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1 Introduction

In a series of recent articles it has been debated whether there could be unitarity issues at
the one-loop level in theories involving chiral fermions in four-dimensional curved space-
times [1]. Elaborating on some previous results [2, 3], the group of Bonora et al. has
claimed that there exists a CP-odd term in the trace anomaly of Weyl fermions, whose
coefficient is purely imaginary [4—6]. These results were derived in dimensional regulariza-
tion, both using a standard perturbative computation around Minkowski spacetime using
Feynman diagrams and introducing an “metric-axial-tensor gravity” approach similar to



the axial vector potential in gauge theory. However, with strictly four-dimensional regu-
larization methods such as Pauli-Villars regularization [7, 8] employed by Bastianelli et al.,
or Hadamard subtraction used by Zahn and the last author [9], CP-odd terms in the trace
anomaly do not arise at all. In between, this has given rise to more general discussions in-
volving gauge anomalies [10, 11] and general CP-violating theories [12, 13]. Apart from the
natural consequences this may have in the building of the Standard Model and extensions
thereof, there will also be repercussions in our understanding of the early universe [14-16].
Other recent related results concern the anomalies for non-relativistic fermions [17] and
the anomalies in the Standard-Model Effective Field Theory [18, 19].

In [4-6] the authors have made use of dimensional regularization [20-22]. As is well-
known since its birth [21, 23], the definition of the chiral 7, matrix in this framework is
subtle, and many proposals have been made; see [24] for a comparison. It seems to us that
the following prescriptions are the most promising solutions:

o The Breitenlohner-Maison scheme [25], which is an improvement of the original pro-
posal made in [21]. It formally breaks n-dimensional Lorentz covariance by writing
the full spacetime as a direct product, one piece being strictly four-dimensional and
the other having (n — 4) dimensions. The chiral ~, anticommutes with the first four
~ matrices, while it commutes with the other n — 4 ones. However, cyclicity of the
matrix trace is preserved as well as the relation 72 = 1; we will expand on this in
section 2.1.

o The Thompson-Yu prescription [26], where a non-vanishing anticommutator of -,
with all other v matrices is introduced. This maintains both the cyclicity of the
trace and 42 = 1 as well as Lorentz invariance. However, the expressions are much
lengthier than in the previous case and computations become rather cumbersome.

o The Kreimer et al. prescription [27, 28|, where one can keep the vanishing anti-
commutator of v, with all other v matrices. However, this requires the embedding
of the four-dimensional y-matrix algebra in an infinite-dimensional one, with the loss
of cyclicity of the trace and a complicated prescription for the evaluation of traces
containing v, as a consequence.

We note that from this list, only the Breitenlohner-Maison scheme has been shown to give
mathematically consistent results to arbitrary loop orders [25, 29]. In this work we are thus
going to analyze the trace anomaly for a chiral fermion strictly following this scheme in
dimensional regularization. Apart from this point and the fact that we work consistently
in n dimensions from the beginning, our method is completely analogous to the one of
Bonora et al. [4, 5], i.e., an expansion to second order in perturbations around Minkowski
spacetime.

The article is organized as follows: In section 2 we review the definition of a Weyl
fermion in curved space. In particular, we include in section 2.1 a description of the
regularization scheme that will be employed, while in section 2.2 we perform an expansion
of the metric around flat spacetime, g,, = 7 + £hy,. The expressions for the expansions
of the action, the stress tensor and the relevant expectation values are explicitly written



down. The computations to first and second order in this expansion are explained in
sections 3 and 4, respectively, and the results for the trace and divergence of the stress
tensor displayed.! We state our conclusions in section 5. Some additional computations
regarding the one- and two-argument tensorial integrals Z that appear in the computation,
the analysis of the necessary counterterms and the expansion of geometrical quantities in
terms of the perturbation h,, are relegated to the appendices.

Conventions. In the following we will employ the conventions of [32], in which the met-
ric is (—,+,+,- -+ ), the gamma matrices fulfill the usual Clifford algebra, i.e., {y*,v"} =
2¢9"1, and ¥ = i)*y". We consistently work in n dimensions in order to employ dimen-
sional regularization, and use the Breitenlohner-Maison scheme [25] for the definition of
the chiral matrix 7, in n dimensions. The Riemann tensor is R7,,,, = 8,;FZ,, + -+, and the
Ricci tensor is obtained as R, = R?,,,. We use geometric units ¢ = A = 1 and the totally
antisymmetric symbol normalized to €yj23 = 1. We denote (idempotent) symmetrization of
indices by parentheses, e.g., v(@wb) = %(v“wb + vbw“), and antisymmetrization by brack-

b _ 1 b b
ets, e.g., vl = i(vaw —v w“).

2 Weyl fermions in curved space

First of all, let us introduce left-handed Weyl fermions, which are four-component fermions
satisfying

1 _

Y=Pup=J1+3,  §=9P =1 - ), (2.1)

1
5
where 7, is the chiral v matrix satisfying v2 = 1, such that the projectors P+ are idem-
potent: P? = Py. Since Ynp = P, P_1 = 0, no Dirac mass term for Weyl fermions
exists. Under a parity transformation, we have v, — —,, and left-handed Weyl fermions
are mapped to right-handed ones and vice versa.

To consistently define the chiral matrix . in n dimensions, we will use the
Breitenlohner-Maison scheme [25] which we are going to explain in more detail in sec-
tion 2.1, and which preserves the relation 42 = 1 such that eq. (2.1) still holds. In a curved
n-dimensional space, the action for Weyl fermions reads

S=- / IV /=g A = — / PP W (Pytp)y/—gd"a, (2.2)

where in the second expression we have explicitly displayed the projectors. In this expres-
sion, the covariant derivative for the fermion includes the spin connection w,

1
v;ﬂp = 8/ﬂl} + Zwupa'ypadjy (2'3)

and the curved-space v matrices are obtained as usual from the constant flat-space ones
by introducing the vielbein, e,“, namely as v* = g e, nayy?.  Additionally, we have

"'We have used the tensor algebra suite xAct [30, 31] to perform the lengthy but straightforward tensor
algebra.



introduced the higher-order + matrices obtained by antisymmetrization [33], y#1#t =
fy[“l - -’y“k]. The spin connection w can be expressed in terms of the vielbein [32]:

Wppo = Wylpo] = Nab (e(,“a[uep}b — ep“(‘)[ueg]b + eu‘lf)[gep]b) . (2.4)

From the action (2.2), one can compute the associated symmetric stress tensor [34]
(with the projectors explicitly displayed)

1- 1 -
T =GP W TIPL + g IP A"V Py, (2.5)

where we have introduced ?# =V,— $u: and %# acts according to &%# = 8%5 —
1 wupey??.  As is well known (and can be checked easily using that [V,,V,]¢ =
iRWpafyp"z/J [32]), classically this tensor is conserved and its trace vanishes on-shell, since
the action for a Weyl fermion is conformally invariant. Furthermore, the second term in
the r.h.s. of (2.5) vanishes on-shell. As we will see the situation can change at the quantum
level, giving rise to the trace anomaly.

2.1 The Breitenlohner-Maison prescription

The main problem when dealing with dimensional regularization of chiral theories is related
to the appropriate extension of ~, from n = 4 to general n dimensions. This comes from

its definition in terms of the totally antisymmetric symbol €, which is intrinsically a four-

dimensional object; in formulas, y?=* = —%ewpav“v”v”va. Indeed, a contradiction can

be explicitly seen to emerge from the following two properties, valid in n = 4 dimensions:

tr(’Y*'V/qu'Yp'YU) = —i €uvpo trl, (2.6&)
{7t = 0. (2.6b)

As is well-known, if we take eq. (2.6b) as granted in general n dimensions, together with
the cyclicity of the trace and 72 = 1, it follows that

nAr Y = tr(%7*va) = = tr(Y* 1 Ya) = = tr(1yaY”) = —ntr . (2.7)

and thus ntrv, = 0, then

(Ve vuyw) = (Y Ya v, Vw) = — (e YY)
= ... = =2tr(v e Ye) + 280 (v ) — ntr(veyuw) (2.8)
= —4gu trve — (0 — 4) tr(vevu )

and thus n(n — 2) tr(v.y,7,) = 0, and analogously
n(n —2)(n —4) tr(yu YY) = 0. (2.9)

which contradicts formula (2.6a) for n # 4.
The proposal of Breitenlohner and Maison [25] to solve this problem, based upon [21],
consists in splitting the n-dimensional Minkowski space in the product of a four-dimensional



and an (n — 4)-dimensional one, and keeping the anticommutativity property (2.6b) only
for the four-dimensional subspace. That is, we consider in n dimensions the usual metric
Nuw, gamma matrices v, and momenta p,, and decompose them into a four-dimensional
part (denoted with an overbar) and an (n — 4)-dimensional part (denoted with a hat):?

nuuzﬁuu+ﬁuua ’Vu:’?u"{'?}/ua pu:ﬁu+ﬁua (210)

While all objects are defined in the full n-dimensional Minkowski space, they vanish when-
ever their indices do not pertain to the corresponding subspace, such that we have for
example the following relations:

1 SN VAN N
N Mvp = N p = Nup > v = Mo

— v _ _ .y R (2.11)
7N =0, N Pv =Du, O Yo =Y,

and many more. The totally antisymmetric symbol €,,,, is a purely four-dimensional
object: €uups = €upo and N e€,0 = 0. The definition of the chiral matrix v, is then the
same as in four dimensions, namely

i
Ve = — euupa’Y“’YV’Yp’YU = _gﬁ/ﬂlpafy[uypo’] . (212)

i
4

From this, one can easily derive the following identities [25]:

s} = s W} = 20 1, (2.13a)
Mt =n—4, (2.13b)
{1} = s Yo} = 29075 (2.13¢)
(Vs Vel = (rpas o] = 297, (2.13d)
=1, (2.13¢)
PPy = P2y, (2.13f)

where the last formula is a consequence of the definition of the projectors.

Since this definition breaks n-dimensional Lorentz covariance for chiral objects, spu-
rious non-covariant terms may appear in the calculation, which can however be canceled
with (finite) non-covariant counterterms [35-38].

2.2 Perturbative expansion around Minkowski space

In order to study the trace anomaly, we consider fluctuations h,, of the metric around
Minkowski space:

Guv = Nuv + /fh;w ) (2.14)

with k a parameter that helps to keep track of the expansion order. The vielbein, the inverse
metric, etc. of course change accordingly. Choosing symmetric gauge for the vielbein [39],

In general, one has to perform this decomposition for the indices, such that also mixed quantities can
appear. However, the Minkowski metric is diagonal in n dimensions, and no mixed metric exists.



up to and including quadratic contributions in h they explicitly read

ety = el0r, (n“p — %/{h“p + zﬁQh“0h0p> + 0(53) ) (2.15a)
et = e <77“p + %Foh“p - ;FLQh‘th’)) + O<H3) , (2.15Db)
g" =0 — Kh* + K2hHPh,Y + O(nQ) , (2.15¢)
V=g=1+ ghpp + g(hﬂph% — 2 hye) + O(4), (2.15d)

where eV, = 0F is the vielbein in the background Minkowski space. It is important to
notice that in the right-hand side of (2.15a) we have used the flat metric n to raise indices,
even if we are writing them with the same Greek indices as if we had used the full metric.
This is the convention that will be employed in the following. For notational convenience,
we will also introduce a notation for the expansions in h: Given a quantity A, we set

A= A(O) + HA(l) + HQA(Q) =+ O<H3) . (216)

In particular, we will expand the vacuum expectation value (VEV) of the stress tensor in
the curved spacetime with metric g as

(T () = (T"(2)) ) + KT (@) 1) + (T (@) ) + O (k%) (217)

where the VEV’s on the right-hand side are all computed in the flat Minkowski background
(which will always be the case in the following, except if otherwise indicated by a subindex
g like on the left-hand side).

Expanding also the action S in a free part Sy and interactions S(1), S(z), ... between
the fermions and the perturbation h,,,, the Gell-Mann-Low formula gives

(T (2, = <TW($) exp [i(nS(l) + H2S(2)>]> n O(ﬁg) , (2.18)

g (expi( S + 125(2))] )

where the expectation values without suffix on the right-hand side denote expectation val-

ues in the free theory in Minkowski spacetime with action Sq), see egs. (2.22a) and (2.23).
Expanding in x and comparing with the expansion (2.17), we obtain

(T (@) 1y = i Sy Tl () ) (2.19a)
(T (1)) o) = _%<s(21):rgg’; (2)) +1{ STl () + (ST (). (2.19b)

We have already simplified this expression by noting that in dimensional regularization,
the VEV of a quantity which depends on just one position variable vanishes since all fields
are massless: <T(’;€';(x)> =0= <S(k) (3;)> for k = 0,1,2. Before giving the explicit form of
the coefficients, we further compactify the notation and define

THY = hP_yPP L) — OV YP_yHP b, (2.20a)
JHVP = o P_AHPP ) (2.20b)



as well as the traces ¥ = U#, and h = h*,. In this way, we obtain the coefficients in the
expansion of the stress tensor,

v 1 14 174
T(/é) — 5{\1;(11 ) — Iy } , (2.21a)
1
T(’f)/ =3 {Q\I/h/“’ + haﬁ\IJO‘*BnW — opelgy)  — polg V) — J“’B(“Bah”)g} , (2.21b)
v 1
Z(’;) =% {4hp(“h”)a — 4h,o WM + gher (5z)hw — h”)anpg>

B
16
+ 20207 RT — WO W (0" = 2067 + 20,870 ) | o

Bl (ROU6Y) — by ) [ @07 4 [ (ah e — e )orh,T (2:21)

and those corresponding to the action,
1

S(O) = —5/\I’dnl‘, (2.22&)

1
I af n

Sw =1 [ (has®® ~nv)ds., (2.22b)
1 é af af 2 é aBy| gn

S = 15 [(2hhap — 3ha’hss ) UOP + (2hagh® — h2)W + ho’0yhss ]| A" (2.220)

Note that while in n = 4 dimensions, we can dispense with some of the projectors
P4 since v, anticommutes with all other v matrices, this is not possible in n dimensions.
However, the differential operator appearing in the free action S (2.22a) is clearly not
invertible because of the projectors. To remedy this problem and determine the free prop-
agator, we add a free right-handed Weyl fermion P_1 to the action [40, 41], which is also
the route followed by Bonora et al. [4, 5]. Since the stress tensor (2.21) does not depend
on this right-handed fermion [which is ensured by the projectors in eq. (2.20)], and no
interaction terms are added for it, this does not change the expectation value of the stress
tensor. Instead of (2.22a), we thus have the free action

So)(x) = — / Py O da | (2.23)
which results in the fermion propagator
s 0 - ’kap ik(z—y) d"k
Golw,y) = =i @) = [ 25" G (2.24)

If desired, from the expansion of the action (2.22) one can derive all Feynman rules for
an expansion in Feynman diagrams. However, we will directly use the expansion (2.19)
together with Wick’s theorem to evaluate the free-theory VEV’s.

The information about chirality is stored thus in the interaction terms, in which every
fermion possesses its own projector. This is in contrast with [4, 5], where only one projector
appears in the three- or four-point interaction vertices. Both interactions are equal in
n = 4 dimensions, but not in n dimensions using the Breitenlohner-Maison scheme, and
for a consistent implementation of dimensional regularization one needs to work from the
beginning in n dimensions. This can be seen, for example, in the computation of loop



corrections in inflation, where the contribution from logarithms of the scale factor a is
crucial to ensure de Sitter invariance of the result [42-46]. These logarithms are obtained
from the determinant of the de Sitter metric a” =~ a*[1+ (n —4)Ina] and give a finite
contribution when multiplying the pole in n — 4, but are missed if one starts in n = 4
dimensions and only dimensionally regularizes the momentum integrations.

Lastly, consider the expressions for the trace 7 = (T“M>g and the divergence DY =
(VT )g of the VEV of the stress tensor in the curved spacetime with metric g. Up to
second order, their expansion coefficients are given by

Ty (@) = 0 (T () (1) (2.25a)
T2) (@) = 1 (T (%)) (9) + Py (T (2)) (1 » (2.25b)
DVl)(x> = 6u<TW(x)>(1) ) (2.25¢)
Dy () = 0,(TH (2)) () + %(23,)/1”# — 0 By + 0400 ) (T (2)) 1) - (2.25d)

3 The trace anomaly at O(k)

The first order computations are straightforward and will serve as a warm-up for the
second order ones. A direct consequence of the results in the previous section is that the
only relevant quantity at this order is the VEV

(W (2) 07 () = tr(Pyy PPy P o?)

v p (p+Q)T qx ip(z—y) d*p d"q
< [ Caryeat ) e

We will call this the two-point function,® and the right-hand side has been written in a
way such that one can recognize the emergence of the tensorial integrals

o _ g - ghtm d"q
THekm(p) = / (2 —10)[(q + p)2 — i0] (2m)"

Using the Passarino-Veltman procedure [47], these integrals can be reduced to a product

(3.2)

of the scalar integral Z(p) times a tensorial factor depending on the external momentum
p and the flat metric, and we collect the formulas relevant to the present computation
in appendix A. After a straightforward computation, we obtain the expression for the

two-point function
(U (@) 8" (y)) = tr(P1yr PPy P-")

< 4(52(19_)1) [~ (0 + )71 (p) + BTO7 (p)I1) (p) | elPle—0) =L

in terms of the projector onto the space orthogonal to the vector p:

I (p) = php” — n"p”. (3.4)

3This name arises from the fact that U*”, upon symmetrization and subtraction of a trace, corresponds

to the flat T(‘(‘)l)', which is sometimes used as an element in the expansion.



3.1 The original Breitenlohner-Maison scheme
The expression (3.3) can be further simplified by computing the v matrix trace
tr(Pey P Py Poa?) = 2(0 i — e ) - 2 (35)

where we used eq. (2.13f). According to the Breitenlohner-Maison scheme [25, 29, 35],
external momenta such as p* (i.e., the ones not involved in the loop integration) are always
taken in the four-dimensional spacetime. Performing the contractions we obtain for the

two-point function

(W @) 8 () = —— [ Z() [ ()7 () + 17 ()T )
4
+ nTszﬁ“p 117 (p) + p*7*?11* (p) — np’p*11"? (p)} eip(“"”y)(;gél
(3.6)
with
M = php¥ — gV p? = TIM + §p? . (3.7)
For the (n-dimensional) trace, we obtain
_ _ . 4
(@) (0) = o (V@0 () = s [T p T (e S0 (3.50)
(U(@) 9 () = 2(”‘_4 / 205) 1 ()0 S (3.50)
¥ = = [ ) ey S (3.0

and taking all together the regularized expression for the first-order contribution to the
VEV of the stress tensor follows:

@S = gor = 201 @17 @) - (- DI ) )

4 _
——"2 P (I (p) + TV ()i + 0T (p) + 30 i7p?) | (3.9)

ip(x— d4p
« olP(z=Yy) (27r)4hp0(y) dty,

where also the external field h,, must be taken purely four-dimensional [25, 29, 35]. Due

to the breaking of n-dimensional Lorentz covariance in the Breitenlohner-Maison scheme,
this regularized stress tensor is now neither conserved nor traceless. Instead, we obtain

Ti(a) = nW<TW<x>>§§§

d4p (310)
P po 2 | nip(T—y) 4
16 (n+1) //I *[177 ) + 377757 )it W) Y

and
Dleg, (@) = (T ()1} = 35 n2 gy // Tp

X [P (p) + 2117 (p) + 697" p 2] ey

3.11
) d4p ( )

(2 ) hPU( )d4y,




where an overall coefficient (n—4) has appeared, indicating that this can be fixed by a finite
renormalization. Of course, we first have to renormalize the VEV of the stress tensor itself,
for which we need the explicit expression of the scalar integral Z(p). This is a standard
computation with result [48, 49]

T6-2 /\/’—|—2—ln<p2’u_210>] +0(n—4), (3.12)

_ 2 p?
./\/'——n_4—*y—log<47r). (3.13)

We renormalize in the MS scheme, which is defined by subtracting N only and setting all
explicit factors of n in the integrand (3.9) to 4. This results in

T @) = - / [0 ()17 (p) — BT ()17 ()|
x elP(@= 9)7(27T)4hp0(y) d*y (3.14)
N

_ T2 DUV OTUNTV D _ AUUYT2 D
= 120_167T2(6v3 2VIVIR - g V2R) (x),

where to arrive at the second expression we traded the p variables for derivatives acting
on h and compared the resulting expression with the expansions of geometrical quantities
given in appendix C. We leave to appendix B the proof that this divergent part of the
stress tensor VEV (together with the second-order result) corresponds to a counterterm
that can be added to the action; the renormalized stress tensor VEV is then given by

(T (@) = <T“”(x)>§‘i§ — (T (@)

~ 120 16772 //l (p _210>]

d*p

TAY (D\TTPC (1) — TTHP () TTOV ip(z—y) 4
x [H (T (p) = T ()T () [ ey () 'y
;LHI/ 0' l:[p,I/ —po —/u/ﬁpa —pv pa 2
+2ﬁﬂ(#( )ﬁu)a( )} ip(z—y) d4p hpo (y) d (3.15)
p p € (27T)4 pPo y y7 N

where everything is now in four dimensions. While the terms on the first line are both
conserved and traceless, the terms on the second line are not. However, since they are
local, they can be removed by a further finite renormalization. Namely, for the terms in

~10 -



brackets (without the prefactor) we obtain

2010" DO hpy () + OOY O%h(x) — 3020\18,h")P ()
+9? [ﬁ“”@pﬁghm(x) + O2hH (z) + ﬁ“”@gh(x)]

1 9

2
_ 21 po 02 2 pa a2 qo (316)
XIWE) / {a W70 hyy + (9%h)" + 30,0207 hoa

+ 20%10,0,h" + 2(apaghm)2} d"y,

such that adding this term (with the correct prefactor) to the action, we can completely
cancel the terms on the second line of the first-order VEV (3.15), obtaining a conserved
and traceless stress tensor at first order:

Tay () = 0= Dro, 1y().- (3.17)

Nevertheless, the finite counterterms (3.16) are not covariant, as can be easily checked by
comparing them with the expansions of geometrical quantities given in appendix C.

3.2 The modified Breitenlohner-Maison scheme

Since in the Breitenlohner-Maison scheme, the quantum action principle holds [25, 29, 35], it
follows from the results of algebraic renormalization (both in flat [50, 51] and curved [52-54]
spacetimes) that it is always possible to add finite counterterms to the action to cancel
spurious non-covariant terms that arise from the breaking of n-dimensional Lorentz covari-
ance. In this way, the same criterion for the appearance of anomalies holds as in any other
consistent scheme, namely that anomalies are non-trivial solutions of the Wess-Zumino
consistency conditions [55], or more general, elements of a certain cohomology class of the
BRST differential [50, 51, 56], which for diffeomorphisms is empty in four dimensions [57]
(except for possible topological terms that are relevant here).

Therefore, and as suggested in [58], it is convenient to modify the Breitenlohner-Maison
scheme in the parity-even sector since the axial anomaly (as well as a possible Pontryagin
density in the trace anomaly) are odd under parity transformations. Namely, for traces
containing an even number of the chiral matrix +,, one may use the naive anticommutation
rules {7,,7«} = 0 for all v matrices, together with 72 = 1 and cyclicity of the trace.*
Applied to our situation, this means that instead of the result (3.5) for the trace, we use

tr (77+77P_7“79+’y>‘73_’yp) = 2(77T“77’\" — "t 4 77”’77”’\) — 2ieTHAP (3.18)

where the four-dimensional metrics 7*¥ in the parity-even part have been replaced by the
n-dimensional ones n*¥. However, in the parity-odd part nothing has changed, and the

4We note that this in fact agrees with the prescription used by Bonora et al. for the parity-even part (4],
footnote 4). What we do not agree with is the treatment of the parity-odd part, where one has to work
from the beginning consistently in n dimensions, as explained in section 2.2 after eq. (2.24), and thus has
to employ chiral projectors at every interaction vertex.
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totally antisymmetric symbol €7#** is still purely four-dimensional. Instead of eq. (3.6),
we obtain

(UM (2) TP (y)) = / ng( )1 [21—[#( (p )HU)P(p) _ nH”p(p)H””(p)} elP(T—y) (;ZZ))TL . (3.19)

which now has vanishing trace:

(U ()W (y)) = 0 (U (2) 877 (y)) = 0 = (W (2) T (y)) . (3.20)
It follows that the regularized VEV of the stress tensor
@S = s = [ 70 [P @) () — (1= e ) )
(3.21)

X elp(m_y)whpa(y) d"y

is now both conserved and traceless as a consequence of the n-dimensional projector
structure,

’T(T;g( ) =0= reg (1)( ) (322)

Using again the MS scheme, instead of eq. (3.14) we thus obtain the divergent part of
the stress tensor VEV

T = oo [ [ ) — 31t ()
x eP(@=Y) (ggjn hoo(y) d™y (3.23)
N

=~ (6VPR - 2VIVY R - g VR) (),

120 - 1672 (1)

which only differs from eq. (3.14) by the fact that all tensors are now taken in n dimensions.
Finally, the renormalized stress tensor VEV in the modified Breitenlohner-Maison scheme
is given by

(T ()55 = (T (& )>E§"§ (s

~ 120 16772 //[12 <p _210>]

. 4 (3.24)
< [ () (p) — BP0 ()17 ()| ) €

- 1// T (p)TIP° (p)e'Pt—Y) v, (y)d'y.
180 - 1672 (2m)4 "

From the projectors, one sees that the first term is both conserved and traceless, while the

second term is conserved but not traceless. Concretely, we obtain

T @) = oz [V R@)] - (3250)
ren,(l)( ) 0. (325b)
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This agrees with the result for a Majorana fermion or half the result for a Dirac fermion
in dimensional regularization, see for example [49]. Of course, as is well known, the term
in the trace anomaly proportional to V2R can be canceled by adding a term proportional
to R? to the action, such that we have agreement with the original Breitenlohner-Maison
scheme up to the allowed freedom.

3.3 The anomaly definition of Godazgar and Nicolai

Lastly, we want to compare our computation of the anomalous trace with the definition of
Godazgar and Nicolai [49, 59]. They postulate that the trace anomaly is given in general by

A= Tim (" (T () — (6" T (1)) (3.26)
where the expectation values are the dimensionally regularized ones. This means that in
the first term, with the metric outside the expectation value, the metric should be taken
in n = 4 dimensions, while for the second term the n-dimensional metric enters. At first
order, this results in

A = Jim <ﬁw - mw><T“”< NG5 = = lim A (T (@) 75

5 ( ) d4p 4 (327)
= lim T(p)p? [ (p) + 377 p?| 7o hpo () dy = 0
4 16(n2 — 1) 16 n2 ) // p) + 3775 e am)i e W) 'y

with the regularized VEV (3.9) using the original Breitenlohner-Maison scheme, and

ARt = — lim ﬁu,,<TW(a:)>§‘;§

d?
= lim ———~=~ //I P11 (p) ePL7 V) }))4 hpo(y) d'y (3.28)

1
~ 60 - 1672 [VQRLU

with the regularized VEV (3.21) using the modified Breitenlohner-Maison scheme.

We see that in both cases, a covariant result is obtained, and that the non-covariant
finite counterterms that one needs in the original Breitenlohner-Maison scheme automati-
cally cancel out. Nevertheless, the result between different schemes only agrees up to the

usual freedom of adding finite covariant counterterms, as expected. We further note that
ren

since the renormalized stress tensor VEV is four-dimensional, we have 7, (T""(z))(1y = 0

and thus can also write

Aqyy = lim 7 (T ()85 (3.29)

It follows that the difference between the results (3.27) and (3.28) comes about because
of the different results for the divergent part in the two schemes, either using purely
four-dimensional tensors in the original Breitenlohner-Maison scheme (3.14) or using n-
dimensional ones in the modified scheme (3.23), see appendix B.
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4 The trace anomaly at O(k?)

At second order in h the number of terms contributing to the stress tensor VEV increases
substantially. In order to avoid a further proliferation of terms, and since the result for
the parity-even part of the stress tensor VEV is not disputed, we will use the modified
Breitenlohner-Maison scheme. We classify the contributions to (T"”(z)) 4 into three cat-
egories, considering their structure in terms of the variables defined in (2.20): those which
contain two U’s, those with one ¥ and one J, and finally those with three W’s. Using the
computations of the previous section, we can easily give a result for the terms that fall
either into the first or second category. After doing so, we will describe a way to perform
the calculations for those in the third category, which we have done using the xAct tensor
algebra suite [30, 31], and give only the result for the divergence and trace.

4.1 The 9?2 contribution

From the expansion of the stress tensor VEV (2.19), we see that there are contributions
involving two ¥’s both from <S(2)T(‘(‘)l)' (:L‘)> and <S(1)T(‘f)' (m)> Using formula (3.19) together
with a reshuffling of the terms in order to render the expression readable, after some
straightforward manipulations we arrive at the following expression for the regularized

contribution to the VEV:

1
2

v 67 reg 3 v)o reg
has (@) (T %‘% = Sha@(T7 (@) |
) 4

o p(prTv)o wytpo | Jip(z—y (41)
+ 35 _1//1 (n— DI — 1117 e 2

X [Bhap(y)hs (y) = 2h(y) hpo (y)] d"y .

(T (@) o =

Because of the projectors in the second term, this term does not contribute to the trace
and divergence, and we obtain directly

reg n—3

WA T (@ 42 = "5 haa(2) (T (2))

0T (@5 g = 500 hasla)n (T ) )1 = 3o ) (1)) ] . (420)

, (4.2a)

4.2 The VJ contribution

The computation of the two-point function involving one ¥ and one J goes along the
previous lines. One easily arrives at the following expression:

(W (2)7°(y) ) = itr (Y Py PPy P

P+a)r @ ipay d'p d%g (4.3)
9 v 1p(:1: y)
X//( ) 010" 2m)" (2m)n
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where the integration over ¢ can again be done using the tensorial integrals (3.2) and
results in

i
(0 @) 1°) = 55 (7P PPy TP )
(4.4)
. dn
v 2 giple—y) 4P
X /I(p) Sr-pAp”e Ok

For the v matrix trace we compute in the modified Breitenlohner-Maison scheme

tr (VP Py PP = A T P et eyl

1 N (4.5)
+ 3 tr (yﬂy*rﬁyaﬁ%f)
using formula (2.13f), where the parity-odd contribution is given by
tr('y“’m*’yaﬁ”ﬁf) = 121(6Wa577ﬂu 4 eAaBplr | euT[aﬁﬁ’Y]/\) o

+ 4 (eaﬁ’yuﬁ/\r + eaﬁ'y)\flf,u _ eaﬁ'y‘rﬁ)\,u) ]

However, unlike the parity-odd contribution to the trace appearing in the contribution of
the VEV of two U’s (3.5), this expression is not unique because of dimension-dependent
identities [60]. Namely, for purely four-dimensional tensors, antisymmetrization over five or
more indices obviously gives a vanishing result. Therefore, adding the vanishing expression

— 20i (e[aﬂwﬁm + laByugAT E[aﬁw\ﬁﬂu) (4.7)
to the result (4.6) we obtain the simpler form
tr ( o ﬁwaﬁwﬂ — 4 (QEaﬁv(Tﬁ/\)u _ eaﬂwﬁ/\T) . (4.8)

Since the p integral of the VEV (4.4) is antisymmetric and the trace (4.8) symmetric
in 7\, there is no parity-odd contribution to the VEV of one ¥ and one J. The parity-even
contribution reads

61 "

<\Il“V(x)JO‘B“/(y)> S 1) /I(p) nﬂ[apﬂn"/]VPQ eip(a:—y)(;rfn , (4.9)

and is antisymmetric in pv. However, the contribution of (4.9) to the stress tensor VEV
only involves the symmetric part W(#) at second order: from eq. (2.19) we see that there

is a contribution from <S(2)T(’f)l)'(x)>, where S(y) (2.22c) involves J**7 and T(’gg (2.21a) the

symmetric part U@ while for the contribution from <5’(1)T(‘f)'(x)> the action Sy (2.22b)
involves the symmetric part ¥(*) and the stress tensor T(’f)'(x) (2.21b) involves J#7.5

We conclude that the contribution from the VEV of one ¥ and one J to the stress
tensor vanishes:

(T (2))f5E = 0. (4.10)

5The first possible contribution of the antisymmetric part W1 is at third order from <S(2)T<‘f)’(m)>.
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4.3 The U3 contribution

We arrive therefore to the most challenging computation of this article, the contribution
of three ¥’s in the term <S(21)T(’6'§(m)> (2.19). Even if the computations involved are not
necessarily conceptually complex, they are rather lengthy (~ 10* — 10° terms), and even
with computer algebra take quite some time to finish. Let us begin by giving a concrete
expression for the three-point contribution:

(W (2) 00 (y) w7 (2) )
= =i {tr[y" Py PP P APy P+ tr[f P P Py Py Py P
(¢ — k)rqs(q — p)A(2q — k)P (2¢ — )’ (2 — p — k)”
) /// [(q— k)2 —10][(g — p)? — i0][q — i0]
d"p d*q d"k
@m)" (2m)n (2m)n

o« o p(z—y) gik(z—2)

(4.11)

We first compute the v matrix traces using the modified Breitenlohner-Maison scheme,
which results in

tr [y Py P A P P P P + te [y Py PPy Py Py TP
—4 [27704[)\ (277u][7770]5 + nu}zsnaT) + 27704[5 (Qna][knu]’r + ,,70}7',,7)\“> (412)

+ nom' (2,’75[077;4)\ + 776/\77,u0>] + 416[5)\0'77—]a],u )

At first sight, one could think that we have found one additional contribution of odd parity.
However, the corresponding term involves antisymmetrization over five indices, and since
the involved tensors are purely four-dimensional, this contribution again vanishes.

For the parity-even contribution, we first note that by taking either a trace or diver-
gence of eq. (4.11) and performing the contractions with the metrics of eq. (4.12), the
integrals reduce to the tensorial integrals (3.2), of argument p, k or p — k, and can be
expressed in terms of the two-point function (3.19). After a laborious but straightforward
computation, we find that the regularized contributions to the trace and the divergence of
the stress tensor are given by

BT @5 o =~ D () )5, (4.13a)
DT ()15 g = — 5 Oph (@) (TP (@) 5+ 20 [ () (T ()15 -
O TP ()5 — ()0 (TP ()15

It remains to compute the divergent part of eq. (4.11) in order to obtain the trace and
divergence of the renormalized stress tensor.

4.3.1 Isolating the divergences in the U3 contribution

As previously said, there is a large number of terms involved in the computation, which
renders it somewhat unfeasible. The experience gained in the preceding sections invites us
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to define the two-argument tensorial integrals

o _ gt - - ghm d"q
ot (p, k) = / (¢* —10)[(q — k)* —10][(q — p)* —i0] (2m)"

which one could evaluate using the results of Godazgar and Nicolai [49], and extract the

(4.14)

divergent part. However, since their approach leads to spurious kinematical singularities
(terms of the form [p?k? — (pk:)2]_1, which only can cancel at the very end), it is more
useful for our purposes to proceed in a different way.

As already noted in [49], if one is only interested in the divergent part one can pro-
ceed as follows: by power counting, Z(p, k) and Z(p, k) are finite in n = 4 dimensions,
while ZH (p, k) is logarithmically divergent. The divergence of ZW(p, k) must therefore be
proportional to n*¥, and (again by power counting) the divergences of ZF1Fm (p, k) must
be proportional to a polynomial in p and k of order m — 2. We then use the important
property (which was already mentioned) that the partial trace of ZV " (p, k) is given by
combinations of the one-argument tensorial integrals defined in eq. (3.2):

M M7 (p, k) :/ Q’;' - 2 L
[(q = p)? —i0]*[(g — k)% —i0]" (2m)" (4.15)
=I""(p-k)+p"T"(p—k)+ -,
where we have shifted the integration variable ¢ — g+ p. Together with the manifest sym-

metries ZH " Hm (p, k) = T #m)(p k) = T #m(k, p) which can be read off from (4.14),
this relation suffices to uniquely determine the divergent part, which is seen to be a com-

bination of the one-argument tensorial integrals (3.2).

However, we would like to compute the full expectation value which also includes
additional finite parts, and for which we need to evaluate the two-argument tensorial in-
tegrals (4.14) explicitly. From eq. (4.15), it follows that these additional finite parts are
traceless. To compute the integrals (4.14), we introduce Feynman parameters [48] to com-
bine the denominators and obtain after the shift ¢ — ¢ + yp + zk that

1-y LR
TR (p k) —2/ / / (g+yp + zk) d"q dx dy, (4.16)
(q —i—ME—lO) (2m)"

where
Mg =y(1 —y)p* +2(1 — 2)k* — 2xy(p - k). (4.17)

The integral over ¢ can now be done in the standard way [48] by first reducing them
to scalar ones. In particular, integrals that contain an odd number of ¢’s vanish by the
symmetry ¢ — —¢q, and the tensorial structure of the integrals with an even number of ¢’s
is by rotational invariance obtained with the replacements

1
q"q” — 77’“’ 2, (4.18a)
3
"q"q"q" — mn(“”n”")(f, (4.18b)

15
n(n+2)(n+4

"q"d’¢°¢“¢" — )77(“”17”"770‘5)q6 . (4.18c¢)
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However, any power of ¢? cancels the one in the denominator of (4.14), such that a one-
argument integrals results that contributes to the divergent part. It is thus clear that the
additional finite part is given by the traceless part (denoted by a subscript “tr”)

k), 2
7 ( _2// /q o) Gy (4.19)

which by power counting is indeed seen to be finite in n = 4 dimensions. The ¢ integral
can then be done using [48]

1 dq _ i Tla-3%) . 30
/ (q2 +ME o iO)a (27’()” — (471')% F(a) (ME 0) (420)

and the limit n — 4 can be taken, and we see that the result can be expressed using the

1 rl—y xayb
Fab(k,p) = /0 /0 mdxdy (421)

To our knowledge, these integrals were first introduced in [61] in the study of axial anomalies

parameter integrals

(denoted there by I [61], eq. (18)), and we note that they satisfy several relations which
are given (and proven) in appendix E. Taking all together, for the first three two-argument

integrals we obtain

i

I(pa k) = WFOO(kap) ’ (422&)
I"(p, k) = T6n 2[F10(7<5 P)k“JrFm(k‘ )", (4.22D)
uv
T"(p,k) = T T(p — k) + 1o [Fao(k, p)R“K” + 2P0 (k, p)E ") + Foak p)pp' ]

(4.22¢)

and the remaining integrals relevant for this work are given in appendix D. In this way, the
computation is reduced to around 10® terms, and all kinematical singularities are avoided.
Since the final result is not really inspiring, we won’t include its explicit expression in the
text; the interested reader can consult the ancillary Mathematica file.

4.4 The complete O(x?) contribution

At this point we have all the necessary ingredients to compute the full second-order con-
tribution to the trace and divergence of the stress tensor VEV. Remembering to include
the terms in egs. (2.25b) and (2.25d) explicitly proportional to h, we get a regularized
expression which is both traceless and divergence-free at second order:

T (0)(2) = [ (T (@))55 g + (T @SS g (T @DEE g + (T (@)
=0 (4.23a)
Dl (%) = O [ (T (@))(5 g2 + (T @) 55 gy + (T (@))(55 o]

1 (4.23D)
t3 {28ph”u(:1:) — 0"hpu(x) + 55@,}1(1«)} (T“P(g;))ﬁf); -0,
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where we have used the results (4.2a), (4.10) and (4.13a) for the trace and (4.2b), (4.10)
and (4.13b) for the divergence.

As done at linear order in h, we renormalize using the MS scheme, subtracting the
contributions proportional to the divergent part N of the scalar integral (3.12). Identifying
once more the various terms as expansions of geometrical quantities by comparing with
the results of appendix C, we obtain

iv N
(T (2))5) = a0 (89" RagR*? + 56RM RY, -+ 20R" R — 59" R*
+ 79" Roprs R0 — 88Rs RIVP — 28 RHOPVRY 5. (4.24)

—TOVERM 4 12gM' V2R + 24V#VVR} o
and the renormalized stress tensor VEV

(T ()5 = (T ()5 — (T () (4.25)

From this expression and eq. (4.23), the trace and divergence of the renormalized stress
tensor follow immediately. In terms of the Weyl tensor C,,,, and the four-dimensional
Euler density &4, which in four dimensions satisfy

1
CHP Choo = RMP7 Ry — 2R Ry, + §R2 : (4.26a)
E1=R"™P Rpy — ARM R, + R, (4.26h)

our results are exactly half of the trace anomaly for the Dirac spinor [49]

en - s wvpo 9
TS@) = 5 ( 47T)2( 11€; + 18C" Cpypo + 12V2R) > (4.27a)
Dien, (2)(x) = 0. (4.27b)

5 Conclusions

We have computed the renormalized stress tensor expectation value for chiral fermions
using dimensional regularization, up to second order in perturbations around flat spacetime.
Employing the Breitenlohner-Maison scheme [25] for the treatment of the chiral matrix v,
we did not find any parity-odd contributions to the expectation value. Therefore, also the
trace anomaly does not contain any parity-odd term proportional to the Pontryagin density,
and the result for the trace anomaly is half the one of a Dirac fermion, as also confirmed
using other methods [7-9]. This result reaffirms the validity of the equivalence principle for
the coupling of matter to gravity in the present case, since there is no difference between
left- or right-handed fermions.

For our result, the use of dimension-dependent identities [60] was crucial. As empha-
sized in [27], for v matrix traces containing one chiral matrix -, and up to four other 7
matrices (in four dimensions), any prescription gives the correct result. Only for traces
containing at least six other « matrices various features of the concrete prescription (such
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as the four-dimensionality in the Breitenlohner-Maison scheme, or the non-cyclicity of the
trace for the prescription of Kreimer et al. [27, 28]) become relevant for practical computa-
tions. This can also be seen in our computation, where at linear order in h the parity-odd
contribution to the 7 matrix trace (3.5) is unique (proportional to the totally antisym-
metric symbol €), while at second order this contribution can take various superficially
different forms such as (4.6) or (4.8). However, strictly four-dimensional identities (stem-
ming from the vanishing of terms that are antisymmetrized in five indices) show that all
these forms are equal, since in the Breitenlohner-Maison scheme all involved tensors are
purely four-dimensional and these identities are applicable.

As an extension of the present computation, we plan to reproduce in a future pub-
lication the Kimura-Delbourgo-Salam anomaly [62, 63], the anomalous divergence of the
axial current j2' = iv)y"~,1) in a gravitational field, by a full computation of its expectation
value in the Breitenlohner-Maison scheme. The anomaly takes the form

0.0 = 51

where e#"P? = P? [\ /—g is the Levi-Civita tensor. However, in our case the following

vu(]f) = 5MVpURuVaBRpaaﬁ 5 (5'1)

happens: first, for a left-handed Weyl fermion we have v, = ¢ (2.1) and thus j{ = j#
with the gauge current j# = i)y#1).% Second, the Pontryagin density is a total derivative,
and to second order in the expansion around flat spacetime we have using the expansions
of appendix C

0 Ry Ry ™ = 0, (4526777 010 hiy, 0% Opho” ) + O (7). (5.2)
It thus seems that one could cancel this anomaly by adding
1 2 vpo lo" 3
~ o Aue Dlah, 0% 0,hs” + O () (5.3)

to the action, changing in this way the current j# = jL', since in the Breitenlohner-Maison
scheme non-covariant counterterms are allowed and are actually necessary: see eq. (3.16).
However, such a term changes also the stress tensor, and in particular its trace

R popv a 2
T = T+ 5200 (Fpre™ 0,h,%) + o(x?) (5.4)
and divergence
12 v K loa v «
DY — D + Waa (Fpg-fp “’88[ 8ﬂhﬁ }) + O(K}2) . (55)

Therefore, one would have to compute also the contribution from a background gauge field
to the stress tensor expectation value. Demanding that the stress tensor be conserved
and have a gauge-invariant trace anomaly will then fix unambiguously also the Kimura-
Delbourgo-Salam anomaly (5.1).

SThis is of course the reason why the axial/chiral anomalies, which are associated with a global symmetry
and thus physically harmless for theories involving Dirac fermions, become disastrous for chiral fermions,
because then they destroy the gauge symmetry of the theory (whose interactions must involve conserved
currents).
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A The tensorial integrals Z(p)

For completeness, we give here the explicit expressions for the tensorial integrals defined
in eq. (3.2) that are relevant for the present computation. More information can be found,
e.g., in [48]; the result for the scalar integral Z(p) was given in eq. (3.12).

T (p) = 0" T) (A1)
() = gy PP = P T0), (A.1b)
M0 (p) = —8(711_1) [(n+2)p"p"p” = 3p™npP) | Z(p), (A1c)
T (0) = Loy [+ O+ 2 o
= 6(n+ 201"y p7) + 30000 | ().
IH7(p) = “ 3 1)(n1+ S (0 +6)(n+ 4)(n + 2)p"p" P p D"

(A.le)
—10(n +4)(n + 2)p*npp7p™ + 15(n + 2)(p?) 0" p™) | T(p) .

We note that these expressions are uniquely determined by the tracelessness condition
N M (p) = 0, the symmetry ZH " Fm (p) = Za#m) (p) and the contraction

2p, I" " (p) = —p* I (p) (A.2)

all of which follow directly from the definition (3.2) by using the fact that scaleless integrals
(with only a single power in the denominator) vanish in dimensional regularization [22]. In

fact, one can easily give the general result [48]:

I'(n— 1)I‘(”T_2 + m)
2T (n — 2+ m)T' (%)

Tk (p) = (—1)™ [ - pHm ] Zp) (A.3)

where the subscript “tr” denotes the traceless part, given by

D (caym (R amer)

Pl = >

= 4rrl(m —2r)! F(HT*Q + m) (A.4)

% (pQ)Tn(#lm coeqpfer -k pliariL ,p#m) )
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B On the existence of suitable counterterms

Summing the results (3.23) at first order and (4.24) at second order, we have

(TH ()Y = 144(4\/(4@2 [SQWRagRO‘B + 56 R**RY, 4+ 20R"’ R — 5g"* R?
+ 79" Roprs R0 — 88 R s RIS — 28RHPTRY g (B.1)

— T2V2R" + 12g"'V?R + 24V“V”R} + 0(53) ,

and want to show that this can be canceled by a local counterterm.
With the variations [31]

[ 1
5(RuupURw/po /jg) — /_g 21,2#01/37Rl/aﬁfy _ ERaﬁvﬁRaﬂvaguu + 4Rﬂuauvpvo} 59/11/ :
(B.2a)
r 1
5(R“VR“VJTQ) = —\/jg_QR“pRVp — §RPO—Rpg'gHV + Rpag“VVpVo

(B.2b)
— 2RIV, + Rﬂ"vﬂ g »

performing integration by parts and using the second (contracted) Bianchi identities

1
VERpe = 2V, Rop VIR, = 5V,,R, (B.3)
we obtain
: N 1 5
THY div — / uvpo oo nz L — 2 —ad"
(T () AT 75 S () (TR""" Rypo + SR* Ry — 5R?) /=g "z,

(B.4)
which is indeed a local term that can be canceled by adding its negative to the action.
Consider now the difference between the divergent parts in the original (3.14) and
modified (3.23) Breitenlohner-Maison scheme,” which reads

v iv,mo v iv,ori N NI 100 in(x— d4p
@ @)y = (T @) = e [ T e oI OLY
N
— N 2
120 16.2" [V R(x)} @’ (B.5)

where we used eq. (3.7), the fact that the external momentum p and field h,, must be
taken four-dimensional, and the expansions from appendix C. Taking the trace, we obtain
using eq. (2.13b) that

. L 1
. 1y div,mod o N div,orig _ _ 2
i [(T9 ()5 = (T ()35 %] = — s [VR@)]

which is exactly the difference between the first-order trace anomalies (3.27) and (3.28)

(B.6)

computed using the definition of Godazgar and Nicolai in the original resp. modified
Breitenlohner-Maison scheme, cf. the alternative formulation (3.29).

"Since we will be interested in taking the trace and the n — 4 limit, we already consider the integrals
in four dimensions.
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C The h-expansion of geometrical quantities

The perturbative expansion used in this work for several geometrical quantities, up to
second order in the metric perturbation h,, , reads:

1 1. ., o
FIDHV = ﬁ[a(uhpy) — 28ph’l“’:| + ,A<;2 I:Zh,p aah/ﬂ, — hP a(ﬂhy)a:| + 0(53) , (Cl)

1 o 1 o
Ryop = Ii[—aua[phg]y + 3l,a[ph0m} + K2 [ — §a[ph|u| 60]hl,a — §aﬂh[p a]h,,a

+ 501,]1[9 aa]h,ua — iauh[p 8|V|h0}a + 58 hu[péa]h,,a — 58 hy[pﬁg]hw (C.2)

1 fo% 1 lo" 1 le' 3
4 Oy hajy — 50hald by — 50ahy, hg]y} +o(s).

1

1 1 1
R, = ,@[aaawhy)a - 5a%w, - Qauayh} + K2 { = 5 0ah0” hy + 5aahu,,aﬁho/f

1 1 1 1
+ W 0005l + Sh*0u0shap — S 0hs(u0" hya + 5 0ah(, 0% hi)s (C.3)

1 1
— BP0 — D)0 + 10D, o + Qa(uhy)aaah} +0(x),

1
R= m[aaaﬁhaﬂ - th] + K2 [haﬁa%aﬁ — 4 0ah0%h + 0°hdshe” + h*P 0,05k
1
=~ 0ah*?0,hg" — 207050, haT — S 03hardTh + iavhaﬂmhaﬁ} +0(x),
(C.4)
2
R? = 2 |0,05h" — 9°h]"+ O (), (C.5)
RM R, = 22 [20%0,,h hyy — 0,0,k [2050" 1P — 9?h* — 90" h|+ O (K3
o = 38 [20°0huye = 0w = ,0,h][20,0"7 — O — 40" H] + O(7)
(C.6)
Rpopu RO = 4K20,0),h,)0" O h7V + O (%) (C.7)
We obtained these expansions using the xPert package [31].

D The two-argument tensorial integral Z(p, k)

The explicit results for the two-argument tensorial integrals (4.14) that we have employed
in the main part of the article read:

i

I(p,k) = 1672 Foo(k,p), (D.1)
T4, k) = 55 (Fuo(k,p)" + Fou(h, p)p"], (2)
(9, k) = [T (9, B + 0" T(p— ). (D.3)
T, ) = [0 ) + g 0+ B T = B), (D.4)
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M7 (p, k) = [TMP (p, k)], + & { - [/ﬂQ LG +p2}n(“”n’”)

2(n—1)(n+4) n+ 2 (D.5)
+ [nwk” +2(n — 2)kWp” + anpV} o) } I(p—k),
nrpoa __ [Turpoa o 6 27.(x 2 (af,uv, po)
+ [ +2)(k + p)*(k + p)* — 126p*| (k + p)n™) (D.6)

8 [0 v loa
—3[k2—+4(p k) +p ](kﬂ?)( it )}I(p—k),
15

o) = [P0 e T T O TS
x {3(n+ ) (n+6) | (K + (0")?] = 60(n + (kK + p*)(p - k)

p-k)? +2(3n% + 22n + 64)k*p? | Z(p — k)

) n(uvnponaﬁ)

+ 4(n? + 4n + 48)(

B 45(n +2)

8(n?—1)(n+6)(n+8

x [(n+6)k* = 10(p - k) + (n + 6)p*| Z(p — )
45

T —D(n+ 6)(n+8)

+ kopP) [(2n + 7K + p?) —
15(n +2)

16(n? —1)(n + 8 {

)n(“”np”(k +p)*(k +p)?

n ””n””{(n + 1)k:ak:5)p2 +(n+ 1)papﬂ)k}2
10(p- k)] }Z(o — k)

(n+4)(k + p)°(k + p)° (k + p)*(k + p)?)

— 24(k +p)° (k +p)7k"p”) +

S KkTp® )}I(p — k),
(D.7)

where the parametric integrals Fyp(p, k) have been defined in eq. (4.21), and the traceless
contributions read

m m) ( _ ) )
ST S I

tr

The traceless part on the right-hand side can be computed from formula (A.4), taking
ak 4+ Bp in that formula, performing the appropriate number of derivatives with respect to
« and 3, and setting o = 8 = 0 in the result.

We note that a consistency check can be made on these results. Namely, from the
definition (4.14) of the two-argument tensorial integral one computes analogously to the
trace condition (4.15) that

”. o ¢ - d'q Q" d"q
2pu " (p, k) = p* I (p, k) — / 2 k2@ T / (¢ —p)*(g—k)* (2m)"

2T (k) — TV (k) A T (p— k) 4P T (p— k) 4

(D.9)
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where we have shifted the integration variable ¢ — ¢ + p in the last integral. Using the
recursion relations for the Fj; given in appendix E, eq. (D.9) can be shown to hold after a
long but straightforward computation.

E The parameter integrals F,

Here we prove relations for the parameter integrals F;, defined in eq. (4.21), which can be
used for a consistency check on the results for the two-argument tensorial integral (4.14)
given in appendix D. We recall the definitions (4.21) and (4.17):

o — dzd E.1
ab (k. p) /0 /0 (1 — k2 + y(1—y)p? — 2ay(p - k) —i0 (E1)

and, for better readability, leave out the arguments (k,p) of F,; in the remainder of this

appendix. For a,b > 0 it follows directly that

k2Fup1 — k*For1p-1+D0°Fo1p— P*Far1p01 — 2(p - k) Fap

1y o (a—1)!(b—1)! (E.2)
/‘/ Y drdy =  (a+b)!

which can be used to replace (p - k)Fy. If instead b = 0 and a > 0, we compute

2(p - k)Fu — p*Fa10+2p*F, 11

1-y 70— 1[2x(p k) — (1—2y)p2}
_/ / (1= +y(1— ) —2ey(p-F)—10

1 2 2 : (E.3)
/ / x40y ln (1—:E)k: +y(l—y)p —ny(p-k:)—lo} dy dz
k—p)?—i0 1. |(k=p)?—i0
— a 1 1 (7 :_71 A
/0 drln = a | k-0 |
and analogously for a = 0 and b > 0
(k —p)*—i0
(p-k)Fop = *k Fop- | —k° Fip- 1—%111[]92_10 ) (E.4)

such that we can replace all (p - k)F, with a,b > 0.
Furthermore, we compute for a,b > 0 that

2k*Foiop = / / 2%t 19%9, In {l‘(l —2)k* +y(1 —y)p* — 2zy(p - k) — i()} dz dy
—2(p- k) Faq1p41 + K Fay1p

= [y b(ln[ (1 =yl In[( = p)* 0] ) 2y

+(a+1) // x® 1—w)k2+y(1— )p2—23:y(p-k)—i()}d:ndy

—2(p- k) Foy1ps1 + K Fa+1 b (E.5)
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where we integrated by parts in x, and analogously
1
20°Fypro = — / 2(1 — z)bt? (ln[w(l — )]+ ln[(k —p)? - iOD dz
0

1 rl—y
+(+1) / / %" In [:U(l —2)k* +y(1 — y)p* — 2zy(p - k) — iO} dzdy
0 Jo
—2(p- k) Far1pr1 + 0" Fapin - (E.6)

Performing the integrals over y or x in the first line of the right-hand sides of eqs. (E.5)
and (E.6) and equating the double integrals in the second line, it follows that

(a+ 1)p*(2F 042 — Fap1) = (0 + DE*(2Fas0p — Far1)

b alb! o(p . bVF (E.7)
+( 70’) ((I+b+2)'+ (p ) a+1,b+11 >

and using the relation (E.2) we obtain

(a+b+2)k*Fyrop— (a+ 1)E*Fuyrp = (a+b+2)p*Fupio — (b+ D)p*Fapyr.  (E.8)
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