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anomalies in chiral theories. We recalculate the latter and ascertain that in the trace of
the energy-momentum tensor of theories with chiral fermions at one-loop the Pontryagin
density appears with an imaginary coefficient. We argue that this may break unitarity, in
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this fact, that seem to have been overlooked in the literature.

KeEywoRDS: Conformal and W Symmetry, Anomalies in Field and String Theories

ARrRX1v EPRINT: 1403.2606

OPEN AcCESS, (© The Authors.

Articlo funded by SCOAP®. doi:10.1007/JHEP07(2014)117


mailto:bonora@sissa.it
mailto:giaccari@fudan.edu.cn
mailto:blima@sissa.it
http://arxiv.org/abs/1403.2606
http://dx.doi.org/10.1007/JHEP07(2014)117

Contents

1 Introduction 1
2 One-loop trace anomaly in chiral theories 2
3 Other derivations of the Pontryagin trace anomaly 4

3.1 The fermion triangle diagram 6

3.2 On-shell conditions 7

3.3 Overall contribution 8
4 Consequences of the Pontryagin trace anomaly in chiral theories 8
5 Discussion and conclusion 10
A Calculation details: the bubble diagram 11
B Calculation details: the triangle diagram 12
C Local expression of the trace anomaly 13

1 Introduction

We revisit trace anomalies in theories coupled to gravity, an old subject, [1-20], brought
back to people’s attention thanks to the importance acquired recently by conformal field
theories both in themselves and in relation to the AdS/CFT correspondence. What has
stimulated specifically this research is the suggestion by [22, 23] that trace anomalies may
contain a CP violating term (the Pontryagin density). It is well known that a basic condi-
tion for baryogenesis is the existence of CP non-conserving reactions in an early stage of
the universe. Many possible mechanisms for this have been put forward, but to date none
is completely satisfactory (see, for instance, [21]). The appearance of a CP violating term
in the trace anomaly of a theory weakly coupled to gravity may provide a so far unexplored
new mechanism for baryogenesis.

Let us recall that the energy-momentum tensor in field theory is defined by T}, =

ﬁég%. Under an infinitesimal local rescaling of the metric: dg,, = 20g,, we have
g
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If the action is invariant, classically T)," = 0, but at one-loop (in which case S is replaced by
the one-loop effective action W) the trace of the e.m. tensor is generically non-vanishing.



In D = 4 it may contain, [24, 25], in principle, beside the Weyl density (square of the
Weyl tensor)

1
W2 = Ryt RV — 2R,y RV™ - gsz? (1.1)
and the Gauss-Bonnet (or Euler) one,
E = Ry RV — 4R RV + R2, (1.2)
another nontrivial piece, the Pontryagin density,’
1
P=2 (€™ * R R (1.3)

Each of these terms appears in the trace with its own coefficient:
T," = aE + cW? + eP (1.4)

The coefficients a and ¢ are known at one-loop for any type of matter (see [36] for a review
and the textbooks [33-35] for various techniques used). The purpose of this paper is to
contribute to the analysis of the coefficient e. More specifically we analyse the one-loop
calculation of the trace anomaly in chiral models. Both the problem and the relevant
results cannot be considered new, they are somehow implicit in the literature (see for
example [19]): the trace anomaly contains beside the square Weyl density and the Euler
density also the Pontryagin density. What is important, and we stress in this paper, is
that the e coefficient is purely imaginary. This may entail a problem of unitarity at one-
loop. We argue that this introduces an additional consistency criterion for a theory. The
latter has to be compared with the analogous criterion for chiral gauge and gravitational
anomalies, which is since long a selective criterion for consistent theories. This may have
important physical consequences, as will be pointed out in the conclusive sections.

In this paper, for simplicity, we will examine the problem of the one-loop trace anomaly
in a prototype chiral theory, that of a free chiral fermion coupled to external gravity. In
section 2 we calculate the CP violating part of the trace anomaly in such a model using
the heat kernel and zeta function regularization, already available in the literature. In
section 3 we do the same using Feynman diagram techniques. In section 4, as an example,
we apply these results to the standard model in its old and modern formulation. Finally in
the last section we discuss some delicate aspects of the previous section. Three appendices
are devoted to some details of the calculations carried out in section 3.

2 One-loop trace anomaly in chiral theories

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

S = /d4:c Vglivgy™ <Vm + ;wm> VR, (2.1)

'The "™ figuring in (1.3) is the Levi-Civita tensor, which means that it is the usual Levi-Civita

symbol divided by 1/|g|. We also recall that the Pontryagin density is a type-B anomaly according to the
classification of [26], see also [27].



where 4™ = el'v*, V (m,n,... are world indices, a,b, ... are flat indices) is the covariant
derivative with respect to the world indices and wy, is the spin connection:

W = wgfza,,

where Y, = i['ya,’yb] are the Lorentz generators. Finally ¢p = H%i/}. Classically the

energy-momentum tensor

71—
T;u/ = Z’Z/}R/YMVV’ZZJR + (,U, A V) (22)

is both conserved and traceless on-shell. At one-loop to make sense of the calculations one
must introduce regulators. The latter generally breaks both diffeomorphism and conformal
invariance. A careful choice of the regularization procedure may preserve diff invariance,
but anyhow breaks conformal invariance, so that the trace of the e.m. tensor takes the
form (1.4), with specific non-vanishing coefficients a, ¢ and e. There are various techniques
to calculate the latter: cutoff, point splitting, Pauli-Villars, dimensional regularization
and etc. Here we would like to briefly recall the heat kernel method utilized in [17] and
in references cited therein. Denoting by D the relevant Dirac operator in (2.1) one can
show that

1
oW = —/d4a:\/EJTM“ = —167T2/d4x\/HUb4 (l‘,:U;DTD) .

Thus

1
T, = b (xx DTD) (2.3)

The coeflicient by (ac, x; DTD) appears in the heat kernel. The latter has the general form

1 o(x,
(4t)2€_(2ty) (1 +1tby (z,; D) + 12y (z,9;D) + - ) ’
T

K (t,z,y;D) ~
where D = DD and o (z,%) is the half square length of the geodesic connecting z and ¥,
so that o (z,2) = 0. For coincident points we therefore have

1 1 1
K (t,z,z;D) ~ 1.2 <t2 + Ebg (x,2;D) + by (z, ;D) —|—> . (2.4)
This expression is divergent for ¢ — 0 and needs to be regularized. This can be done
in various ways. The finite part, which we are interested in, has been calculated first by
DeWitt, [28], and then by others with different methods. The results are reported in [17].
For a spin % right-handed spinor as in our example one gets

1
by (x,ac; DTD) = 120 (a Ei+cW? + eP) , (2.5)
with
11 1
a=-r, c:—g, 6225. (2.6)



This result was obtained with an entirely Euclidean calculation. Coming back to Lorentzian
signature the e.m. trace at one-loop is
1 11 9 15

TM“:W<4E—2W2+Z'4P>. (2.7)
As pointed out above the important aspect of (2.7) is the i appearing in front of the
Pontryagin density. The origin of this imaginary coupling is easy to trace. It comes from
the trace of gamma matrices including a 75 factor. In 4d, while the trace of an even
number of gamma matrices, which give rise to first two terms in the r.h.s. of (2.7), is a
real number, the trace of an even number of gamma’s multiplied by 5 is always imaginary.
The Pontryagin term comes precisely from the latter type of traces. It follows that, as a
one loop effect, the energy momentum tensor becomes complex, and, in particular, since
Té) is the Hamiltonian density, we must conclude that unitarity may not be preserved in
this type of theories. It is legitimate to ask whether, much like chiral gauge theories with
non-vanishing chiral gauge anomalies are rejected as sick theories, also chiral models with
complex trace anomalies are not acceptable theories. We will return to this point later on.

3 Other derivations of the Pontryagin trace anomaly

The derivation of the results in the previous section are essentially based on the method
invented by DeWitt, [28], which is a point splitting method, the splitting distance being
geodesic. As such, it guarantees covariance of the anomaly expression. To our surprise we
have found that, while for the CP preserving part of the trace anomaly various methods
of calculation are available in the literature, no other method is met to calculate the coef-
ficient of the Pontryagin density. Given the important consequences of such a (imaginary)
coefficient, we have decided to recalculate the results of the previous section with a differ-
ent method, based on Feynman diagram techniques. We will use it in conjunction with
dimensional regularization.

To start with from (2.1) we have to extract the Feynman rules.? More explicitly the
action (2.1) can be written as

4 T L pabe,, o=
S = [ d*z+/|gl VRV 0u¥r — M W RIS UR (3.1)

where it is understood that the derivative applies to 1z and 1z only. We have used the
relation {y%, X0} = i ey y5. Now we expand

6Z:6Z+XZ+’ eﬁ:&ﬁ—{—Xg_F’ and gNV:nNV+hNV+ (32)
Inserting these expansions in the defining relations ezef =0y, G = eZel;nab, we find

)A(/zj = _lej and hMV = QXW/- (33)

2We follow closely the derivation of the chiral anomaly in [29, 30], although with a different regularization.
For other derivations of this anomaly see also [31, 32].



From now on we will use both xj; and hy,, since we are interested in the lowest order
contribution, we will raise and lower the indices only with §. We will not need to pay
attention to the distinction between flat and world indices. Let us expand accordingly the

spin connection. Using
pa = eva(Opch + TiTo") o To = 2n @b+ Oy — Oahoy) -+
after some algebra we get
Waab habe _ _ pabe B Xar Xt (3.4)
For later use let us quote the following approximation for the Pontryagin density
e Ry, Rypor = 8™ (006 X% 020aX§ — 0pOa X 007 Xap) + -+ - (3.5)

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

S~ / d'z [;(55 — XORY O utr + %e““bc BuXar Xb DRYVVSVR
The free action is
Sjree = [ d'x ST atn (3.6)
and the lowest interaction terms are

S = d4x _1’ uwi ag w +1 uabca )\a ¢
int 2Xa RY Ou¥R 46 uXax Xo WRYcV5YR

L B Y ety L nabe g A 3.7
= 4 'ta RY ,uwR"_ 166 ulta b¢R707577Z)R ( . )

As a consequence of (3.6) and (3.7) the Feynman rules are as follows (the external gravi-
tational field is assumed to be hy,). The fermion propagator is

i

; = pric (3.8)
The two-fermion-one-graviton vertex (Vys,) is
p
:é[(erp’)M%Jr(erp’)V’m} H;YS- (3.9)
%

3This is the simplest way to deal with /|g|. Alternatively one can keep it explicitly in the action and
approximate it as 1+ %hﬁ; this would produce two additional vertices, which however do not contribute to
our final result.



The two-fermion-two-graviton vertex (Vyygg) is

(3.10)

where the momenta of the gravitons are ingoing and

tp,u,u’u/n)\ = N €'k + Mo €’ k) T M €vp/ ik + Mop! €/ kX (311)

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

3.1 The fermion triangle diagram

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

- 555 ] e | (G o=k o) S
)

““%I“‘%;(2¢'—'%1 k2)>

(3.12)

1+
x ((2p — 2ky — k) v + (1 < V) 75}

to which we have to add the cross diagram in which ki, u, v is exchanged with ko, u/, /.
This integral is divergent. To regularize it we use dimensional regularization. To this end
we introduce additional components of the momentum running on the loop (for details see,
for instance, [33]): p > p+ 6, 0= (bay...,ln—4)

1 dp [ dv p+/
Tuyulyl(kl, kz) = _256/ (27{)4 / (271_)”74 tr <p2 — 2 (2]? + 20 — kl)u/yy

p+l—%1

(2p + 20 — 2ky — ko) W (2p+2f—q) s 75)
1

(3.13)



where the symmetrization over u, v and 4/, has been understood.* After some manipu-
lations this becomes

Tuu,u’l/(kla kz) lEVL o (]Cl, k‘Q) + T( ) (k17 k;Q)

pop'v’
1 d*p dn=4¢ P+t

N 2%+ 20 — k1)
256 | (2m)° / 2m it <p2 —E 22—k

v m (2p + 20 — 2k; — kz)wy//jfg M)

(3.14)

The terms TW T turn out to vanish. The rest, after a Wick rotation (see ap-
pendix B), gives

1 (21) AP
T,U,V,U, 17 (kla k;2) 614471'2 (kl : k2 tﬂl’,U/VIAP - t}“/,u V/)\p> k k (315)
where
t/(lzl/l/z vikA T kQuklu’Emj kXA T k2ukly’€uu kX T k?uklu’elju kX T kZI/klu’euy’n)\ (316)

Finally we have to add the cross graph contribution, obtained by ki, u, v <+ ko, ’/,v/. Under
this exchange the t tensors transform as follows:

te —t, tCD o @Y g (3.17)

Therefore the cross graph gives the same contribution as (3.15). So for the triangle diagram
we get

(tot) 1 (21) A
uuu v’ (kla k2) 30727‘(2 (kl - ko tul/,u/l/’)\p — t}u/#,y,)\p> kl kg (318)

To obtain the above results we have set the external lines on-shell. This deserves a comment.

3.2 On-shell conditions

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

DX,LW = 6,u6)\X3 + 8118)\)(;); - 8uaVX§ (3'19)
We also choose the de Donder gauge

9" =0 (3.20)

4Some attention has to be paid in introducing the additional momentum components £. Due to the
chiral projectors in the Vyz4 vertex it would seem that £ should not be present in the first and third terms
n (3.13) (because [f,75] = 0); however this regularization prescription would give a wrong result for the
CP even part of the anomaly. The right prescription is (3.13).



which at the linearized level becomes
20X — Oaxt = (3.21)
In this gauge (3.19) becomes
Oxw =0 (3.22)

In momentum space this implies that k? = k3 = 0. Since we know that the final result is
covariant this simplification does not jeopardize it.

3.3 Overall contribution

The overall one-loop contribution to the trace anomaly in momentum space, as far as the
CP violating part is concerned, is given by (3.18). After returning to the Minkowski metric
and Fourier-antitransforming this we can extract the local expression of the trace anomaly,
as explained in appendix C. The saturation with A*¥, R brings a multiplication by 4 of
the anomaly coefficient. The result is, to lowest order,
i

(TH(x)) = Wﬁ“”” (0405 h], O\O+ G — 8,05, 0207 hry) (3.23)
Comparing with (3.5) we deduce the covariant expression of the CP violating part of the
trace anomaly

i 1

VA oT
= o533 ¢ R Rygar (3.24)

(T} (2))

which is the same as (2.7).

4 Consequences of the Pontryagin trace anomaly in chiral theories

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

As we have already noticed in 2, in theories with a chiral unbalance, as a consequence
of the Pontryagin trace anomaly, the energy momentum tensor becomes complex, and,
in particular, unitarity is not preserved. This raises a question: much like chiral gauge
theories with non-vanishing chiral gauge anomalies are rejected as unfit theories, should we
conclude also that chiral models with complex trace anomalies are not acceptable theories?
To answer this question it is important to put it in the right framework. To start with let



us consider the example of the standard model. In its pre-neutrino-mass-discovery period
its spectrum was usually written as follows:

Cﬁ . @n, dg, <%>, en (4.1)
d e
L L

together with two analogous families (here and in the sequel, for any fermion field %, 1[} =
v°C*, where C' is the charge conjugation matrix, i.e. @@ represents the Lorentz covariant
conjugate field). All the fields are Weyl spinors and a hat represents CP conjugation. If
a field is right-handed its CP conjugate is left-handed. Thus all the fields in (4.1) are
left-handed. This is the well-known chiral formulation of the SM. So we could represent
the entire family as a unique left-handed spinor v, and write the kinetic part of the action
as in (2.1). However the coupling to gravity of a CP conjugate field is better described
as follows (see, for instance, [37]). First, for a generic spinor field 1, let us define (with
L=135R= 5" and ¢ = Ly, yr = RY)

br =~°Ch = °CR* Y* = L°Cy* = Lip = ¢, (4.2)

where we have used the properties of the gamma matrices and the charge conjugation
matrix C"

C 'y C=—L, cCcl=1, cCcCc*=-1, CT=-C

and in particular C~1y5C = ~4¥. Let us stress in (4.2) the difference implied by the use
of = and ", respectively.
With the help of these properties one can easily show that

m%’ym (vm + ;wm> QZ)L = \/ﬁﬁ,}/m <vm + ;Wm) 17;3

1om 1 N
= Vgl vk C 1m0 <Vm+2wm> Cy

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

Vgl ry™ (Vm + ;wm) ¥R (4.3)

i.e. the right-handed companion of the initial left-handed action. This follows in particular
from the property C~13,,C = —Ez;b.

From the above we see that in the multiplet (4.1) there is a balance between the left-
handed and right-handed field components except for the left-handed field v,. Therefore
the multiplet (4.1) when weakly coupled to gravity, will produce an overall non-vanishing
(imaginary) coefficient e for the Pontryagin density in the trace anomaly and, in general,
a breakdown of unitarity (this argument must be seen in the context of the discussion in
the following section). This breakdown is naturally avoided if we add to the SM multiplet
a right-handed neutrino field, because in that case the balance of chirality is perfect. An-
other possibility is that the unique neutrino field in the multiplet be Majorana, because a



Majorana fermion can be viewed as a superposition of a left-handed and a right-handed
Weyl spinor, with the additional condition of reality, and, therefore its contribution to the
Pontryagin density is null. In both cases the neutrino can have mass.

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

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

5 Discussion and conclusion

The main point of this paper is a reassessment of the role of trace anomalies in theories
with chiral matter coupled to gravity. In particular we have explicitly calculated the trace
anomaly for a chiral fermion. The result is the expected one on the basis of the existing
literature, except for the fact that, in our opinion, it had never been explicitly stated before
(save for a footnote in [22, 23]), and, especially, its consequences had never been seriously
considered. As we have seen, for chiral matter the trace anomaly at one-loop contains the
Pontryagin density P with an imaginary coefficient. This implies, in particular, that the
Hamiltonian density becomes complex and breaks unitarity. This poses the problem of
whether this anomaly is on the same footing as chiral gauge anomalies in a chiral theory,

~10 -



which, when present, spoil its consistency. It is rightly stressed that the standard model
is free of any chiral anomaly, including the gravitational ones. But in the case of ordinary
chiral gauge anomalies the gauge fields propagate and drag the inconsistency in the internal
loops, while in gravitational anomalies (including our trace anomaly) gravity is treated as
a background field. So, do the latter have the same status as chiral gauge anomalies?

Let us analyse the question by asking: are there cases in which the Pontryagin den-
sity vanishes identically? The answer is: yes, there are background geometries where the
Pontryagin density vanishes. They include for instance the FRW and Schwarzschild [38].
Therefore, in such backgrounds the problem of unitarity simply does not exist. But the
previous ones are very special ‘macroscopic’ geometries. For a generic geometry the Pon-
tryagin density does not vanish. For instance in a cosmological framework, we can imagine
to go up to higher energies where gravity inevitably back-reacts. In this case it does not
seem to be possible to avoid the conclusion that the Pontryagin density does not vanish
and unitarity is affected due to the trace anomaly, the more so because gravitational loops
cannot cancel it. Thus, seen in this more general context, the breakdown of unitarity due
to a chirality unbalance in an asymptotically free matter theory should be seriously taken
into account.

Returning now to the problem we started with in the introduction, that is the appear-
ance of a CP violating Pontryagin density in the trace of the energy-momentum tensor, we
conclude that unitarity seems to prevent it at one-loop, and we cannot imagine a mecha-
nism that may produce it at higher loops. In [22, 23] a holographic model was presented
which yields a Pontryagin density in the trace of the e.m. tensor, but again with a unitarity
problem [23]. Anyhow it would be helpful to understand its (very likely, non-perturbative)
origin in the boundary theory. This mechanism for CP violation is very interesting and,
above, we have seen another attractive aspect of it: its effect evaporates automatically
while the universe evolves towards ‘simpler’ geometries.
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A Calculation details: the bubble diagram

In this appendix we give a few details of the calculations in section 3. Let us consider first
the bubble graph (see figure 1). It is obtained by joining two vertices, Vi, (on the left)
and Vyyrge (on the right) with two fermion propagators. The ingoing graviton in Vyy, has
momentum ¢ and Lorentz labels o, 7 and the two outgoing gravitons in Vy,, are specified

- 11 -



p ki p, v
q;0,T
p—q ko ! V!
Figure 1. Bubble diagram with ingoing momentum ¢ and outgoing k; and k.

by ki, p,v and ko, p’, v/, respectively. Of course ¢ = k1 + k2. The two fermion propagators
form a loop. The running momentum is clockwise oriented. We denote the momentum in
the upper branch of the loop by p and in the lower branch by p — ¢q. This diagram is

1 d*p [1

(@ — )7 + (0 7)) 20

1
2 X — 6| = By (k2 = k1)
512 ) (2m)4 Hore pP—d 2

p
(A1)

The factor of two in front of it comes from the combinatorics of diagrams: this one must
contributes twice. Its possible contribution to the trace anomaly comes from contracting
the indices o and 7 with a Kronecker delta (in principle we should consider contracting also
the other couple of indices p, v and ', v/, but this gives zero due to the symmetry properties
of the ¢ tensor). The integral is divergent and needs to be regularized. We use dimensional
regularization. To this end we introduce additional components of the momentum running
on the loop: p = p+ ¥, £ = ({y,...,ln_4). The relevant integral becomes

v d*p dn=4¢ A
D#VM’V/(kh ko) = 256/ (2m)* / (2m)n—4 tNVM'V'/\P(kQ — k1)

Xtr<p+£'yp pod+! (2p—|—2[—g)> (A.2)

= (p—q?-0

After some algebra and introducing a parametric representation for the denominators, one
finally gets

i 1 4 n—4
Dy (k1 ko) = *@twu’vﬂp(l@ kl))\/o dx/ (;ZTF])Z / (;Zﬂ-)ngél
(A.3)

This vanishes because of the z integration.

B Calculation details: the triangle diagram

As for the triangle diagram (see figure 2), with reference to eq. (3.14), we have

) 1 [ dYp / dr=4¢ p+/ B
TMVLL'V’(kl’ ko) = 956 / (27_‘_)4 (2m) 4 tr oy (2p + 2¢ kl),u')/y
P+ [ -k

AL — ey — k) L2
X (p—]{:l)Q—fQ (2p+2f 2]{71 kz)u Y 2)
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ks p, v ki p,v

q;,0,T p—ki q;,0,T
— k1 — ko
b k2;M/7yl kQ;;U'/:VI
(a) Triangle diagram. (b) Crossed triangle dia-
gram.

Figure 2. In both these diagrams the momentum ¢ is ingoing while the momenta k; and ko is

dn— 4 Y p2
- 2% ”4@VMh(2+$ﬂ—x%2—Wﬁ
1

x@ﬂ%—%h—@”+@@hﬂmrwﬁo, (B.1)

outgoing.

which evidently vanishes when we symmetrize p with v and g/ with /. T®) is similar to
T™ and vanishes for the same reason. Setting k7 = k3 = 0, the remaining term in (3.14)

can be written

T

1-z d4 dn 4€
Muu’y’(klak@) = Euu’)\pkl kp/ dI/ dy/ /(27.[. n—4

2 P> N + (22 + 2y — kg + 2yk2) 2@ +y— 1Dk + 2y — 1)ka)w
(p?2 — 02 +2y(1 —x — y)ky -ko)3

(B.2)
It involves two integrals over the momenta
/ d*p / dn—4¢ 0 n—a 1 (B.3)
2m)d ) (2m)n—4 (p? + x(1 —x)g2 — £2)3 322 :
and
d4p dnf4£ p2€2 nesd 1
/ (2m)* / Cm) i (p? + a1 —2)¢? — 23~ 1672 2y(1-z—ylkrka. (B4

Integration over x and y is elementary and one gets (3.15). Both r.h.s. ’s are obtained by
Wick-rotating all the momenta.

C Local expression of the trace anomaly

The partition function depending on a classical external source j,,, is

Zljw] = (O[T '] 40V IOIT @)ine(@) o) = Wl

-y L / [T i VIg @) () O TH1% (1) . T ()[0). - (C.1)
n=0 i=1

~13 -



The generating functional of connected Green functions is

/Hd:):“/ ) G (1) (OIT TH¥ () .. THo¥ (2,)]0).. (C.2)

OO n+1

Wlj] =

We will denote by

y 2 W]y

) = -
V |g Juw (@

the ‘quantum e.m. tensor’. Let us take now the variation of W with respect to a conformal

(C.3)

Juv Guv

transformation j,, = gu and dgu(r) = 2w(x)gu(r) where g, = 6 + by + -+ is
a classical metric configuration and hy, is the field attached to the external legs of the
Feynman diagrams of section 3. Due to the arbitrariness of w, invariance of Wg] under
conformal transformations means vanishing the ‘quantum’ e.m. trace,

o

<T5(x)>=22 CE /dem/ 21)| Gy (i) QT TH(x) ... TH"" (23)]0)c. (C.A4)

This means in particular that all the Green functions (0|7 T} (z)...TH """ (x,)|0). must
vanish in order to guarantee quantum conformal invariance. In this paper we focus on the
amplitude

{15(@) Ty (k1) Ty (k2)) = / d'wdtydtz BRI T (2) T (2) Ty (y)) - (C5)

at one-loop order. On the basis of the previous discussion, the local expression of the
anomaly is obtained by Fourier-antitransforming (3.18) and inserting it into (C.4), and,
simultaneously, identifying j.. () = gu(x), where g, (x) satisfies the eom and the de
Donder gauge (see section 3.1). One relevant contribution to (C.4) is ¢, bk ki -
ko 6(q — k1 — ko), from which

d4k‘1 d4]{32 d4q ;
i —ilk12tk2y—a2) pALL oo ko (g — Ky — K
s | G o ot kol =)

= t#VM/V/Ap(?;‘@;é(a: —2) 000y 0(y — 2) (C.6)

Inserting this into (C.4) we get
(TEEND = typnrag / A2y Sy + ) Oyt + Dy )OI — 2) D00, 6(y — 2)
= 4\, 00T hM 0PI, (C.7)
Another relevant contribution is given by (it comes from the term containing t(1))
kavkiy €ung K1 K5 0(q — k1 — ka)
= €uinp / dzdtydz PRV 920, 6(x — 2) 050,,0(y — 2)  (C.8)
Inserting it into (C.4) we get

T = de, 0y, 00 OPO,hHT C.9
H B Ap

This result is still Euclidean.
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