1+vge) (vg—u)?e? (vg—u)e(1+vge)
(3+2ue) (1+wue) R(04')*+ 4(3+2ue)? RA(¢')"~ (i+ue)(1+2ue)E4(¢I)2  (3.79)

where F, is the four-dimensional Euler density. Weyl covariance thus imposes specific
relations between the coefficients of the various counterterms listed in (3.76). In particular,

¢ =(—2-2(vo—u)e+ 0(52))coo, (3.80)

and hence from (2.59) and (2.65),

C —
o= 00, <_(U2U)COO —cl) 4+ Doo) +O(e). (3.81)
Vo€ V2

The renormalised 3-point function is then given by'°

1p1

2
APl = ~Cood™h [2-7({2%2} + (P} +p3)In L qu + (p3 + p3) +(p1 +p3) In %

2(Coo — Doo)§"™"*(p? + p3 + p3), (3.82)

where the finite integral is given in (2.46). As we see, the only surviving scheme-

§{2%2}
dependent constant, Doo, is that already appearing in the 2-point function. This makes
sense since the counterterm action is fully fixed by the renormalisation of the 2-point
function plus Weyl covariance, so the 3-point function cannot involve any new scheme-
dependent constants. A change of renormalisation scale u?> — e*u? is equivalent to shifting

Dopo — Doo — A\Cpe, both for the 2- and the 3-point function.

9See (A.13) to (A.19) of appendix A. Note that when v2 = 0 the counterterm action Se; has no depen-
dence on the RG scale p and hence it is Weyl invariant from (3.78). It can then be re-expressed in terms
of the Paneitz operator as given in (A.20). We emphasise however that the scheme v = 0 is not admissible
since the divergences depend on 1/vs.

'“Here, we used the reduction scheme in table 1 of [12] to relate the triple-K integral Is(s20} to the
integral Io{1113. The non-local part of the latter can then be re-expressed as Iér{](ﬁ]l}local) (1/4)J T1 {000}

using equations (4.2), (4.6), (4.15) and (4.19) of [12].

~ 31—



Anomalous CWI. The renormalised form factor (3.82) satisfies the following anomalous
Ward identities:

0
p AT = 4Co08™ (5} + 25 + 43). (383)
K;; AP =0, (3.84)

2 2
Ly AT — g {Coo <p§ In % — p3ln Zg) +Doo(p; — s)
— 4Co06""pi (p} + 2p3). (3.85)

In addition, we need to determine the anomaly .A’2/3 entering the trace Ward identity (3.57)
and the reconstruction formula (3.58). As only (— — —) counterterms are present, us-
ing (2.71) the anomaly action is

A= / d*z/g A= —Coo / dx\/g ¢' Ase?, (3.86)
where the four-dimensional Paneitz operator
2
Ayp! =V, ((V“V” + 2RM — 3Rg’“’> vy¢1>

1 2
=[2¢ + gvungM + 2RV, V¢! — ngqsf. (3.87)

Written in this form, the anomaly action (3.86) is manifestly Weyl invariant. The anomaly
A™213 then follows by restoring a flat metric and evaluating

52.A(CC1)

Il — : 3.88
A 0972 (w2)0¢" (3) lo (359

In momentum space, we thus obtain
AR = —Coos" P pip3. (3.89)

We can also cross-check the form of the anomalous dilatation Ward identity. From (1.1),
this should be

0

3
M%<TM1V1(ml)ob(wz)(’)k(w?)» _ 53 A

-2

dgrivi(z1)0¢T2(22)00" (x3) lo
Evaluating this, converting to momentum space and decomposing into form factors, we
indeed recover (3.83).

(3.90)

3.3 (JHrJr20)
3.3.1 General analysis

Decomposition. The transverse Ward identity is'!

i (T2 (p1) TH272 (p2) O (ps3))) = O, (3.91)
and so the 3-point function is purely transverse:
(1191 (1) T2 (p2) O (p3))) = (5 (P1)"2 (p2) O (p3))). (3.92)

" This identity differs from that in [10] since here we define the 3-point function through three functional
derivatives, see p. 15-16 of [13].
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Form factors. We now have the tensor decomposition

(191 (1) (p2) O (po)) = s (pr) i (pa) [ AT 152 + A5 (3.93)

The form factors A; and As are functions of the momentum magnitudes. Both form factors
are symmetric under (p1,a1) <> (p2,az), i.e., they satisfy

AP (p2,p1,ps) = AT (1, p2,ps),  J=1,2. (3.94)

These form factors can be extracted from ((J#19 (p;)J#2%2(py)Of (p3))) using

A2l — coefficient of ph ph?, 3.95)
A2l — coefficient of §#1#2, (3.96)

As always, before reading off these coefficients we must first write the 3-point in terms of
the independent momenta prescribed by our cyclic rule (2.23).

Primary CWIs. The primary CWIs are

Kip AP =0, Kis AP =0, (3.97)
Klg Ag’lan = O, K13 Aglan = 2A(f1a21. '
Their solution in terms of triple-K integrals is
A2l = o2 gy 00y, (3.98)
Agreel = Cf1a21<]1{001} + 051“2*70{000}, (3.99)
where C][-‘IQIB, j = 1,2 are constants. In particular CJ@’“I = C]‘-””I for j =1,2.
Secondary CWIs. The independent secondary CWTI is
Ly A‘l“aﬂ +2 RA;WQI
— 2(A; — 1) - coefficient of p§? in iy, (7 (p1)J*2 (p2)O' (p3)).  (3.100)

where the right-hand side vanishes from (3.91). The constraint imposed by this secondary
CWI on the primary constants C’f1213 and C’SIQI?’ can now be obtained from an analysis
of the soft limit ps — 0, as used earlier to derive (3.9). Working in the regulated theory
where necessary to avoid divergences, we find

1
Cgla?l = —§A3(A3 —d+ 2)0{11&21. (3.101)

Regularisation. We work in a scheme with u = v{ = v9 to maintain current conserva-
tion, but set vs # w. This scheme is sufficient to regulate all the singularities we encounter.
These can be classified according to the choice of + signs appearing in the singularity
condition (2.37). For the 3-point function at hand, the occurrence of (— + +) or (+ + +)
singularities violates unitarity by requiring either A < 0 or d < 0. The remaining cases
are then as given in table 5, using ” to indicate repetition of the line above.
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Factor | Integral (———) (+——) (——+) (++-)
Ay Jagoooy | As=4+42n | Ag=d+2+2n | A3=d—4—2n | A3=2d+2n
Ay Jigoy | Az=242n | Az=d+2n | Az3=d—4-2n | A3=2d—2+2n
Jo{o00} " " As3=d—2-2n "

Table 5. Singularities arising in triple- K integrals for the form factors of (J#1.J#2OT).

Singularity type | Counterterms available when
(———) A3 =4+2n
- Ny—d 12
(+-—-) A3 =d+2+2n

Table 6. Availability of counterterms for (J#1 . J#2OT).

Renormalisation. The counterterms available to remove these singularities are strongly
constrained by gauge- and Lorentz-invariance. In fact, as we will discuss below, countert-
erms only exist for the cases summarised in table 6. In many examples, we then find there
are no counterterms available to remove a certain type of singularity. When this occurs,
there are two possibilities: either the primary constants multiplying these divergent triple-
K integrals must vanish as some suitable power of the regulator, or else the singularities of
individual triple- K integrals must cancel when summed together to construct the regulated
form factor. Here, such cancellations can occur between the singularities of Ji(go1} and
Jogoooy when summed to produce the form factor Ay. In either case, the specific values of
the primary constants required to effect these vanishings or cancellations are not chosen
by hand; rather, these values are uniquely determined by solving the secondary conformal
Ward identities.

Anomalies. Divergences of the type (— — —) are removed by counterterms that are cubic
in the sources, and give rise to anomalies. Here, we require counterterm involving a single
scalar source ¢! and two gauge fields Aj. The two simplest such counterterms take the form

pv

syt [ ate D, o [ g P (3102)

bl

where 7% is some invariant symbol satisfying

_ ig(T}%)]‘]T&bJ _ facdrdbl + fbcdrdal‘ (3‘103)

As one might expect, however, given its resemblance to a total derivative, the first coun-
terterm in (3.102) vanishes: the piece imposed by gauge invariance that is not a total
derivative, namely —igd®reb! [ ddeZTCU D#¢? | vanishes since from (3.103) §9r2! ig

dal js symmetric in @ and d while f*? is antisymmetric. All

proportional to f*drdel hut
(— — —) singularities in the form factor Ay with A3 = 2 must therefore either cancel or else

appear with vanishing primary constants, since there are no counterterms able to remove
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such singularities. For (— — —) singularities with Az = 4,6,8,..., however, we can use
the second counterterm in (3.102), along with its analogues containing an even number of
additional derivatives. We therefore obtain anomalies only for Az = 4 + 2n.

Beta functions. Divergences of the type (——+) are removed by counterterms containing
the scalar operator O and two gauge fields, generating a nontrivial beta function for O'.
Their form is similar to the (— — —) counterterms but with ¢! replaced by O, namely

gabravl / d‘z D, prO", / e Fj, FHO". (3.104)

By the same reasoning as above, however, the first of these counterterms vanishes. The
second counterterm is only available when As = d — 4 — 2n, for some non-negative integer
n = 0,1,2.... Thus, only in these cases can (— — +) singularities be removed by a
counterterm; in all other cases such singularities must either cancel or else appear with
vanishing primary constants.

Type (+ — —) singularities are removed by counterterms containing the conserved
current J#* and the sources Aj; and ¢!, giving a beta function for J#¢. The simplest such
counterterms take the form

rf / A’z J* D¢’ ret! / d’z JiF*"D,¢". (3.105)

In the first counterterm, we introduced another invariant 7. This counterterm, however,
vanishes by current conservation and hence does not contribute to correlation functions.
Only the second counterterm is valid, allowing (+——) singularities to be removed whenever
A3 = d+ 2+ 2n for some non-negative integer n. In all other cases, such singularities must
either cancel or appear with vanishing primary constants.

3.3.2 d=3and Az =1

In this example, no counterterms are available to us. The triple- K integrals appearing in
the form factors are straightforward to calculate:

m\3/2 1
Jat000y = 511 1y = <§) P (3.106)
m\3/2 1
J1{001}:I%{%’%’%}= (5) 9123 (3.107)
™32 11 0
Toto00) = Iyructyrucy e tiwd =~ (3) omgeny TOE G109

Only the integral Jygopoy has a pole corresponding to a (— — +) singularity. As no other
singularities are present, cancellations cannot occur and so instead the corresponding pri-
mary constant C’gl‘”] must be of order e. Indeed, evaluating the solution (3.101) of the

secondary CWI, we find

cget = L — v+ 00| oo (3.109)
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Removing the regulator by sending ¢ — 0, we then find

arasl CflaQI
Al _ —, (3.110)
Pp3ajos
1 1
Aglagl _ Cilumf -, (3.111)
aiz3  2p3

where for convenience we have rescaled the primary constant C#1%21 — (7/2)=3/2Cm2!,

3.33 d=3and A3 =3

In this case, we again lack counterterms. Both the integrals Jooo0) and Ji(go1} contributing
to the form factor Ag satisfy the (+ — —) condition hence have single poles. Via (3.101),
the secondary CWT then imposes C51%2! = (=3 4+ O(¢))C*?! and the singularities cancel.
After removing the regulator and rescaling the primary constant as above, we obtain

Atllmzl _ Cflaﬂ(aua?’;_p?’), (3.112)
123
2 2
-2
Aol — oot (012 F Z:Z;z p3) (3.113)

3.3.4 d = 3 and general Ag

In three dimensions, a particularly useful scheme is u = v; = v9 = 0 with v3 # 0. Be-
sides regulating all divergences, this scheme ensures that the triple- K integrals appearing
in the form factors (3.98)-(3.99) all have #; = B2 = 1/2. We can then obtain further
simplifications using the identities

o1 3 garry = —(01 +02) o1 1 gy + (@ + B3 = DI04, (3.114)

(83 = a®)I, 115y = —Qa+ )1 +p2) gt 1y + 2Xagagl L sy (3.115)
where .

X = 5(p1+p2 +p3)(p1+p2 = p3)- (3.116)

Here, both identities follows from simple integration by parts: the first after re-expressing
all half-integer Bessel functions in terms of elementary functions; the second after applying
the modified Bessel differential operator to the K, (p3x) factor inside I IERWAY

Using these identities, our solution (3.98)-(3.99) plus (3.101) for the regulated form
factors can be re-written as

A‘flan — Cinaﬂfg %7% As—3/24usc} (3.117)
I I
Agel — _ycoma I%{%7%A3—3/2+U35}' (3.118)
For general values of As, the three-dimensional form factors are thus related by
0= XAtlzlazl + Aglan, (3.119)
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and hence the tensor structure takes the universal form
(2 (1) = (p2)O (b)) = AT i (pr) i (o) (55157 — x6™2). (3.120)
Converting to a helicity basis, as described in section 8.1.1 of [10], this result reads
(T4 (p1) T 2% (p2) O (p3)) = A2 X312, (3.121)

where the helicities s1 and so take values 1. The correlator thus vanishes when the
helicities differ.

The relation (3.119) is easily checked for the cases Ag = 1 and Az = 3 studied above.
Where divergences arise, the regulated form factors must satisfy (3.119) order by order in
the regulator €. The same must then be true for all divergent counterterm contributions,
meaning that up to finite scheme-dependent terms the relation (3.119) extends to the
renormalised theory as well.

3.3.5 d=4and Az =2

Once again, in this case we lack counterterms. The integral Jifp0;} has a single pole

associated with a (— — —) singularity while Jogoooy has a double pole corresponding to the
presence of both (— — —) and (— — +) singularities:
1 0
J1{001} = Loque{ltue,1ue,l+vse} = “Tut e + O(e"), (3.122)

JO{OOO} = Il+ue{1+u6,1+ue,v36}

1 1 u(ln2 —vg) 0
= 1 . 12
(@ =) + (4= vg)e ——— +Inpz| +O(€”) (3.123)

The solution (3.101) of the secondary CWT then imposes C51%*! = ((u—w3)e+0(e2))C1%2!,
When we assemble the form factor As, we thus obtain two single poles which cancel. After
removing the regulator, the final result is then

2
Amazl _ Ca1a21p p I , 3.124
“ ! 1250 s 000} ( )
4
I 7 ( (fin) 1. p3 1
Ayt = o <I2{111} g p2p2 + 2) ’ (3.125)

where the finite integrals I} o9y and Ié?ﬂl} are given in (2.43) and (2.48).

3.3.6 d=4and Az =14

In this case, all the triple-K integrals diverge. From table 5 on page 34, the integral J5(p00)
for the form factor A; has a single pole of type (— — —), while for the form factor Az, both
Jigo01y and Jogoooy have double poles due to the presence of both (— — —) and (+ — —)
singularities. To remove these singularities, we have only a single counterterm of type
(— — —) (see table 6 on page 34), and so we can already anticipate that the (+ — —) type
singularities in A5 should cancel.
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To verify this, from our solution (3.101) of the secondary CWI, the dependence between
the primary constants is

c{Wmal _ _yoOmazl (3.126)
c{Vmal — 3v3)0{°)“1”[ — goMmet, (3.127)
1
Oyl = (= ud) Oy o (u = Bug) O —acy e, (3.128)
where for convenience we have decomposed
C;Llazj _ C](O)alazl + ecj(l)auml + GQCJ(Q)alaQI + 0(63), ] — 1’ 2. (3.129)
Evaluating the divergences of the triple-K integrals, we then find that the (+ — —) singu-
larities in A do indeed cancel leaving us with only single poles of type (— — —), namely
QC(O)alazl
Amaxl _ 21 O(e° 3.130
1 (U+U3)6 + (6 )7 ( )
(0)arasl
Apeal — 21 (p2 4 p2 — p2) + O(0). 3.131
2 (U+U3)6(p1 +p3 —p3) +O(€) (3.131)

As these form factors still diverge, we use the single available counterterm

St = cabI/d4+2uew FﬁyFuub¢Iﬂ(u+U3)e’ (3.132)
which contributes to the form factors as

Atlzlaglct — _gemaal (utva)e (3.133)

Agreatet = geneal y (b e (pf 4 pf — pf). (3.134)

The divergences can thus be cancelled by setting

C(O)alagl

ajasl — _ 1 0 1
‘ S + O, (3.135)

(0)araoI

Removing the regulator and relabelling C; — Cflaﬂ , the final renormalised form

factors are then

0 n P
R G L i (T R “%)*Di“aﬂ, (3.136)

aia ala fin 1 ala 2
Ama2l — garaal 212({1{1}4_6011 2 |:(3p%—p§)1 2 +(3p3—p3)In M——pg,l 2 +3p§]
1
+(pi+p5—p )[ cmal 2D‘fl“2[], (3.137)

where the finite integral I. é {121} is given in (2.48). The scheme-dependent constant Di”aﬂ

is related to the data of the regulated theory by

C£1)a1a21

2
ppeal = - < ~ g +1n 2) ofmeet — 4cOmazl, (3.138)

3 U

In the renormalised theory, D‘fla?l can be shifted arbitrarily by a change of renormalisation
scale. (Scaling pu? — e*u? is equivalent to shifting D127 — pfre2l 4 \gare2l )y
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Anomalous CWI. The renormalised form factors satisfy the anomalous dilatation Ward

identities
8 ajazl aijazl
uauAl = 207", (3.139)
0
u—auAglaﬂ = —cmel (2 42 p2), (3.140)

and the anomalous primary CWIs

Kip AP =0, K3 Af1%2T =0,
K A3 = 0, K3 A3l = 2492l 4 gomeal, (3.141)

The secondary CWI is however non-anomalous, and retains its original homogeneous form

Ly AT 4 2R A3 = 0. (3.142)
As only a (— — —) counterterm is present, from (2.71) the anomaly action is
1
A= / dlz §Cf“¢ngyFWb. (3.143)
On a conformal manifold, for cases where C{%! = C{§% this can be interpreted as a moduli-

dependent shift of the 2-point normalisation C;; — Cj5 — Cll ¢! in the quadratic anomaly
action (2.72).
The anomalous dilatation Ward identities (3.139)—(3.140) now correspond to

53 A
SAGL (21)0 AJ3 (22)00! (23) lo

,uaaluumal(wl)ﬂ‘?a? (x2) O (x3)) = — (3.144)

3.4 (Tyyv,T,0,0)
3.4.1 General analysis

Decomposition. The renormalised 3-point function satisfies the following transverse and
trace Ward identities!?

plfl <<T#1V1 (pl)T,Lml/z (p2)01(p3)>> =0, (3.145)
(T(P1)Tyo0s (P2)O" (P3)) = A, (3.146)

In general, the trace Ward identity features an anomaly A{LQW. Taking the trace of the

transverse Ward identity we see this anomaly must be transverse, p? .ALWQ

its trace 08 Aéﬁ must be symmetric under p; <> po. We will evaluate this anomaly on a

= 0, and clearly

case-by-case basis; for most of the cases we study here, no counterterms are present and

hence this anomaly is absent. In the final case we study (d = Az = 4) there is a nontrivial

1

counterterm but, as it turns out, AMV2

also vanishes. Nevertheless, this anomaly will be

12Note these identities differ from those in [10] since here we define the 3-point function through three
functional derivatives, see p. 15-16 of [13].
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present in general. The renormalised 3-point function can then be reconstructed from its
transverse-traceless part using the formula

(T (P1) Ty (2) 0" (B3)) = [ty (91 s (92) O (B3)) + Ty (1) AL

1 1 N
+ 1 Tugwe (pZ)A;Iuvl (pl “ p2) - mﬂ-mm (pl)ﬂum/z (p2)5 BAéB' (3'147)

d—1 1
When the anomaly is absent, the 3-point function is purely transverse-traceless.
Form factors. The transverse-traceless part of the correlator can be decomposed as
I
(turis (P1)t a0, (P2) O (p3))) (3.148)

= HM1V10¢1ﬁ1 (pl)Huzl/Qaz,BQ (p2) A{p31p§1p§2p§2 + Aé(salanglng =+ A§5a1a255152] ’

where the form factors A;, j = 1,2, 3 are functions of the momentum magnitudes. All form
factors are symmetric under p; < p2, i.e., they satisfy

Al(p2,p1.p3) = Aj(p1,p2,ps),  j=1,2,3. (3.149)

Given the full correlator (T}, (P1)T g, (P2) O (p3))), with the independent momenta cho-
sen according to our cyclic rule (2.23), the form factors can be extracted as follows:

Al = coefficient of o, P2u, P3usD3vs s (3.150)
Al = 4. coefficient of 6, 1, P20, D3us ) (3.151)
AL =2 coefficient of 8,1, 00,1,- (3.152)

Degeneracy. In three dimensions, the form factor basis above is degenerate as discussed
in appendix A.4 of [13]. Specifically, the following combination vanishes since in three
dimensions one of the indices in the 4-form must necessarily be repeated:

Iy ™ gy (P1) g0, ™2 g, (P2) 4! 6[5011 5g§p1a3p2a4]p(113p34

a1, B1, a2, B2

= Hﬂlvlalﬁl (pl)Hu2V2a252(p2) Py Py P37 P3
1
= (B + 3 — pR)07 g tpG? — L URemes | (3.153)
Multiplying through by an arbitrary function FZ(py,pa,p3) = F!(pa,p1,p3), we obtain a
degenerate set of form factors which yield zero contribution to the 3-point function:

1
Ap=F', A =-i+p-p)F,  Ag=—JJF (3.154)

In principle, one can use this degeneracy to eliminate one of the form factors, however
we will not do so here since the resulting conformal Ward identities then take a more
complicated form. (The degeneracy does not apply in the dimensionally regulated theory,
so using it to eliminate a form factor in the renormalised theory means the renormalised
CWIs are no longer simply those in the regulated theory plus potential anomalous terms.)
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The existence of this degeneracy also raises the interesting possibility of novel three-
dimensional type A anomalies, where the degenerate form factor combination appears with
a linearly divergent coefficient. Such a 0/0 structure is directly responsible for the four-
dimensional Euler anomaly, as discussed in [13, 38]. Here, a specific example where a 0/0
structure of this type occurs is the case of Az = 4, as we will discuss in section 3.4.4.

Primary CWIs. The primary CWIs are

K Al =0, Kz Al =0,
Ky AL =0, K3 AL =84l (3.155)
Ky AL =0, K3 AL =245,

Their solution in terms of triple- K integrals is

A{ = C1 Jyqo00 (3.156)
Aj = 4C1IJ3{001} + CQIJ2{OOO}7 (3.157)
A} =201 Jaq002y + C 1001} + C3Jofo00} (3.158)

where C][, j =1,2,3 are constants.

Secondary CWI1s. The independent secondary CWIs are

Ly Al + R AS

= 2A; - coefficient of pa,, D3, P30 1 DY (T iy (P1) Thaws (P2) O (3)), (3.159)
Ly AL +4R A}

= 8A; - coefficient of 6, 1,030, 11 PV (T yuy0y (P1) Tz (P2)OF (D3))), (3.160)

where both right-hand sides vanish by (3.145). As in our earlier analysis leading to (3.9),
these secondary Ward identities can conveniently be solved in the soft limit ps — 0. Work-
ing in the regulated theory where necessary to avoid divergences, we obtain the constraints

CY = (A3 +2)(d— Az —2)C, (3.161)
OF = 8585 +2)(d — Ag)(d — Ay —2)C]. (3.162)

The regulated 3-point function thus depends on a single theory-specific constant Cll .

Regularisation. Conservation of the stress tensor requires u = v; = v9. To regulate the
various singularities arising in triple-K integrals, however, we must retain vs # u. These
singularities are listed in table 7. Divergences of the type (+++) and (—++) are excluded
by unitarity since they require either Az < 0 or d < 0.

Renormalisation. As we discuss below, counterterms are only available for the cases
summarised in table 8. In certain instances, there are then no counterterms able to remove
a particular singularity. When this occurs, there are two possibilities: either the primary
constants multiplying these divergent triple- K integrals must vanish as some suitable power
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Factor | Integral (———) (+——) (——+) (++-)
Ay Jagoo0y | Az =4+2n | Ag=d+4+2n | Ag=d—4-2n | Az3=2d+4+2n
A Jagoory | D3=242n | Az=d+2+2n | Az=d—4-2n | Az=2d+2+2n
J2{000} " " Ag=d—2—-2n "
As J2{002} A3=2n As3=d+2n | Ag=d—4—-2n| A3=2d+2n
J1{001} " " Az=d—2—2n "
Jo{o00} i " As=d—2n d

Table 7. Singularities arising in triple-K integrals for the form factors of (T}, Tyu, OF).

Counterterms available when
A3 =4+ 2n
As=d+2+2n
As=d—4—2n

Singularity type
(-—-)
(+--)

(- =)

Table 8. Availability of counterterms for (T}, 1,7z, OF).

of the regulator, or else the singularities of individual triple- K integrals cancel against one
another when summed to construct the regulated form factor. As we will see in specific
examples later, these two possibilities are not mutually exclusive. In fact, the precise
combination of cancellations and/or vanishing that occurs is dictated by the secondary
conformal Ward identities, which impose specific relations between the primary constants.

The elimination of singularities in this manner thus introduces no arbitrariness.

Anomalies. Singularities of type (— — —) are removed by counterterms that are cubic in

the sources, giving rise to anomalies. Here, the relevant sources are a single scalar source
¢! and two metric perturbations. The three simplest such counterterms are

/ A%z /g ¢, / d%x./g R$', / dda /g W3¢l

and more complicated examples can be constructed by adding an even number of covariant

(3.163)

derivatives. The first two of these counterterms are forbidden, however, since they con-
tribute respectively to the 1-point function (O) and to the 2-point function (T'O'), both of
which must vanish to preserve conformal invariance. Only the third counterterm (and its
analogues with additional covariant derivatives) is therefore permitted. All such countert-
erms contain at least two Riemann tensors, which requires A3 =4+ 2n, forn =0,1,2....
Anomalies can then only arise in these cases.

Beta functions. Singularities of type (+ — —) are removed by a counterterm contain-
ing the stress tensor T}, and two sources, the metric and ¢!. The three simplest such

counterterms are

/ da./gT¢", / A\ /gV Vv, T ¢, / d%a/g T, R* ¢, (3.164)
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while more complicated examples follow by adding an even number of additional covariant
derivatives. The first two of these counterterms introduce however a mixing between O
and either T' or V,V, T*”. While these latter operators are local, they are not conformal
primaries and so these counterterms cannot be added while keeping O primary. Only
the third counterterm (and its analogues with additional covariant derivatives) is therefore
acceptable; such counterterms only exist for Ag = d + 2 + 2n.

Finally, (— — +) singularities can be removed by counterterm involving the scalar
operator O and two metric perturbations. The three simplest such counterterms are

/ dde. /g O, / d4z./g O'R, / A4z /g w201, (3.165)

and again more complicated examples can be constructed by adding additional covariant
derivatives. The first counterterm simply represents a constant deformation of the original
CFT by a marginal operator, and so does not need to be considered. The second coun-
terterm is the so-called improvement term and contributes to the mixed 2-point function
(T,,,OT). As this must vanish by conformal invariance, this counterterm can also be ex-
cluded. Only the third counterterm and its analogues with additional covariant derivatives
are therefore permitted. All such counterterms involve at least two Riemann tensors, and
hence only exist for A3 =d —4 — 2n.

3.4.2 d=3and Az =1

From table 7, all triple-K integrals multiplying the primary constant C{ are finite, while
those multiplying C{ and C’P{ all have (— — +) singularities and hence ¢! poles. From
our solution (3.161)—(3.162) of the secondary Ward identities, however, we see that the
primary constants C4 and C’?{ are both suppressed by a factor of e relative to C{. The
leading term in C{ is thus of order €” while the expansions of C4 and C£ begin at order e.
The regulated form factors are then finite as ¢ — 0, as indeed must be the case given the
absence of counterterms. After redefining C7 to absorb an overall numerical factor, the

result is
CI
Al =g, (3.166)
Qy23P3
_ Of
A2 = (137( — 51((112 — pg) + 252()12), (3.167)
123P3
Cl(arz — p3)
A[ = = S A 51 a2 —p3) — 452[)12 s 3.168
b= P E o~y ) (3168)
where the polynomials
E1 = 3a3y + 6b1o + darops + p2, &2 = 3ais + p3. (3.169)

As d = 3, we can also add to these form factors the degenerate combination (3.154).
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3.4.3 d=3and A3 =3

In this case, all the triple-K integrals appearing in the form factors A! and Al are finite,

while those appearing in A% all have e~! poles due to the presence of (4 — —) singularities.
(The integral Jyropoy has in addition a (— — +) singularity, however since this differs only
by a permutation, it does not lead to a double pole; see [11]). Explicitly, we find
T\ 3/2 5} 3 3 0
J20002) = L5 el 8 4ue, 3 tue, I tvse) = (§> (4= va)e (py +p3) + O(e”), (3.170)
T\ 3/2 1 3 3 0
J1{o01} = Ig+ue{%+ue’%+u6,g+v36} = <§> a—0)e (p; +p3) +O(e"), (3.171)

7\ 3/2 1
JO{OOO} - I%—i—ue{%-}—ue,%-i—ue,%-i—vge} = <§) m (p:f + p% - pg) + 0(60)' (3'172)

As again there are no counterterms available, the regulated form factors must be finite as
e — 0. Here, the secondary Ward identities (3.161)—(3.161) tell us that to leading order
15

C;=(-10+0(e))C{, Cf=(- 5 (u—vg)e + O(e?))Cy. (3.173)
With these primary constants, the poles in Jy(gp2) and Ji(go1} now cancel when summed
to construct the form factor AL, while the expansion of C: begins at order € eliminating
the pole contribution from Jyropp). Sending € — 0 and reabsorbing an overall numerical
factor into Cf, the final result is

CI
Al = L&, (3.174)
G123
[ Of
Ay = 5 (— &i(ar2 — p3) + 2Eb12), (3.175)
G123
Cllars —
Az = W(sl(au —p3) — 4Eb12), (3.176)
G123
where the polynomials
E1 = alys + arasbizs + 3ci123, Ey = a2y + 3aiaps + pi. (3.177)

Once again, as d = 3, we are free to add to these form factors the degenerate combina-
tion (3.154).

344 d=3and A3 =14

We examine this additional case since it raises the novel possibility of a three-dimensional
type A anomaly. In dimensional regularisation, type A anomalies originate from a 0/0 limit
in which an ¢! pole multiplies an evanescent tensorial structure that vanishes as € — 0.
Here, we find exactly this: the regulated form factors are

I
Al =S 40, (3.178)
UE
I
C
Aj = —— (1 + 95— p}) + O(&), (3.179)
I
I_ ¢ 9 0
Af = —— 72+ O(e"), (3.180)
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where

I m™\3/2 3u (0)I
__(r . 181
¢ (2) (u—l—vg)cl (3-181)

The divergences thus correspond to a pole multiplying the degenerate form factor combina-
tion (3.154). This combination derives from the contraction of a 4-form (namely (3.153)),
and so vanishes in the limit of three spacetime dimensions.

As discussed in section 4.1 of [13], the divergent form factors (3.178)—(3.180) are equiv-
alent to a finite anomalous contribution to the 3-point function of the form

<<T,u1 vy (pl )Tuz 12 (pQ)OI (p3)>> anom.

= CIP% Tuivt (pl)H#2V2a2,32 (p2 )p32p§2 + CIp% T oo (pQ)Hm vian B (Pl )Pglp’gl
i
C
- §J27TM1V1 (pl)Tr,uzl/z (p2)' (3'182)

One way to see this is to note that, in dimensional regularisation, the external Lorentz
indices p1,v1, o, v run only over the physical values 1,2,3, while all internal Lorentz
indices (i.e. those that are contracted) run over the full d dimensions. Proceeding now
to evaluate the left-hand side of (3.153), we note first that the 4-form vanishes when
contracted with any momentum. From the definition (2.25) of the transverse-traceless
projectors, when contracted with the 4-form the only nonzero contributions then come

from the terms ]

H;wozﬂ(p) = 5u(a55)u — ﬁﬂ'wj(p)(saﬁ + ... (3183)
Here, in the first §,,0g), term, the o and j indices take physical values since the p and v
are external indices. In the second term, the o and 8 indices are instead internal and hence
run over d dimensions. Consequently, when we evaluate the left-hand side of (3.153), the
0101 (01981)11 02 (a2 98)1, Piece from the product of the two transverse-traceless projectors
makes no contribution, since all indices in the 4-form are forced to take physical values.
(The a3 and ay indices are attached to external momenta hence also take physical values.)
The remaining terms all contain at least one d-dimensional trace over the 4-form, generating
a factor of (d — 3) = 2ue. This zero cancels the overall pole multiplying the form factors,
yielding the finite result given in (3.182).

An alternative way to obtain this same result is to consider adding a counterterm

Ser = af / aBr2ueg, Jgulutvdegl By (3.184)

whose contribution to the 3-point function is

<<T,u1 vy (pl)T,uzuz (p2 ) of (p3)>> ct

= 1924 Tl 521 5, 15 5

(nn + 0u2) 5?;1 022 P1asP2a PPy - (3.185)

(p

We then re-write the right-hand side using the identity

5y(a5ﬁ)u = H,ulfoéﬁ(p) + Zw(a(p) Pp) + WMV(p)5057 (3186)

b
d—1
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where J,,(p) is defined in (3.59). The contribution from 7, (p)ps) vanishes, however,
since the 4-form on the right-hand side of (3.185) is transverse. The terms containing two
transverse-traceless projectors are proportional to (3.153), and are equivalent to the form
factors listed in (B.16)-(B.18). Setting

I

T C
187
a 8u€+0( 0, (3.187)

we can cancel the divergences in the regulated form factors (3.178)—(3.180). The remain-
ing contribution from the counterterm then corresponds to the anomalous terms given
n (3.182). In this second approach, therefore, rather than evaluating the 4-form we simply
cancel it with an appropriate counterterm; on the other hand, from the first approach it is
clear that adding counterterms is not required in order to remove the divergences. This is
generally the case for type A anomalies, as originally emphasised in [38].

Resuming our analysis, tracing over (3.182) the anomalous contribution to the trace
Ward identity (3.146) can be written

‘AlILzW = —2¢! 5&1 61/2)51 (6041042043]03219?3) (6515253}?22}953)- (3‘188)
Both this contribution and (3.182) follow from the full trace anomaly
(T)s = =3¢/ Vo, VI (R220210T ) = 2/ GV, ¥, 0, (3.189)

where G, is the Einstein tensor, as can easily be verified by writing g,, = 6, + g, and
h% = 0%70gs,, whereupon

(T)s = 6" 010, 0111320, 0" + O(h* ). (3.190)

Unfortunately, as this anomaly is exact, it must however be of the trivial variety that
can be removed through the addition of counterterms. These counterterms should be
scale-invariant and give rise to a virial current J* such that (T)o = V,J* cancels the
anomaly. Independently, we could have anticipated the triviality of this anomaly from the
scheme-dependence of the coefficient ¢/ in (3.181).

To find the counterterms cancelling the anomaly, notice that the square of the Weyl

tensor in d = 3 + 2ue is
Sue ue(3 + 2ue) 9
W2 =Fy+ ——R,,R" —
d 4+1+2ue v (1 + ue)(1 + 2ue)

and the Weyl variation of the corresponding counterterm is

O (al/dd:c\/ﬁu(“+”3)e¢IW3> = (u+ v3)e aI/ddm\/ﬁﬂ(“Jrvi*’)equWga. (3.192)

(3.191)

In the limit € — 0, this variation then vanishes since the prefactor on the right-hand side is
finite from (3.187), while the Weyl tensor vanishes in three dimensions. We recognise the
first part of this counterterm as (3.184), so the finite remainder must therefore supply the
counterterms required to remove the anomaly,

Set = — / dla\/fgut e g! (RWRW ~ 232) . (3.193)
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Indeed, in three dimensions, these have exactly the Weyl variation we seek:
0 Set, = 2¢! / dPx\/goGH'V,V, ¢ (3.194)

Finally, for completeness, let us evaluate the renormalised correlator. From our discus-
sion above, we can effectively remove both the divergences in the original regulated form
factors (3.178)—(3.180) and the anomaly through the combined counterterm

e = / GG WE, =~ ol 4 0(e). (3.195)
This combined counterterm is also Weyl covariant (in the sense of (3.78)), as follows

from (3.192). Relabelling C@I — (7/2)*/?(C{/4) and removing the regulator, we then
obtain the renormalised form factors

cf

Al= g —60im “123 + Dl (3.196)
GO p?

1 CI 2 2 %23 1
Ay = QT( — &1(a12 — p3) + 2E2b12) + (p} + p3 — p3) ( 6C1 In 2 -Dy ), (3.197)
123

Cl(ar — 1 af

Al = M(&(m — p3) — 4Esb12) + —J* [ 6C] In 123 - Di (3.198)

4afy3 4 >

where the polynomials

E1=a3y(a2y+12b12) +16a12(a3y+3b12)p3+6(7a3y+10b12)pa+32a12p5 +5ps,  (3.199)
Ey = aiy+15a3yp3+27a10p3+5ps. (3.200)

The scheme-dependent constant D can be adjusted arbitrarily by rescaling u, and in
fact these terms, as well as all logarithmic terms, are of the degenerate form (3.154). When
we reconstruct the renormalised correlator, all dependence on D{ and p therefore drops
out and the result depends on Cf only.

This is also evident from the dilatation Ward identities, in which the right-hand sides
are again of the degenerate form meaning the reconstructed correlator is scale-invariant:

d
M@A{ = 1201 (3.201)
0
M;Aﬁ = —12C{(p{ + p3 — p3) (3.202)
0
Mo — AL = -3¢l (3.203)
The primary CWIs read
K1z Af =0, K3 Af =0,
K AL =0, K3 AL = 8A1 + 487, (3.204)
Kiz A =0, Kig Aj = 245 — 24C{ (p] + p5 — p3),
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while the secondary CWIs retain their original homogeneous form,
Lo Al +RAL=0, TpAb+4RAL=0. (3.205)

The trace Ward identity (3.146) is satisfied with A{W =0.

While two of the primary CWI in (3.204) are apparently anomalous, we know that
in reality the anomaly has been removed by the counterterm (3.195). The ‘anomalous’
terms appearing in these identities are in fact an artefact of the degeneracy: as discussed
in [10], special conformal transformations are represented, not by the Kj; per se, but rather
by these operators acting in combination with dilatations. For the two ‘anomalous’ pri-
mary CWI in (3.204), the corresponding identities associated purely with special conformal
transformations are

2 9
0=K3Al + =—DyAl —8AIl 3.206
134y + g Dads 1 ( )
0 =Kz AL+ ziD4AI — 242 (3.207)
3 D3 8p3 3 29

where D, is the dilatation operator

9 )
Dy = —a+ ;pjam = —hg (3.208)
When evaluated on the solution (3.196)—(3.198), these equations are satisfied without any
anomalous terms. Using (3.201)—(3.203), we can then check that the two terms involving
the dilatation operator D, are responsible for producing the ‘anomalous’ terms in (3.204).
These terms are thus simply the result of cross-contamination from the corresponding
‘anomalous’ terms in the dilatation Ward identities (3.201)—(3.203), which are manifestly
of the degenerate form. When the renormalised correlator is reconstructed from its con-
stituent form factors, it therefore obeys the homogeneous conformal Ward identities in
their full tensorial form.

3.4.5 d = 3 and general Ag

As we saw in section 3.3.4, additional simplifications in d = 3 can be obtained through use
of the scheme u = v1 = vo = 0 with v3 # 0. In this scheme all triple-K integrals appearing
in our solution (3.156)—(3.158) for the regulated form factors have 81 = 3 = 3/2. These
can then converted to integrals with 51 = 83 = 1/2 using the identity

Ia{%%&} - Ia—Z{%,%,ﬁg,} + (Pl +p2)[06—1{%,%,53} +p1p21a 1,183} <3'209)
which follows from writing out all half-integer Bessel functions as elementary functions.
Making repeated use of our earlier identities (3.114)—(3.115), one can then show that our
solution for the regulated form factors, (3.156)—(3.157) plus (3.161), is equivalent to

Al = pipoFl + 7S, (3.210)
A} = =2xp1p2Fi + 2(p1p2 — X)Fs (3.211)
AY = PpipaFL + x(x — 2p1p2) L, (3.212)
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with x as given in (3.116) and

I _ ~I
Fi=Cilsn 1 a3 (3.213)
1 1
Fo = Cl]5{;,§,A3— +uge} + (p1 +p2)01[%{%’%’A3_%+U36}. (3.214)
Since
20pp2 — x) = —(pi + 15 —13),  x(x—2pip2) = —J?/4, (3.215)

all terms proportional to FI are thus of the degenerate form (3.154). When the correlator is
reconstructed from the form factors, the result is thus given by F{ times a single universal
tensor structure that is independent of A3. Due to the degeneracy, this structure can be
written in a number of equivalent ways. Perhaps the most efficient is to use the degeneracy
to set A{ to zero, whereupon we obtain

(turn (P1) s (P2) O (p3)))
2] Wy (P a3 (p2) (P05 — 367 %). (3.216)

Projecting into a helicity basis as described in section 8.1.1 of [10], we find

1
(T (p)T (p2)O' (p3))) = §p1p2x2f11 g1 (3.217)

where the helicities s1 and sy take values +1. The correlator thus vanishes for opposite helic-

ities. More generally, even when we retain the degenerate Fi terms, the form factors satisfy
0= x?Al + x4} + AL (3.218)

This remarkable relation is valid for general values of the scalar dimension Agz. A quick
check shows it holds for all the specific cases As = 1, 3,4 studied above.

Finally, (3.210)—(3.212) also tells us the functional dependence of the form factors on
the symmetric polynomials a9 = p1 + p2 and b2 = p1po. Since

af=. =

Lah 16 = 5 /0 dzaePHPITRR Ky (pyx), (3.219)

both Ff and FI are functions of ajs and p3 only, and indeed the same is true of Y.
The dependence of the form factors on b2 is thus limited to that appearing explicitly
n (3.210)—(3.212).

Our discussion thus far has been in the regulated theory. Where divergences arise, the
relation (3.218) must hold order by order in the regulator e. The counterterm contributions
removing these divergences must then satisfy (3.218) also, at least up to finite scheme-
dependent terms. The relation (3.218) then extends to the renormalised form factors, as
indeed we saw for the case of A3 = 4 in section 3.4.4 above.

The occurrence of a 0/0 limit for this case is also clear, since ]-"21 has a pole from the
(— — —) singularity of the first triple-K integral in (3.214), but multiplies the degenerate
combination of form factors. Similar 0/0 limits will clearly arise for all other As such
that ]-"21 is singular, however the residual scheme-dependence of the result suggests that no
genuine type A anomalies can arise.
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3.46 d=4and Az =2

Here, all triple-K integrals multiplying the primary constants 021 and C’B{ have €2 poles,
due to the presence of both (— — —) and (— — +) singularities. The secondary Ward
identities (3.161)—(3.162), however, tell us that these primary constants are suppressed by
a factor of e relative to C7. To leading order,

O3 = (4(u—v3)e +O(*))Cf, O3 = (4(u—wv3)e + O(?)) . (3.220)

The corresponding contributions to the form factors Al and A% are therefore only linearly
divergent. Meanwhile, of the triple- K integrals multiplying the primary constant Cll , those
appearing in the form factors A and A% have single poles (since only (— — —) singularities
are present), while the triple-K integral for the form factor A{ is finite.

As no counterterms are available (see table 8), we now anticipate a grand cancellation
of singularities. First, for the form factor Ag , we have

4

(u + ’1)3)6
4
JQ{OOO} - 13+ue{2+u6,2+ue,v36} = W + O( ) (3222)

J31001} = Latuc{2tue2tue, 1 tvse) = — + O(eY), (3.221)

From (3.220) and (3.157), the two pole contributions to Al then cancel as required. Next,
for the form factor A§ , the leading singularities are

2

J2{002} = I3+u€{2+ue,2+ue,2+v36} = m(p% + p% + p%) + O(EO), (3223)
2 _
']1{001} = 12+u6{2+u6,2+u6,1+v36} = _ml)g + O(E 1), (3224)
3
Ji =1 S St Yo 3.225
0{000} — {1+4wue{2+ue,24ue,vze} — (u2 _ ’02)62 (pl + D3 pS) + (6 ) ( : )
3

From (3.220) and (3.158), we then obtain three cancelling pole contributions to A%. Thus,
all the regulated form factors are indeed finite as € — 0.

Evaluating the subleading contributions to the triple- K integrals, after removing the
regulator and reabsorbing an overall numerical factor into C{, we obtain the final result

A =01 (2—]?18) <2 P2 — 0 >p1p2 il 11 {0003 (3.226)
Ip Ip2 Op10p2
Ab=ac] [(2—1115;1) (2 P2 8?9 )IQ(??{I}—; p;fug] (3.227)
Al = %le%h{ooo} (3.228)
2(%[‘1‘(1) —ps—p3)(J*+6p3p3)In iﬂlepz)}
?; [3% ato(18b19+7p3) +aly (243 +28b12p3 +5p3) — 28b3pa — 10b12p§—pg].

and I{op0y are given in (2.45) and (2.43).

The integrals I, {1%1}
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3.4.7 d=4and Az =4

From table 7, the triple-K integrals appearing in the form factors A; and As diverge as
¢! due to the presence of (— — —) singularities. Those entering the form factor A3 diverge
as €2 due to the presence of (— — —) and (+ — —) singularities. (Jofoooy in addition has a
(— — +) singularity.) Evaluating this latter form factor explicitly, we find

T 1

A= e [*(480f0)1+4050)1+0§0)1)(p‘i+p§)+0§°”p§ +O(eY),  (3.229)
3

where we have expanded all primary constants as

I _ ~(0)1 I | 2~(2)I 3
C; =C;7 +eC;7 +eC;7 +0(€) (3.230)

for 7 =1,2,3. From (3.161)—(3.162), on the other hand, the secondary Ward identities tell
us that

COT — 12001, (3.231)
oM = —120M7 4 4(u — 205) (3.232)
" = —1207" + 4(u — 205) "+ (u? — 03y, (3.233)
O _ g (3.234)
M = —12(u — vg)CO, (3.235)
57" = —12(u — v3) Oy + (u = vg) (u — 1103) 1 (3.236)

and so we see immediately that the leading e~2 pole in Aé in fact vanishes. The remaining
divergences are now all of order ¢!, and read

8C,(O)I
I 8C£O)I 2, ,2 2 0
Ay = ——(p7 +p5 — +O(e’), 3.238
Al US)E(pl Pz —p3) + O(€) (3.238)
I QCgo)I 2 2,2 0
Ay=——(J" =2 + O(e). 3.239
3 (u + U3)6( p1p2) (6 ) ( )
To eliminate these remaining divergences, we have at our disposal the (— — —) counterterm
Sep = ¢! / A+ 2ueg /g T W2 lutvse, (3.240)

Here, we use the Weyl tensor in d = 4 + 2ue dimensions, rather than four, to ensure the
counterterm action is Weyl covariant (i.e. of the form (3.78)). Using

1
W37 =WZ + ue (Wf —Ey+ 9R2> + O(e?), (3.241)
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and the results of appendix B, we then obtain the counterterm contributions

ASHT = gl (utvs)e (3.242)
Actl 8C (pl + p2 )M(u+v3)e’ (3243)
AGHT = 2¢ (2(1 + ue)pips — JQ)/J(HUS)G‘ (3.244)

We can now eliminate the divergences by choosing

C(O)I
CI = m + C(O)I —+ 0(6) (3245)
3

Relabelling Cfo)[ — Cf and evaluating the renormalised form factors, we find

0 0 0
; (fin)
H=a (2 ‘plapl) (2 =reas) (=g ) i

2 2
_der [1 LI W 2 +1n ] —8ct —4D1, 3.246
301 |2 2 2 1 ( )

P
I il (fin)
A2 = 401 (1 _p38p3> 13{222}
2
+ 2¢f {(p?er%)lning(p?—p%)lnqu( pg)lnﬂ ]
+ 4C{p3 + 4(pT +p5 — p3) D1, (3.247)

2
P
AL =20]p3Ig,, + Cf [(P2P3 ph+p})n L ;7 + (TP} —py +p5) I3

3
+ p3(pi +p3 — 3p3) In /73 —2(p] +p3 — pivs + 2p§)]
+ (J? = 2pip3) Dy, (3.248)

where the finite integrals Iz({lil} and I§{2g2} are given in (2.48) and (2.46). The scheme-

dependent constant D{ is a linear combination of the regulated theory data,

209)[ n u(3—2vg +2In2) — v3
(u+ vs3) U+ vs

DI = 2,01 4 01 (3.249)

In the renormalised theory, D{ can be shifted arbitrarily by rescaling pu.

Anomalous CWI. Due to the counterterms, the renormalised form factors satisfy the
anomalous dilatation Ward identities

0

u@A{ =8¢, (3.250)
0

uaz‘lﬁ = —8C{ (p} + p3 — p3), (3.251)
0

M@Aé =201 (2pips — J). (3.252)

~52 -



The conformal Ward identities are similarly anomalous: the primary CWI read

Ko Al =0, K3 Al =0,
Ky Al =0, K3 AL =84l + 3201, (3.253)
Ko Af =0, Ky Aj = 245 — 16C{ (p} + p3 — p3),

while the secondary CWI retain their original homogeneous form
Lo Al +RAL =0, TpAb+4RAL=0. (3.254)

From (2.71), the anomaly action is

A=-Cf / dla/g ' W2, (3.255)

and from (1.1), the anomalous dilatation Ward identities (3.250)—(3.252) are equivalent to

0 I B §3A
M%<TM1V1(Q71)TM2V2(:DQ)O (z3)) = _459#1'/1(931)59#21’2(:132)5(’)1(933) 0

(3.256)

On a conformal manifold, (3.255) represents a moduli-dependent shift ¢ — ¢ — Cll !
in the c-coefficient of the Weyl anomaly, as discussed recently in [43]. Since ¢ = —Cpr/2,
this is equivalent to a shift Crr — Crpr + 20{ ¢’ in the 2-point normalisation entering the
quadratic anomaly action (2.72). The same result also follows from conformal perturbation
theory, where one finds the renormalised 2-point function takes the expected form (2.64),
but with Cpr shifted as above.!?

Finally, the anomalous contribution A’

H2V2

can be obtained by functionally differentiating the anomaly action (3.255) with respect to

appearing in the trace Ward identity (3.146)

the metric and the scalar source ¢!. As this action is quadratic in the metric perturbations,

I

Jisv, Vanishes and hence

however, A

(T (D1)Ty0s (p2)O" (p3))) = 0. (3.257)

3.5 (THv1 JrzQ)

Decomposition. The transverse and trace Ward identities are

PV (T (1) T2 (2) O (p3))) = 0, (3.258)
P2uz (T (P1) T2 (p2)O" (p3))) = 0, (3.259)
(T (p1)J*2*(p2) 0" (p3))) = 0, (3.260)
so the 3-point function is purely transverse,
(T (p1) I (2) O (p3)) = (1" (p1)j***(p2) O (p3)))- (3.261)

Y3For this analysis, one evaluates (T, (P)Tusvs (—P)O(0)) = As(p, p, 0)I,4; 0y uaws (P) using (3.248).
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Form factors. The tensor structure can be decomposed as
(17 (1) (p2)O' (p3)) =I5, (1)t (o) | A pS 0505 4+ AFT012p" | (3.262)

The form factors A; and As are functions of the momentum magnitudes, with no sym-
metries under permutations of these momenta. Given (TH11(p;)J*2%(p2)O!(p3))), with
momenta chosen according to our cyclic rule (2.23), the form factors can be extracted using

AT = coefficient of ph'phlph?, (3.263)
A" = 2. coefficient of §*1H2pht. (3.264)

Primary CWIs. The primary CWIs are

Ko A9T =0, Ki3 AY =0,
e e , (3.265)
Klg A% = 0, K13 Ag = 4A(11 .
The solution in terms of triple-K integrals is
Af" = O Jzo00y (3.266)
Agh =20 Togoo1y + C5 T (000} (3.267)

where CJ‘-‘I , j = 1,2 are constants.

Secondary CWIs. The independent secondary CWIs are

Ly AY' +R A§" = 2d-coefficient of ph*ph? in py,, (T""" (p1)J"**(p2) O (ps))),  (3.268)
L) A?I+2R’ A — —2(d—2)-coefficient of ph'ps*

in pay, (TH" (p1)J#2% (p2) O (p3))), (3.269)

Lo A3 = 4d-coefficient of 8192 in py,, (T (py)J*2%(p2) Ol (p3)),  (3.270)

where all right-hand sides vanish using (3.258) and (3.259). This leads to an over-
determined system of equations. Evaluating the soft limit p3 — 0 using (2.34) and (2.35),
keeping generic values of dimensions, we find

0=CY + As(A3+2—d)CH, (3.271)
0=Cy' + %(Ag +2)(A3 42 — d)CH, (3.272)
0=C9 +2(2A35 — d)CH, (3.273)
which requires'®
oM =cogl =o. (3.274)

The correlation function therefore vanishes:

(Trn (p1) J*2%(p2) O (p3))) = 0. (3.275)

MWhile Ay = 2 with v3 = —u appears to yield a solution, for this specific case the derivation leading
to (3.271)—(3.273) is invalidated by the presence of singularities in (2.36). A careful analysis of the soft
limit for this specific case shows instead that the secondary CWIs are not satisfied.
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This result is consistent with our original analysis in [10] after taking into account the
different definition of the 3-point function employed here.!?

4 Anomalous terms in the conformal Ward identities

In this section, we return to our goal of understanding the form of the anomalous conformal
Ward identities obeyed by the renormalised correlators. In our analysis above, we found the
inhomogeneous terms entering these identities simply by inserting the renormalised form
factors back into the original homogeneous Ward identities. Here, our aim is to understand
how these anomalous terms arise from the underlying beta functions and anomalies.

For concreteness, we focus on the most interesting of the cases encountered above,
namely (JHOO) for d = As = Az = 4, which features both an anomaly and a beta
function. The general principles of our discussion can then be applied to other correlators.
To set the scene, recall from equations (3.49)—(3.51) in section 3.1.5 that the renormalised
form factor for this correlator obeys the anomalous dilatation Ward identity

o 2

, Coo P
MaTLALfIQI& = 4g(Tp)"" [CJJ (CJJ In u% +Dyy ) p —aopi — Coo(ps +p3)|, (4.1)

the anomalous primary CWIs
KQ:),A‘IZIQIS = 0, K12A(11[213 = 8&0 g(T}%)]Zk, (42)

and the anomalous secondary CWI

: C 2 2
LAY = 4g(T8)21s | — % <CJJ In % + DJJ) pi— <Co<9 In % - Doo) P3

JJ

2
D
+ (Coom 1 Do) 4+ 2Coontd + aosi + 14 - p§>] s

In contrast, in the dimensionally regulated theory, all these right-hand sides are absent.
Our task is thus to understand the origin of these nontrivial right-hand sides.

4.1 Generating relation

We can view a conformal transformation as a diffeomorphism followed by a Weyl rescaling.
The diffeomorphism is such as to produce an initial rescaling of the flat metric, dg,, =
20,6y = (2/d)(0-£)0,, which is then eliminated by a Weyl transformation of the opposing
sign, g, = 206, with 0 = —(1/d)(0-&). The net transformation of the sources, following
our discussion of the trace Ward identity in section 2, is then

69#1/ = 07 (4'4)
SAL = €10, 45 + ADE" — (0~ OBy, (45)
56! = 60,0~ 2(0-6) ~ (4~ A" + . (16)

5Tn [44], a nontrivial result for this correlator was proposed based on a position space analysis (at non-
coincident points) for the case d = 3 and Az = 1. Our results indicate however that this is only possible
by relaxing both of the transverse Ward identities (3.258) and (3.259) to allow additional semilocal terms.
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In particular, the beta function contributions [ Az and S,r have expansions beginning at
quadratic order in the sources. (We will obtain explicit expressions for these shortly.) The
renormalised generating functional, meanwhile, transforms anomalously as

SW = —é / Az (9 - €)A. (4.7)

Combining these equations and integrating by parts, we obtain the generating relation

0= [ ale L0+ (G- 0101 + ) + 6169, ) (O,

= (50 Oag+ o) + a0, - a0, ) ] )

which holds about a flat background but with arbitrary scalar and gauge field sources.'%
The conformal Ward identities for the renormalised 3-point function now follow by

functional differentiation. Noting that once the sources are switched off, (i) all 1-point

functions, and 2-point functions of different operators vanish; (ii) the beta functions and

their first derivatives vanish (as they are of quadratic or higher order), we find

LY (T (1) O*2 (22) O (x5))

52 J(
_ / dda é(a s <<5¢f2 (ai%;a)(ml) ‘0<(’)J(w)(913(333)> 2o 3))

2 3
S o) - SE T ‘0) -
The subscript zero here denotes switching off the sources, and the differential operator
3
£ = @) g 0 + (@0 g+ (00w ) [ 2= 25 (aa0)
For dilatations €# = Az#, this operator reduces to £, = —\J, D where
D= —At—iwqa (4.11)
i=1 " 0z

is the usual dilatation operator, with A; = d— 1+ A2+ Al3 the total dimension of (J*OO).
On dimensional grounds, we also have the relation D(J*OQO) = —pu(9/0p){(J*OO).

For special conformal transformations ¢# = z2b* — 2(b - x)x#, we recover the expected
special conformal operator for (J#OQ). This can be written as

LB = by 22407 — 221,0%" + (2daf — K*)6], (4.12)
where
> 0
o _ ¢ apk _ plsak) Z
K = ;_1 |:2AZI'Z + <29UZ xy —x;0 >3$f] (4.13)

18For correlators with stress tensor insertions, an analogous generating relation can be found by first
functionally differentiating with respect to the metric to create the required insertions.
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is the special conformal operator that one would find when acting on correlators of three
scalars. (We take A; =d — 1 and A; = Ali for 4 = 2,3.) The additional terms in (4.12)
are a result of the vectorial nature of (J#OO).

In summary then, the left-hand side of (4.9) is equivalent to the homogeneous con-
formal Ward identities. The right-hand side consists of inhomogeneous terms that encode
the breaking of conformal symmetry due to the beta functions and the conformal anomaly.
The precise form of these inhomogeneous terms can be determined from the nature of the
counterterm action, as we discuss next.

4.2 Finding the beta function

We now focus specifically on the case at hand, d = A2 = A3 = 4. To preserve gauge
invariance, as well as the symmetry of interchanging O'2 and O3, we adopt a regularisation
scheme where v = v; and vy = v3. As we saw in (3.39), including all terms up to cubic
order in the sources, the counterterm action is then

Sct _ /d4+2uem [CJJH2ueFuuaFﬁy + COOM2v2€(D2¢I)2
+ C1H2(vgfu)eig(Tlc%)IJJ,uaquDuqu + CQ,UzQWEiQ(TE)IJF'LWGDMQZ)IDV(ZSJ ' (414)

The coefficients ¢;; and ¢oe are fixed from the renormalisation of the 2-point function, as
given in (3.40). In addition, we have of course the usual source terms

Sumnce = [ 47205 (0161 4 s, (4.15)

Recalling our earlier discussions in sections 2.10 and 3.1.5, only those terms propor-
tional to ¢po, ¢1 and ¢y contribute to (J#OQO)¢. The ¢; counterterm acts to renormalise the
gauge field Aj generating a nonzero beta function 3 Ag. As there are no cubic counterterms
involving O, however, the scalar source ¢! is not renormalised and P41 vanishes.

Since differentiating the generating functional W with respect to Ay, generates renor-
malised current insertions, A7 is by definition the renormalised source. The bare source
corresponds instead to the overall coefficient multiplying J#® in the subtracted action,

(AP0, = Af + ™2 ig(TR) 6 Dy, (4.16)

Since (Abare)z and ¢! are independent of the renormalisation scale p, to quadratic order
the beta function is then

. d ., (=) maNIJ 415 1J
BAZ = lE’)I(l) M@Ay = _2(02 - U)Cl lg(TR) ¢ 8u¢ ) (417)
where we expanded ¢; = cg_l)e_l + cgo) + O(e). Alternatively, under a Weyl variation
0od' = (2 —u)ed’o,  G5(A%)% =0, (4.18)
hence
0g A% = —2(vy — w)ep 2" e1ig(TH) ¢! Dy o, (4.19)
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where the §,0 term vanishes due to the antisymmetry!” of (T}%)I 7. The vanishing of this
term is important since it ensures that

a d a
o Aj, = Tpg A, (4.20)

As we remove the regulator by sending € — 0, we now recover 6,4, = o3 A which was our
starting point in deriving the anomalous conformal Ward identities above.

4.3 Finding the anomaly

Having found the beta function, we now need to find the anomaly. For this, we need to
know the Weyl variation of the renormalised generating functional. In appendix A, we
show that imposing the relation

(vg — w)eca + 2(1 + vae)coo — 4(ve — u)ecicyy =0 (4.21)
ensures the Weyl covariance of the action for counterterms and sources:
d
60(801: + Ssource) = /ddm go’ﬂ@(ﬁct + Esource)- (422)
Evaluating this expression to cubic order in the sources about a flat background then gives
3o (Sct + Ssource) = /d4+2“6m o |:2u€CJJ,LL2UEFHl/aF5V + 2ugecoo 2 (D?*¢!)?
+ 2(vaecy — 4(va — u)ecic ) p?2ig(T) " FF*D,¢' D, o7 |, (4.23)

where the final term proportional to c¢icy; derives from the implicit u-dependence of the
renormalised gauge field A} in the FF*F}, counterterm,

d - a rva
g (" Fiy) = =802 = w)ep” 2" erig(Th) F** D¢ Dyoy”. (4.24)
Notice also that all dependence on the operators has dropped out, since
d ue —u)e,; a\IJ ;1 J a a d ue bareya jua
P / Ji+2uey [wﬂ(w ig(T8)! 6! D,y +AM] =g b2 g (Abareya Jha

(4.25)
As the Weyl variation (4.23) thus depends only on the sources, we can pull it outside the
path integral in the generating functional to obtain

5, W = lim [5(, In (e-sct—smﬂ — lim [— S (Set + S)} (4.26)

e—0

Since W is the renormalised generating function, this Weyl variation must be finite as ¢ — 0.
From (4.23), we see that ¢;; and ¢po can have at most single poles in €, consistent with
the renormalisation of the 2-point functions. In addition, the scheme-dependent constant

ap = lim |:(’U26C2 — 4(vy — U)EC1CJJ)M2U26:| = lim [(uecz —-2(1+4 UQE)CO(Q)M21)2€ (4.27)
e—0 e—0

1"Starting from the gauge transformation 6¢’ = —iga®(Tg) ' ¢”7, for ¢* and a® to be real we require the
combination i(T§)" to be real. Since (T2)’” is also Hermitian, we have i(T&)'7 = —i(T&*)!’ = —i(Tg)"".
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must be finite, where the second equation follows from (4.21). As cop has a single pole,
this requires that ¢s has a double pole with coefficient

(-2) _ 2 -1y _ Coo

— = . 4.28
2 7 oo uvy (428)
Solving (4.21) at orders e ! and €” with the aid of (2.65) and (2.66), we then find that c;

has only a single pole, and obtain the relations

(—1) Coo
S e 4.29
1 (1)2 — U)CJJ ( )
(-1 _ Ca1 0 1 [Coo ) _p yv.p 0 _ 4
¢ - U %1 =+ ('UZ — U) |:CJJ (C JJ) + Doo — COO COO 5 ( 30)
and hence
1 uC
ap = Crycl” + [ 99.(CF) = Dys) +va(Doo — Copy — Coo)} (4.31)
(vo—u) | Cys

These relations are equivalent to those we obtained earlier through a direct analysis of
the 3-point function divergences, namely (3.44), (3.45) and (3.48), after using (3.46) to
eliminate terms proportional to D ;.

The anomaly action can now be read off using

e—0

d
A= /d4mA = hm —05(Sct + Ssource)],—; = lim ,u@(sct + Ssource)] . (4.32)

As we saw above, for the Weyl covariance (4.22) used in the last step here, it is crucial to
take into account the implicit p-dependence of the renormalised sources, both in S¢¢ and
Ssource- We thus find the anomaly action

A=— / d*e [0‘2” Frepe, 4 Coo(D?¢1)? + 2a9 ig(Th) F#* D¢ DV¢J] . (4.33)

As we noted earlier in section 2.10, due to its scheme dependence ag does not parametrise a
genuine anomaly. Instead, this term is Weyl exact and can be obtained from the variation

C
0o / d'z 2 ( T puvapa 1 (D! )2> =— / d'@2a0ig(Tf)" F**D,¢' Dy¢’ o, (4.34)
as can be seen from (A.7) and (A.27) in appendix A.

4.4 Anomalous dilatation Ward identity

Knowing the anomaly action and the beta functions, we now have all the ingredients we
need to reconstruct the right-hand sides of the anomalous conformal Ward identities. From
our results (4.17) and (4.29) above, the beta function is

2Co0

Bag = =5~ 19(TR)" 60,9 (4.35)
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Inserting this into the dilatation Ward identity following from (4.9), we obtain

D(J" (1) O™ (2) O™ (x3))
B QCOO’i
Cry g

(TH)213 (1 (1) TV (9)) ;9355(:1:2 —x3)+(2¢ 3)] —(Ajoo)™213 (4.36)

where the anomalous contribution

53 A ’
0 AL (1) (22)0¢ (23) lo

(Ajoo)™2™ = — (4.37)

Examining (4.33), we see in fact only the last two terms contribute. Transforming to
momentum space, this Ward identity reads

3
<2d — A+ oY 8(;) (I (p1) O (p2) O™ (p3)))
=2 g
_4Coo

=~ 9(TR)"* 5 p2 (I (p1) I (—p1)) — (Aso0) ™21, (4.38)
JJ

where the renormalised current 2-point function is given in (2.63) and the anomalous
contribution'®

(Aj00)™ 2 = —2C00g(TH) " (p5 + p3)(ph — ph) — 4ag g(Tf) it (p1)p2w. (4.39)

To recover (4.1), we need to recast this dilatation Ward identity in terms of the form
factor A%22 From (3.2) and (3.3), we recall the 3-point function takes the form

(4 (p1) O™ (p2) O (p3))) = AT 7 (p1)pay

I

p a a :

= p%[g(i’}z)‘n3 (O7(p2)O" (=p2))) + 9(Th)" (O (p3)O" (=p3))|.  (4.40)
1

Inserting this decomposition into (4.38), we find the longitudinal part is automatically

satisfied while the transverse part yields

0

O

Acllfzfg — 0
D

alals
Al
Op;

3
2d_At+1+Zpi
=1

Coo p?
= 4g(T3)21s [CJJ <CJJ In M—; +Dyy ) p? —agp? — Coo(p3+p3)|. (4.41)

This is indeed the expected anomalous dilatation Ward identity (4.1). The logarithm of the
renormalisation scale p appearing on the right-hand side means that the form factor A‘fbk
contains a product of such logarithms. From (4.38), we see this behaviour is a result of the
beta function introducing a dependence on the renormalised current 2-point function.

8Here, we have chosen ps and ps; as independent momenta to make the 2 < 3 symmetry manifest.
Despite appearances, (4.38) is actually symmetric under 2 «+ 3 since (73)’32 = —(T%)"2%3 and the current
2-point function is transverse.
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4.5 Anomalous special conformal Ward identities
The special conformal Ward identity following from (4.38) reads
[2x’f53‘ — 2x1,0% + (2dx{ — ICC“)(S,‘/‘] (JV(x1) O (29) O3 (3))

AC00 . b \Io1 b 9
— Tb\I213 JRa v o
Eig (T ) )

5(502 — Zbg) + (2 > 3)

53 .
_25A2(w1)5¢12<w2)5¢[3(w3)‘O/d Trx .A(:I:)

(4.42)

where we used the beta function (4.35). The anomalous contribution can be evaluated
from the action (4.33), giving

53

Az Az

AR b 754
= —20(9(9759(1}0%)]2[3 [Qx‘fafé(mg—wl)ﬁfé(mg—ml)—kx?aé‘é(ml —2173)832)(5(:132—:133) — (2 <~ 3)]
—4agig(Th) " (076 (xo—1) 00 (23— 1) + 3701, (07 0(22—21) 9} 5 (25— 1)) — (245 3) .
(4.43)

The conversion of (4.42) to momentum space is simplified by first translating x; — 0,
reducing the tensor structure on the left-hand side. To keep the 2 <+ 3 symmetry manifest,
we choose ps and p3 as the independent momenta. The result is

3

o 0 o 0
S |1 e i~ 2 | (O™ (p2)O )
P [ Ip; Opiv opy Op;

40(’)(9 byIol < 8 8 ) b
= ¥ o(T2) 243 v Y v Y Jha JY(—
C) 9(Tg) P2 g P (J*(p1) 7 (=p1))

— 4Coog(TH)™™ (p3 — p3)6™* + 8ag g(TH) " (3P — p§ph). (4.44)

Inserting once again our form factor decomposition (3.2), and using the renormalised cur-
rent 2-point function (2.63), with some algebra one can show this Ward identity is equiva-
lent to the primary CWIs

Koz A%l — 0, K19 A9%218 = 8qq g(T) 1213, (4.45)
and the secondary CWI
LAY — dpy, (T (p1) 0" (p2) O (p3))

Coo 2
— 49(T1%)1213p% [_CJJ <CJJ In % + Dy p% + QCoopg + ao(p% + p% — pg) . (4.46)

Using the transverse Ward identity (3.1), we can then rewrite this as
2

Coo pi P
e <CJJ In =+ Dy ) pi — ( Cooln =% + Doo | ps
7J J m

LAY = 4g(Tg) 1"

2
p
+ (Coom 1 Do) 4+ 2Coontd + aosi + 14 - p§>] )
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Comparing (4.45) and (4.47) with (4.2) and (4.3), we see these are precisely the anomalous
CWI we wished to derive. We can equivalently express these identities, along with the
anomalous dilatation Ward identity (4.41), in terms of the renormalised 2-point functions:

a a A C 14 a A
pa— AT = 4g(Th) 215 | 299 (15 J3(— 1)) — % (a0t +Coo(W3+13)) |, (4.48)
o 3C;
Ly A% — _4g(T3) KT8 ((OF (pg) O™ (—po))) +4g(TE) 2 ((OF (p3) O™ (—p3)))
0
+4(Coo+ao)9(T1‘%)1213p?(p§—p§)—p?u@fl‘f[”?’, (4.49)

As discussed earlier, with an appropriate choice of scheme, we can moreover set ag to zero.
In conclusion then, our generating relation (4.9) correctly accounts for the inhomogeneous
terms appearing on the right-hand sides of all the anomalous conformal Ward identities,
tracing their form back to the underlying beta functions and conformal anomalies of the
renormalised theory.

5 Discussion

Our first steps in understanding momentum-space CF'T are now complete. We know the
form of 2- and 3-point correlators, both for general values of the spacetime and operator
dimensions [10], and for the special cases requiring renormalisation [11, 13]. With the
results of this paper, we can now construct renormalised 3-point functions involving a mix
of scalars, stress tensors and conserved currents. Besides obtaining compact and explicit
expressions for all major cases of interest, we have identified the relevant anomalous Ward
identities, conformal anomalies and beta functions.

We hope these results will find many interesting applications. Promising candidates
include the analysis of inflationary correlators in holographic cosmology (see e.g., [17-28])
and extending studies of quantum critical transport [29-34] to cases where divergences
arise. It may also be interesting to re-interpret recent bounds, such as those derived from
conformal collider physics and the average null energy condition (see e.g., [45-47]), from
our present momentum-space perspective. Our results should further be relevant for the
analysis of conformal manifolds [39, 48-50], particularly for cases where the dimension of
some scalar operator varies continuously as a function of the moduli.

Indeed, where such a manifold exists, all the specific results we have obtained in the
present series of papers [10-13] can be reinterpreted as providing nontrivial information
about the analytic structure of the CF'T data as a function of the moduli. Moving about
on the conformal manifold, the conformal dimensions in general will vary and the constants
that determine 2- and 3-points functions will contain poles wherever the scalar dimensions
are such that the corresponding correlators diverge. Our results reveal the location of these
poles, and whether they are of single or higher order [11]. It would be interesting to connect
this local analytic structure with global information from integrability or supersymmetry.

Another interesting question raised by our work is whether type A anomalies exist in
three spacetime dimensions. For (T},,,,7},,,,O) with Az = 4, we found in section 3.4.4
an evanescent tensor appearing with a divergent coefficient. While such a 0/0 mechanism
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is characteristic of type A anomalies [13, 38], here the result we obtained was exact and
thus could be removed with a counterterm. Similar 0/0 limits exist for other values of Ag,
however in all cases the result remains scheme-dependent and should likewise be remov-
able. This suggests no true type A anomalies can be found, but leaves room for deeper
investigation.

Looking to the bigger picture, beyond extending our 3-point results to parity-odd and
higher-spin examples, the next challenge in the development of momentum-space CFT is
clearly the 4-point function [51, 52]. What are the momentum-space analogues of conformal
cross-ratios? Can momentum-space methods be of service to the bootstrap programme?
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A Weyl covariance of the action for counterterms and sources

In this appendix, we discuss how to impose the Weyl covariance relation

d
5U(Sct + Ssource) = /ddx g O'M@(ﬁct + Esource) (Al)

on the counterterm action for (J#¢O2O®5) in the case of d = A2 = A3 = 4. From

section 3.1.5, the relevant counterterm and source actions are
S = /d4+2uew\/§ [CJJuQueFuuaFSV + coop2i2(D2g1)?
a2 TG (TR 1961 D67 + o g (TR) ™ P D,0' D, |, (A.2)
Ssource = / dt2ueg, /g [OW + AL, (A.3)

where gauge invariance and permutation symmetry of the scalars impose a scheme where
u = v1 and v9 = v3. As we will now show, Weyl covariance requires the counterterm
coefficients satisfy the additional relation

(vg — u)ecy + 2(1 + va€)coo — 4(vy — u)ecicyy = 0, (A.4)
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which we have made use of in sections 3.1.5 and 4.3 of the main text. (Further discussion
of this correlator also appears in section 2.10.)
We begin first with the counterterm

Sé]J) _ CJJ/d4+2uew ﬁﬂQueFuyaFﬁy- (A5)

Under a Weyl transformation, 6,./g = (4 + 2ue)o/g while to quadratic order
a a abc Ab c
5, L, = 20,0, A% + 2g f Ab 5, AL

= (g — w)ep2Weg g (1) {8ﬂ¢13,,¢°70 +¢'0,670,0],  (A6)

where the Weyl variation of Aj, (derived from the corresponding beta function) is given
in (4.19). To cubic order, using the Weyl variation of ¢! given in (4.18), we then find

50—5&]‘]) = cJJ/d4+2“E:c N [QUG/,LMEF“WF:LLVU
— 8(ve — u)ep® crig(Ti) " F**(9,9' 0,07 0 + ¢10,¢”7 aua)} . (A

The implicit y-dependence of the renormalised source A, is encoded in the beta func-
tion (4.17). The corresponding p-dependence of the squared field strength is then (4.24).
Under change of the renormalisation scale, we thus find

ue d JJ
/d4+2 . gauaﬁgt )
=cyJ / dH2ueg fgo {2ue/¢2“€FW‘1FﬁV — 8(vg — u)e,umeclig(Tﬁ)”F“”“@ugbI&,ng
= 5,557 + 8(v2 — wecrcyy / A2y /g 2 prraig (T8 619,67 9,0, (A8)

Next, as we noted in (4.25), p(d/dp) of the ¢; counterterm is zero when combined with
the current source term, and its Weyl variation similarly vanishes:

0= 5U/d4+2uem\/§ [CLMQ(W_u)eig(TE)IJ(JSIDuQSJ +AZ] Jha
=4, / 2y, fg re(Abmeye, (A.9)

The ¢! O! source term is likewise invariant under both Weyl transformations and j(d/du).
We now deal with the counterterm

St =2 / Mg [5 2 g (Th) P D, Dy’ (A.10)
To cubic order in the sources, the Weyl variation of this term is
505£t2) =9 /d4+2“€a: Varreig(TE) | 2v9e F1720,,01 0, ¢ o

+ 2(vy — w)eFHapla, ¢ aﬂa} , (A.11)
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while under a change of renormalisation scale,

d
/d4+2“6w\/§oud'u[,g) =y /d4+2“6:c \/§u2”261'g(T]%)IJQvgeF“”aﬁuqﬁlaynga

:55553)—2(122—706@/d4+2ue$ \/E,LLQ”QGig(Tﬁ)I‘]FW“gbI@,,qﬁ‘]@“a.
(A.12)

Neither the Weyl variation nor the u-dependence of Fjj, contribute here as both begin at
quadratic order in the sources.

Finally, to deal with the counterterm proportional to ¢pp, a little more work is required.
First, we can construct a Weyl covariant analogue of ((J¢)? by introducing the following
additional couplings to spacetime curvature,

_ 2(d — 2+ 2s) d(d — 2+ 2s)
_ d d—4+2s 2 my 2
Secov coo/d T\/gH (Oo¢) —(d— %) R*0,,00,¢ + 2d—1)(d— 2)R(8¢)
2
s s 2,0 S(d—2+2s) 9
+7(d—1)R¢D¢+74(d—1)2R¢ —4(d—2)(d—3)E4¢ , (A.13)
where Ej is the four-dimensional Euler density. Using the transformations
dop = 500, (A.14)
3o (0¢) = (s — 2)o0¢ + (d — 2 + 25)0, 90" 0 + s¢Ulo, (A.15)
R =—20R — 2(d — 1)Oo, (A.16)
SRy = —(d —2)V 0,0 — 9o, (A.17)
Vo4 = —40E4 + 8(d — 3)R''V ,0,0 — 4(d — 3)ROo, (A.18)
one can then verify that
d d 9
05Scov = (d — 4 4 2s) /d T\/q Loy = /d T gaua—ﬁcov. (A.19)
I

In the regulated theory, s = (v2 —u)e and the counterterm (A.13) is not Weyl invariant
(as one would anticipate). The corresponding anomaly action is however Weyl invariant,
and can be obtained (for general d) by setting s = —(d — 4)/2. Up to a constant, (A.13)
can then be rewritten

/ dla\/g [4@1%(3)—3)%@%’2 + ¢A4¢>} , (A.20)

where WC% is the square of the d-dimensional Weyl tensor and Ay is the d-dimensional
Paneitz operator™

Ay =6 -V, [((d —9)Jg" — 4PW) vm} +(d—4)Q¢, (A.21)

90ur conventions are those of Wald [53], hence relative to [54] we have sent R, — —Ry..
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with the Schouten tensor P, and Q-curvature

L 1
= — — — yu — - 2_ B v
P = gy (B =T ). T =" P Q=3 (47° =207 — 4B, P?). (A22)

The Weyl invariance of (A.20) is now apparent from the relation
A4g§ = 67(d+4)a/2A4(]§, (A23)

where A, is evaluated on Juv = 62‘7gm, and ¢ = e~ (d=4)/ 2¢. Indeed, we encountered the
four-dimensional version of this action in (3.86) of section 3.2.5 (see also [55]).

Returning to the counterterm (A.13), having enforced Weyl covariance, we now need
to covariantise under gauge transformations. Promoting ¢ — ¢! and Oy — Dﬁ‘] , we obtain
the new counterterm

(00) _ A4 2ue dvse | (2 ary2 20Hv2€) Lo g g (V2—u)e L po g
Set —Coo/d z\/gu [(D ¢) (I+ue) RYD,¢" Dyg +(3+2U6)R¢ D¢
(2+ue)(1+v2e) N2, (e—u)€ o o (va—u)e(l+uvae) 1y2
Groue (a0 TP ) T G O T a0 e (1 2ue) PO
(A.24)

On a flat background, this new counterterm reduces to the original cpp counterterm
in (A.2), but on a general metric has improved Weyl covariance properties: we will there-
fore use it in place of our original counterterm. Notice however that in this last step of
gauge-covariantising we effectively introduced the new cubic terms

COO/d4+2uew\/gMZUQGiQ(TI%)IJ —4AZD¢18M¢J+QVMAQM¢ID¢J— 4((;:::Zi§) RMVA3¢18N¢J
_ 2 (e CHUIARO | b panyiy (A.25)
(3+2ue) | (14+wue) e '

These new cubic terms in fact break the full Weyl covariance we had in (A.13): using
0o (VAM) = =20V, A" + (d — 2) A" 0,0, (A.26)
after some calculation, we find that
/d4+2u6$\/§0',u,d£(oo)
du ct
= 6,557 — 4(1 + v26)c00 / A2, JguPecig(TH) Fregl9,¢7 o0, (A.27)

For the combined counterterm and source action to satisfy the Weyl covariance rela-
tion (A.1), we now need to arrange for all the non-Weyl covariant terms proportional to
Jy0 to cancel out. Putting together our results (A.8), (A.12) and (A.27) above, we obtain
the desired relation (A.4).
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B Evaluation of counterterm contributions

In this appendix, we compute the counterterm contributions to the form factors appearing
in our transverse traceless decomposition of correlators. For this purpose, it suffices to
work in a gauge where the inverse metric perturbation is transverse traceless,

gt = O + Vv Yup = 0, Vv = 0, (B.1)

since all other components are projected out in the calculation of form factors.
Writing g, = 0 + by, we then have

hw = =Y + Vo Yow + O(%) (B.2)

where
h = hyuy = Y Yo + 0(73)7 Py = YpapYar + 0(73)~ (B.3)

The Ricci curvature
R, = —%82%” - %h,uv + ha(uye + %(haﬁhaﬁ)wv — hapSpuva — SapuSsar + 0(1°)

(B.4)

where
S = T2 = 2 + s = ) (5.5

and we have used the fact that to O(y3) we can treat hy, as transverse traceless where it
appears quadratically. We thus have

1
R;(}I/) = 582’)%1/’ (B.ﬁ)
R — Ly ! S SesuS B
i = — 50" (VaYav) + (YapVa(u) )8 = 7 (VasVap) v = YapSsua = SapuSpar  (B.T7)
where 1
S,ul/a = 5(7}11/,0{ + Yoo,y — 'Yl/a,,u)- (BS)
The scalar curvature
RW =, (B.9)
= " YuwO Yuv — Z’Y,uu,a’)/;u/,a + 5’7;11/,017;104,1/7 (BlO)
while the Riemann curvature
1 _
Rul/ocﬂ - _quu[a,ﬁ} (Bll)
2 _
ijaﬁ = _2S>\u[o¢hu>\,6] + QSAV[ﬁ‘Su)\a]- (B.12)

We can now evaluate the counterterms contributions for (7},,,,7}.,.,,O) with d = A3 = 4.
The first counterterm involves the Weyl tensor (as defined in exactly four dimensions),

/dda: \/gu(quvs)E(ﬁIWZ

. 1
= /ddx M(u+v5)e¢l |:7uu,a,37,uu,aﬁ + Ype,vBVvB,ua — 2’7#04,1/,87#1/,046 - 5827,u1/82'7,u1/ .
(B.13)
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Since R? vanishes to quadratic order in Yuv, We then have
[ttt = [t oregi [ - ong g
— / dg plutvsle gl [Wf - ;a%wa?w,,} : (B.14)
The counterterm action
/ Atz Sgu vl (ol By + JWE) (B.15)

then generates the counterterm contributions

A({tl _ S(CLI + CI),LL(“+U3)€, (B.16)
AS T = —8(a’ + ) (pF +p3 — pR)ul T, (B.17)
AT = [46Tp3p - 2(a” + ) 2| et (B-18)

In fact, the finite piece of the Weyl-squared counterterm (B.13) generates a stress tensor
ambiguity of the form discussed in [4]. In four dimensions, to quadratic order in v, we
have

1 1
/ d'a \/go' Wi =2 / d'a ¢ W) Wi s

B 4 Tr(D) (1) 1) o, 1oa
= 2/d b %0 W,uz/aﬁ [R#Vaﬁ - 6#[04R5}u + 6’/[0‘R5]M + gR( )5u[a55],j

—2 / dizo'w) R

vafB” ‘uvaf
— 4 / d'z oW Yvas. (B.19)

where the last two lines follow from the symmetries and tracelessness of the Weyl tensor,
along with (B.11). To linear order in ,,, we then obtain a transverse-traceless contribution
to the stress tensor of the form

2 05
V9097 (x)

Finally, for completeness, let us consider the counterterm

Toa(x) = = 80,0 [(ﬁIW;(ul/L[a] (B.20)

/ddl‘ \/E,M(UJFUS)ERDQZ)I _ /ddm \/gﬂ(u+v3)e¢IDR: 2/dd:1: \/gu(u+v3)eRm/v,uvy(ZSI7

(B.21)
where the last relation follows from the contracted Bianchi identities. We find
/ddm \/gu(u-i-vg)ERquI
— | a9 (u+v3)682 I 92 5 1 B
= T [ o Y e Z’Yuu,of}’,uu,a + §7uu,a7ua,u ( ‘22)
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leading to
A%U _ _4pglu(u+v3)6, (B.23)
A5 = (9% + pB)p — 5 )l o), (B-24)
We will not use this counterterm, however, since it generates the mixed 2-point function

(T (P)O (=) et = =207 (P). (B.25)

C Shadow relations

The transverse-(traceless) parts of the correlators satisfy the following shadow relations,
where the scalar O! of dimension A is replaced with its shadow O of dimension A = d—A.

L <L Al jpa O O
<<J“ (pl)OI (pQ)OI (p3)>> x <<(’)K2 <p2<)<éK2(1()i)pQ)>>(<I<9é)K3 (13(53(’))%(3(—1)3)»’ (C.l)
(o (p1) O™ (92) O™ (p3)) o {110, (PO (P2) 0% (p3)) (©2)

(OF2(p2) OF2(—p2)) (O3 (p3) OFs (—p3)))’

(77191 (p1) "2 (p2) O** (p3))) (C.3)
(OFs(p3)OFs(—p3)) ' '

{(ti1mn (P1)uzs (P2) O™ (p3))
(OKs(p3)OKs(—p3))

These relations are valid for generic d and A, but not in cases where renormalisation is

("1 (p1) 22 (p2) O™ (p3))) o

(101 (P1)iar (P2) O (p3))) o (C.4)

required. (The shadow correlators have singularities of the opposite type, in which all +
signs are reversed; this alters the renormalisation procedure as discussed in [11].) Moreover,
these relations do not always extend to the longitudinal parts of the correlators, as can be
seen from examining the corresponding transverse Ward identities (e.g., for (C.2)).

Their proof follows from the fact that the modified Bessel function is an even function
of its index. Since Kg(x) = K_g(z), it follows that

B

_ 26 — 22 28
Ia{ﬁhﬁzﬁg} = D3 31&{[31752,—/33} =Dy 2]93 3104{517—52,—,33}' (C.5)

The relations (C.1) and (C.2) then follow from our solutions (3.7) and (3.64), us-
ing (2.49). For (C.3), we instead use equation (3.12) of [12] to rewrite the form factors for
(a1 jrza2 O1Y - given in (3.98)(3.99) and (3.101), as

Aclllaﬂ = CflaQIJQ{OOO}, (CG)

aia aia 1 A 9 -
Agrel — ggazl )R (A3 =2)(A3 - 2) — (2 +p36p3ﬂ (pg A3Jo{ooo}>a (C.7)

where A3 = d — As. Since

—Ag3 _ Az
p3*JIn{oooy = P3 Ig—1+N{g—1,gf1,A37g

_A -A
=93 a i npd g 1 A2y =P ooty (C8)

- 69 —



it is then straightforward to see that
N i (C.9)

where the tilded form factors are those of the shadow correlator ((j#1915#2%22O1). The
relation (C.3) immediately follows.

The proof of (C.4) is analogous, and follows by writing the form factors (3.156)—(3.158)
for (t v tusr, O, with (3.161)—(3.162), in the form

Al = C{JO{OOO}a (C.10)

~ o _
Ag - Cllp?,AB |:(A3 - 2)(A3 - 2) -4 <2 +P38pg>] (pg A3J2{000}>, (Cll)

(8 - 2)(Bs - 2) <A34A3 . p3aapg>

I I VAN
A3 = CIPS 3

0 0 _As
+2 (2 +p33pg,> PSapJ (pg JO{OOO})- (C.12)
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