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We discuss general momentum-dependent field redefinitions in the context of quantum-gravitational
scattering amplitudes in general, and asymptotic safety in particular. Implementing such redefinitions at the
lowest curvature order, we can bring the graviton propagator into tree-level form, avoiding issues of fiducial
ghost poles and their associated violations of unitarity. We compute the beta function for Newton’s
constant, and find an asymptotically safe fixed point whose critical exponent changes by 0.4% compared to
not resolving the momentum-dependent field redefinition. This provides a strong indication that this fixed
point does not feature extra degrees of freedom related to ghostly modes, and has a good chance of being

related to a unitary theory.
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I. INTRODUCTION

One of the biggest open problems in theoretical physics
is that of finding a single consistent description of all
fundamental forces—gravity on the one hand, and the
electroweak and strong interactions on the other—together
with the observed matter like electrons. The two theories
that we use to describe them, respectively—general rela-
tivity (GR) and the Standard Model of particle physics—
cannot be easily extended to include the interactions they
are missing. In particular, the perturbative quantization of
GR is plagued by difficulties [1-4], while the Standard
Model is formulated in Minkowski space.

Progress is hindered by the general expectation that
quantum gravity effects are suppressed by the Planck scale,
and correspondingly they are experimentally hard to probe.
In such a situation with little experimental guidance,
consistency conditions play a central role on the route to
an all-encompassing theory. For example, one can require
the theory to be unitary and (macroscopically) causal.
Beyond such theoretical constraints, the theory should also
satisfy a version of the correspondence principle: if the
putative quantum theory of gravity and matter is not
compatible with Standard Model data (e.g., if it would
predict that the Higgs boson has the same mass as the
electron), it is ruled out, even though the latter is not directly
related to quantum gravity.
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In this work, we assume that such a successful theory of
quantum gravity and matter can be a quantum field theory
(QFT). The necessary ultraviolet (UV) completion is
assumed to come from an asymptotically safe fixed point
of the renormalization group (RG) flow [5]. In this setup,
one has access to standard QFT notions like scattering
amplitudes and the effective action, allowing a straightfor-
ward connection to both theoretical consistency conditions
like unitarity and causality in the form of bounds [6-9], and
to experimental data via e.g., scattering cross sections.

A key long-term goal to test the asymptotic safety
conjecture beyond the already significant evidence for the
existence of the fixed point (see Refs. [10-17] for a
collection of recent book chapters on the topic) is to
compute suitable scattering amplitudes and simultaneously
confront them with as many consistency conditions as
possible. While the main motivation for this is to connect
to the real world, it has been pointed out recently that
causality imposes nontrivial constraints between different
couplings at the fixed point [18].

Such a first-principle scattering amplitude programme
consists of several steps: first, for a given scattering event,
one has to characterize all relevant correlation functions in
the effective action that contribute. A significant amount of
work has already gone into this aspect for two-to-two
scattering [10,18-21]. Second, the relevant momentum-
dependent correlation functions have to be computed. In
asymptotic safety, the graviton propagator [22-27], and the
three- [28] and four-graviton vertex [29] have been inves-
tigated, plus some matter propagators and gravity-matter
vertices [19,30-35]. Recent groundbreaking work also
paved the way toward Lorentzian-signature computations
[26,27] which is clearly crucial for scattering amplitudes.
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Finally, the resulting amplitudes have to be confronted with
the constraints of interest [18,20].

Not all parts of correlation functions are equally impor-
tant for scattering amplitudes. This is due to the fact that
we can perform field redefinitions without changing the
physics [36]. A trivial example of this is a rescaling of the
field by a positive constant. As a consequence, only specific
combinations of couplings will enter any observable. These
combinations are called essential couplings. Inessential
couplings in turn do not change the amplitude, and thus
can be changed (almost) arbitrarily by a field redefinition. It
is clear that with a suitable field redefinition, the task of
computing scattering amplitudes can be drastically simpli-
fied. This observation is also central for the very definition
of asymptotic safety: only essential couplings need to reach
a fixed point [37], and only their perturbations about a given
fixed point define proper critical exponents [38].

Most previous investigations of asymptotic safety did not
at all, or only partially, take into account field redefinitions."
Only very recently, a modified nonperturbative flow equa-
tion has been derived that employs this freedom system-
atically [41], being based on earlier related work [42,43].
Since then, it has been applied to quantum gravity by
itself [44], and quantum gravity coupled to a shift-
symmetric scalar field [45].

From these considerations, the clear path forward toward
asymptotically safe scattering amplitudes is to employ the
modified flow equation to self-consistently compute the
essential parts of the necessary correlation functions. As a
first step in this endeavor, and to make contact to previous
computations in the standard scheme, in this work we will
compute the nonperturbative beta function of the Newton’s
constant while taking into account a momentum-dependent
field redefinition of the metric that removes any nontrivial
momentum dependence from the flat space graviton
propagator.

This paper is structured as follows: we start by a general
discussion of field redefinitions in the context of scattering
amplitudes in Sec. II, giving us the motivation to study such
redefinitions in asymptotic safety. In Sec. III, we introduce
the setup and some technical choices. Then, Sec. IV is
devoted to an in-depth discussion of the nonperturbative
flow equations and the resulting phase diagram. We con-
clude with a brief summary and outlook in Sec. V. The
present work illustrates how making use of field redefini-
tions significantly shifts the frontiers in terms of technical
feasibility, and we provide two appendices where a lot of the
underlying background material is collected. In appendix A,
we collect the necessary nonlocal heat kernel coefficients

'In fluctuation computations, momentum-dependent but field-
independent field redefinitions have been taken into account
since the beginning, see e.g., [22,23,28,29,39], in contrast to what
has been claimed recently [40].

and illustrate their efficient computation. In appendix B, we
display the complete step-by-step derivation of the flow.

II. SCATTERING AMPLITUDES AND FIELD
REDEFINITIONS

Before we treat the system under consideration itself, we
will provide a general discussion of field redefinitions at the
level of the effective action and gravity-mediated two-to-
two scattering amplitudes. Similar considerations carry
over to more general scattering events. For definiteness,
we consider the two-to-two scattering of a massive
Z,-symmetric scalar field ¢ into itself, that is ¢p¢p — ¢¢.
In a Minkowski background, the relevant part of the
effective action and the full scattering amplitude have been
derived in [20].” The gravitational part of the effective
action that contributes to this scattering reads

1
 —— m/ d*x\/=g[-R + Rf gr(C)R

+ 8 fss(0)S,]. (1)

Here, S, is the trace-free part of the Ricci tensor and R is
the Ricci scalar of the metric g, Gy is Newton’s constant,
O = —D? is the covariant d’ Alembertian, we have set the
cosmological constant to zero, and we neglected terms of
cubic order in the curvature as well as the Gauss-Bonnet
term since they do not contribute to the scattering event.
The functions frg s are called form factors, and they
contain the information on the momentum dependence
of correlation functions in a diffeomorphism-invariant
way [19]. The relevant scalar part of the action is

Ty ﬁ/d“x\/—_gEfﬁfM(D)(ﬁ + frpp(Eh, o, Oz) R
+ fspp(O1, 0, 03) (D) (Dyop)
+ foops({=Di* Dj} iz i) 9PPP | - (2)

In this, a subscript on an operator indicates the position of
the field that it acts upon, e.g.,

0, D%D%SW(D/AQb) (Dv¢) = (DSﬂU)(Dszgb)(D?’Duqﬁ)?
(3)

and’

’Here, we have chosen a slightly different basis that is more
useful for our discussion, and that is in line with [45].

3There is an order ambiguity for the form factor f bhpe SINCE its
arguments do not commute. However, any difference in the
ordering is proportional to a commutator of covariant derivatives,
thus all choices lead to the same contribution for our two-to-two
scattering process. We can thus safely ignore this subtlety for the
present work.
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So far, no field redefinitions have been performed, and
the ¢p¢p — ¢¢ scattering amplitude in Minkowski space
derived from this action is fully general.

Before we perform field redefinitions to simplify the
action, and as a result the scattering amplitude, let us briefly
discuss some subtleties. By definition, a field redefinition
should be invertible. More concretely, no physical modes
should be added to, or subtracted from, the spectrum. A
clear example for an inadmissible redefinition in the case of
a free massive scalar field is

1
VO = m?

This maps the action to that of a nondynamical field, clearly
removing the propagating mode.”

From this example, it is clear that if the goal is a maximal
simplification of all correlation functions, one has to make
certain assumptions on the spectrum of the theory that one
aims to investigate, which should be verified a posteriori.
One is thus bound to a subset of theories connected to a
specific universality class.” For example, in this work (and
in all previous works on the topic [44,45]), we will
investigate what we shall call the universality class of
GR (in short /GR]), which has two massless propagating
graviton polarizations in Minkowski space, and no other
degrees of freedom. By contrast, one could call a gravity
theory with an action that is field-redefinition-equivalent to
Stelle’s action [4,46] the Stelle universality class, described
by an additional massive spin two ghost, and a regular spin
zero mode.’

Specifying the universality class does not completely fix
the inessential couplings yet—there are still different
schemes, that is different choices for the inessential
couplings within the same universality class. For example,

¢ . (5)

*We hasten to add that in a more realistic scenario with
interactions, the total scattering amplitude will still be the same
under this redefinition. However, the standard QFT interpretation
of propagators and vertices, as well as the meaning of on-
shellness, get obscured in this way. In the following, we will not
consider these redefinitions to avoid such pathologies.

>Strictly speaking, within such a subspace of the theory space
with fixed spectrum, there can still be multiple fixed points
defining different universality classes in the usual sense. Here we
are using this generalized notion of universality class, referring to
theories with a fixed spectrum.

®Let us mention that some authors have argued that the extra
degrees of freedom in Stelle gravity are shifted to the complex
plane when quantum fluctuations are included, and thus they
would not correspond to asymptotic states, see e.g., [47-49].
Such complex poles would have to be explicitly included in our
setup, since they affect the analytic structure of the propagator
and the allowed field redefinitions. In particular, these extra poles
should not be removed to describe the above scenario.

the class of nonlocal higher-derivative gravity theories is in
[GR], but has a nonminimal momentum dependence for the
graviton propagator [50]. In the following, we will focus
on what has been called the minimal essential scheme
(MES) [41,44]—this means that all couplings that can be
set to zero within the universality class will be set to zero.
There are clearly other physically equally-good choices,
but anticipating the complexity of amplitude computations,
the minimal scheme seems to be preferred.

Let us now come back to the action (1) and (2) and
perform a field redefinition. Assuming that there are no
additional modes means that the form factors fzg, fss and
Jf ¢4 do not introduce any additional poles in the propagator,
and can thus be removed. To be explicit, the scalar
propagator in flat spacetime with momentum p computed
from (2) reads

1

®) = fo0(P?)’

(6)

so that f4,(p*) needs to have a unique zero at p* = m*:

Fm?) =0, f(z#m?) #0,z€R: f(z>2 >0. (7)

Z—m

Likewise, the flat spacetime graviton propagator computed
from (1) reads

1

pr(1+ p*fss(p?))

- : M, (8)

P2(1 - 6P2fRR(P2) - %zfss(Pz))

Sh(l’z) = I,

where Il , are the projectors onto the spin zero and spin
two part [25], and we suppressed the spin one component
which is pure gauge. The conditions for the form factors to
not introduce extra poles in this case read

1 +Zfss(Z) # 0,

z€R: 1+ zfs(z) >0, 9)

and

1= 62/ a(2) =3 fss(2) # 0.

ceR: 1=63fpr(2) =5 fss(2) > 0. (10)

The inequalities follow from requiring that the physical
modes do not turn into ghosts for real squared momenta.

Having settled these conditions, we can now remove the
inessential form factors by making the field redefinitions

I = I + aR(D)Rgm/ =+ aS(D)Sﬂw (11)
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¢ ay(D)g. (12)

With the choice

1 1 1
D=0 ( ENEETE)

2 1
3 \/1 — 60f gr(0) —%Dfss(m))

0=t (s )

IO — m?
a¢(D) == %, (13)

we can remove frp and fgg from the action and put the
scalar kinetic term into a standard form. Note that by
assumption, this field redefinition is well-defined due
to (7). Likewise, the combinations in the denominators of
the metric field redefinitions are positive if no other poles
are introduced by the form factors frz and fgg, see (9)
and (10). We emphasize that the ap ¢ are both regular at
the origin7:

70,
7 0. (14)

ag(z) ~ frr(0),
as(z) ~ —fss(0),

As a side note, we emphasise that the field redefinitions
(13) circumvent the issue of fiducial ghosts that unavoid-
ably appear in a derivative expansion of the effective
action [51,52]. The viewpoint that we take here is that of
performing the field redefinition at the exact level,
preserving properties like unitarity while keeping compu-
tations simple, and only at the end we perform a derivative
expansion if needed.

As a matter of fact, also the form factors fg4, and fg,,
can be completely removed, and f 4,4, can be simplified,
but we will not show the details here. The general rule is that
whenever a given operator in the effective action is propor-
tional to the equation of motion (or can be completed to it by
shifting some couplings), it is inessential. In practice, this
gives rise to a bootstrap: one starts with the action that
defines the underlying dynamics, i.e., the universality class.
Then, new operators are added. If they are proportional to
the equations of motion, they are inessential. If not, we add
them to the original action, and use the new equations of
motion that include the new operators. In a derivative or
curvature expansion, this will generally not render formerly
inessential operators essential. As an example, for /GR], this

"Here we note that terms like the one-loop logarithms deserve
an individual discussion that goes beyond what we want to
do here.

means that any operator involving the Ricci scalar or the
trace-free Ricci tensor is inessential.

Coming back to our scattering example, via a suitable
field redefinition and within /GR], we can map

1 4 3
Cy Hm/d /G-R + ORY),  (15)

and
1
e [y 00
+?¢¢¢¢(—D1 Dy, =Dy - D3)pdppdp+ O(¢°)|. (16)

Let us now come to the scattering amplitude for the
theory after field redefinition. The full ¢p¢p — ¢p¢p amplitude
can be split into s-, #- and u-channel for the gravity-
mediated diagram, and the dressed vertex,

A=A+ A+ A, + A, (17)

Here, s, t, u denote the standard Mandelstam variables, and
we follow the convention of [20]. For the gravity-mediated
contribution, after the field redefinition we get

t
A, = 82Gy 2. (18)
S

The partial amplitudes for the 7- and u-channel follow from
crossing symmetry. Clearly, this is just the expression for
the amplitude stemming from GR itself. All the nontrivial
momentum dependence is contained in the vertex diagram,

Ay = Ay(s.1). (19)

The bottom line of this is that by the field redefinitions,
generally, (some of) the nontrivial momentum dependence
of low order correlation functions is moved into higher-
order correlation functions. For the two-to-two scattering,
all nontrivial information is contained in the contact term.
Clearly, no information is lost: after all, the full amplitude is
a function of two of the three Mandelstam variables, but so
is ]’(/,,/,{/,,/, which appears in A,4. The key advantage is that the
lower order correlation functions are trivial. This is par-
ticularly beneficial for the propagator, since in an RG flow,
it needs regularization, which is much easier to achieve
consistently for a simple momentum dependence.

The observation that most nontrivial momentum depend-
ence in a two-to-two scattering process can be shifted into
the dressed four-point vertex is rather generic. The only
nonminimal contribution toward mediated diagrams can
come from essential three-field operators. For such a
correlator, we can always parametrize the corresponding
form factor by three [J operators [19]. Since equations of
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motion are typically related to this operator acting on a
field, any nontrivial momentum dependence in a three-
point correlator can be removed by a field redefinition. The
only exception are purely local terms without [ operators.
Let us give two concrete examples.

First, for a four-photon scattering, yy — yy, there is one
such local essential interaction,

rides = / d*xy/=gecprCr P F , F . (20)

Here, C is the Weyl tensor, F is the field strength tensor of
the photon, and ccpp is a coupling constant. This inter-
action term cannot be removed by a field redefinition, and
clearly contributes to a photon-photon-graviton vertex. All
other possible contractions of one Weyl tensor, two field
strength tensors and any number of covariant derivatives
can either be removed by a field redefinition, or rewritten
by partial integration and Bianchi identities into terms that
then can be removed by a field redefinition [21].

The second example is that of four-graviton scattering.
In this case and for [GR], the only extra essential term
contributing to the mediated diagrams in four dimensions’
is the well-known Goroff-Sagnotti term [2,3],

e — / A5/ =G G o Copf. (1)

One can once again show that all other combinations of
three Weyl tensors and covariant derivatives can be reduced
to inessential terms. This is also due to the identity

D*Dy,C 0, (22)

volap =

that relates [IC to covariant derivatives of trace-free Ricci
tensors and Ricci scalars via the Bianchi identity.

Let us point out that the Goroff-Sagnotti term can also be
removed via a redefinition due to (22), but it is nonlocal
[54]. Here, by nonlocal we mean operators that have poles
at vanishing momentum when evaluated in Minkowski
space. Allowing for such redefinitions would also make it
possible to remove any higher order gravitational term, so
that graviton scattering would be described by just GR. We
however generally expect that such redefinitions interfere
with a standard interpretation of scattering amplitudes. To
see this, we construct a similar redefinition for a quartic
scalar field theory described by the action

There are clearly limitations on the validity of considering
such a process, at least at high energies, but this is beyond the
scope of this discussion.

There is a second independent contraction of three Weyl
tensors in dimensions larger than 5 [53], giving rise to an extra
essential coupling.

1 A
= / d4x¢fg‘[5¢ﬂ¢ ‘W”“]- (23)

If we now introduce a new field @ via the nonlocal
definition

A1 7(2\*1 1
— P+ —P34+— () = |23 23 24
¢ +4!El +2(4!> D{ O }4—0( ) (24)
our theory is mapped to a free theory (up to higher order
terms in A),

LR _ / x5 B oD + 0(43)} (25)

We can extend (24) order by order in A to remove all higher
order terms. The formally resummed redefinition reads'’

A1)
cb—[l m(ﬁ} " (26)
where we gave the inverse transformation of (24) since its
closed form is simpler. The new field @ is noninteracting,
and thus scatters trivially. By contrast, we clearly have
nontrivial scattering for the field ¢. As a consequence, all
scattering information must be contained within the redefi-
nition (26), likely in the boundary conditions needed to
appropriately define the inverse operator. For this reason,
we will not consider such nonlocal redefinitions in the
following. We stress again that the field redefinition (13) is
not of this form, since any apparent nonlocality is spurious,
and all functions are regular.
The lessons of this section are as follows:
(i) field redefinitions allow for significant simplifica-
tions in the computation of scattering amplitudes,
(i1) to perform a field redefinition to bring the amplitude
into the simplest form, one has to specify the
spectrum of the theory—not everything goes,

(iii) most or all of the nontrivial momentum dependence
of a two-to-two scattering amplitude is carried by the
dressed contact term.

This sets the stage for the rest of this paper. Controlling the
propagators is clearly the first important (and easiest) step
in the computation of scattering amplitudes. We will thus
set up a nonperturbative RG flow in gravity for the action
(15) (with a cosmological constant and the Euler term)
while taking into account running field redefinitions
mimicking (11). This entails that we can track the running
of the form factors ap and ag, and impose that the flat
graviton propagator is that of GR at every RG step. The
relevance of our study lies in explicitly checking whether

""This expression should be understood as a power series in 4,
and in this expansion, all inverse operators act on everything to
their right.
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the asymptotically safe fixed point established so far
indeed falls into /GR], avoiding any spurious ghosts that
are unavoidable in a derivative expansion [51,52]. It also
paves the way toward resolving the three- and four-point
correlation functions that are needed to ultimately compute
the full amplitudes, and confront first principle predictions
from asymptotic safety with theoretical and experimental
constraints at the level of observables.

III. SETUP

A. Functional renormalization group

The main tool to investigate asymptotic safety is the
functional renormalization group (FRG), a nonperturbative
formulation of the RG. It is formulated in terms of the
effective average action I';, which interpolates between the
microscopic action S for k — oo, and the standard quantum
effective action I" for k — 0. The dependence of I'; on the
fiducial momentum scale k is governed by [55-57]

. 1 1
Iy = ko, T, = ETr[(Ff) +R)TR] (27)

F,((z) is the second functional derivative of the effective
average action with respect to the dynamical fields, R, is a
regulator kernel, and the functional trace is a sum over
discrete and an integral over continuous variables. For an
up-to-date review of the FRG, see Ref. [58], and for
reviews of its application to asymptotic safety in particular,
see, e.g., [5,39] and the recent book chapters [10-17].

The FRG equation (27) can be used to derive the
nonperturbative beta functions of couplings. Given a
coupling A, with mass dimension d,, we first make it
dimensionless by multiplying with the appropriate power
of k, so that A, = 1,k%. The beta function 8, = A, can
then be read off by a comparison of coefficients in a given
operator basis that spans I';. A fixed point is then any
combination of couplings where all beta functions vanish,
p = 0. The behavior of the flow about a fixed point is
determined by the critical exponents, which are minus the
eigenvalues of the stability matrix. For a single beta
function of a single coupling A,

_%

0= .
Oiclay:pag)=0

(28)

Relevant (irrelevant) operators have a positive (negative)
critical exponent, and have to be fixed by experiment (are
fixed by the flow).

To solve (27), in practice we have to make approxima-
tions, except in special cases [59]. With our goal of
computing (flat spacetime) scattering amplitudes in mind,
the most appropriate approximation scheme is the curvature
expansion. At order n, it retains all operators with up to n
curvature tensors, but arbitrary dependence on the covariant

derivative. This is the natural scheme since it keeps the full
momentum dependence of all flat correlation functions up
to order n. In curved spacetime, this information is carried
by form factors, and the techniques to work with them have
been refined recently [19,60].

Due to the gauge structure of gravity, we have to employ
the background field method, splitting the metric into an
arbitrary background and fluctuations about it,

9w = g/u/ + h/w' (29)

In this work, we will also restrict ourselves to the back-
ground field approximation, setting the fluctuation field &
to zero after the computing the second variation. For work
going beyond this, see, e.g., [39] for a recent review.

B. Essential scheme

As it stands, (27) does not take into account the freedom
to perform field redefinitions. Much more general flow
equations have been known for some time, see, e.g., [36,43],
and [42,61] for applications. Recently, these equations
have received renewed attention with a specific focus on
using field redefinitions to implement the MES [41].
Subsequently, asymptotic safety by itself [44] and coupled
to a shift-symmetric scalar field [45], as well as the
O(N)-model [62] have been investigated.

At the heart of the modified flow equation implementing
an essential scheme is the RG kernel ¥, defined as (the
expectation value of) the flow of a field redefinition. With
this, the new flow reads

. 1 1
N+ W = ST+ R (R+28 R) - (30)

Both sides receive an extra contribution. We can then adjust
the RG kernel to impose conditions on inessential cou-
plings. This is clear since, on the left-hand side, the RG
kernel multiplies the (full quantum) equations of motion.
The MES is then defined as that where all inessential
couplings are set to zero, or a value compatible with the
spectrum of the theory as discussed in Sec. II.

Since taking an expectation value is in general very
involved, in practice, an ansatz for ¥} is used to compute
the RG flow (30), assuming that it is related to a proper field
redefinition. A posteriori, one would then be able to verify
that this is indeed the case. So far, this has not been done in
practice, and thus remains one of the open questions about
this scheme.

Another open question is how to properly treat field
redefinitions in the form of gauge transformations. For
example, we can shift the metric by

Y > 9w + D, D,R, (31)
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which is clearly a diffeomorphism along the vector D,R/2.
Such a field redefinition has no effect on the left-hand side
of (30), but in general it can contribute to the right-hand
side. This should clearly not be the case. A potential way
out of this conundrum is that an appropriate field redefi-
nition of the Faddeev-Popov ghost must be implemented so
that the total contribution from this gauge transformation
field redefinition drops out. In practice, this is complicated
by the facts that, first, the regularization of the graviton and
ghost sectors cannot be independently chosen, but must be
tuned to allow for this cancellation. Second, due to the use
of the background field method, the flow equation breaks
diffeomorphism symmetry by itself, making such a can-
cellation even more difficult. We leave this task for a future
investigation, and for now we simply do not consider field
redefinitions of this type. This is to prevent introducing
additional parameters that, due to the reasons explained
above, would artificially allow to impose more conditions
on the flow than one should be able to.

C. Ansatz

Let us now proceed by presenting our ansatz for the
effective average action and the RG kernel for which we will
solve the flow equation. As mentioned earlier, our system-
atic expansion scheme is the curvature expansion, where
one retains the full dependence on the covariant derivatives
of individual correlation functions with up to a certain
number of curvatures. It is equivalent to an expansion
around a flat background that retains the momentum
dependence of the correlation functions. Concretely, we
will resolve all operators with up to two spacetime curva-
tures. From now on, we will restrict ourselves to Euclidean
signature—recent work established that a Wick rotation is
possible [26], and is consistent with a direct computation in
Lorentzian signature [27].

Implementing the MES, discarding boundary terms and
restricting ourselves to [GR], we find that all second order
curvature terms are inessential, except for the topological
Euler term. This entails that our ansatz for I'; reads

1
r, = / d4x\/§{1 GG 2= R+ @k@}, (32)

where € is the Euler density. This ansatz agrees with
previous work [44,45]. Where we differ is in the RG kernel,
which in our case captures the nontrivial momentum
dependence of the graviton propagator:

lPk,/w = V99w + yR(A)Rg/w + yS(AZ);prSpG' (33)

The operator A, includes a convenient endomorphism that is
spelled out in appendix B. In the language of an expansion
about a flat spacetime, this RG kernel is equivalent to a
rescaling of the metric fluctuation by a tensor-valued,
momentum-dependent wave function renormalization akin

to [22,25]. In this language, ys captures the nontrivial
momentum dependence of the spin two propagator, whereas
a combination of y and y g encodes that of the (physical, off-
shell) spin zero part. By investigating the extra term on the
left-hand side of the flow equation stemming from the field
redefinition, see (B13) in the appendix, it is clear that we can
adjust yx ¢ to match terms on the right-hand side of the flow
so that no form factors frp g5 are generated in the effective
average action during the flow, thus implementing the MES.
Note that both gamma functions yx s depend on k, but we
omit indicating this for better readability.

At this point we note that to linear order in curvature,
there is a third independent term that we could add to the
RG kernel,

A‘Pg‘ffy = D,D,yppr(A)R. (34)
However, this term is clearly related to the diffeomorphism
(31). Following our earlier discussion, we will discard this
term, as a proper treatment likely needs a careful study of
how to relate field redefinitions of the metric with those of
the corresponding Faddeev-Popov ghosts.

We will employ a harmonic (or Feynman-de-Donder)
gauge fixing, which brings the kinetic term into minimal
form, and a type II regulator with the natural endomor-
phism in all sectors [63]. In doing so, we follow the same
conventions as [45]. More details, including on our
notation, are collected in appendix B.

Finally, we introduce dimensionless couplings via

g = Gkkz, A= Akk_z, (35)
and drop the subscript k everywhere in the following to
improve readability. Likewise, we introduce dimensionless
counterparts for y g, but since in the following we only talk
about the dimensionless versions, we do not introduce new
symbols for them.

Following [44], we fix the cosmological constant by

4= 8rglimFly_o. (36)
g—)

where F is the full right-hand side of the flow equation, and
we set all curvatures to zero. This makes it so that we flow
to A =0 for k — 0, thus implementing that the physical
cosmological constant vanishes.

IV. RESULTS

Putting together all the ingredients specified in the last
section, one can compute the beta functions for g and © as
well as the expressions for all gamma functions. Due to
the specific choices made in the setup, the whole compu-
tation can be carried out by hand (up to contractions
of large tensorial expressions for which it is convenient
to use computer tensor algebra; specifically we have
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used xAct [64-66]). We present all major steps of the
computation of the necessary heat kernel coefficients in
appendix A, and the computation of the RG flow in
appendix B. The result of this endeavor is collected in
Eqgs. (B107), (B108), (B109), (B111), and (B112), which
represent one of the main results of this work. We also
want to highlight the computation of one specific nonlocal
heat kernel coefficient, given in (A46), that to our knowl-
edge has not been computed before.

Let us briefly collect the main results for the reader who

is not interested in the technical details of the analysis:
(1) The fixed point found previously in the MES persists
[44], and is extremely stable upon including the
gamma functions yp g. The single critical exponent
in the system changes by 0.4%. This is because both
7r.s Temain small over the whole momentum range.
(ii) Momentum locality [28], i.e., the requirement that
the high-energy flow of correlation functions in units
of itself goes to zero which is related to a well-
defined Wilsonian block spinning, is not fulfilled in
this setup. This emphasizes the need to take into
account the flow of fluctuation correlation functions.
(iii) The topological coupling ® has a positive beta
function at the fixed point, in agreement with
previous findings [67]. This suggests that at this
fixed point, spacetimes with “complicated” topol-
ogies, i.e., with strongly negative Euler character-
istic, contribute most to the Euclidean path integral.

A. Consistency checks

We first make sure that we can reproduce earlier results.
This includes first the well-known one-loop running
induced by GR, coming (in a standard scheme) in the
form of a logarithmic running of the couplings multiplying
terms quadratic in curvature [1]. In the MES, the corre-
sponding divergences are accounted for in the leading term
of the gamma functions in an expansion about vanishing
Newton’s constant [44],

rs(0) ~->—g. (37)

We find this result independent of the chosen regulator
function, as it must be. In turn, for the beta function of the
coupling of the Euler term, we have

S 58
167~ 45

All these expressions are in agreement with previous

results. Second, we checked that upon truncating the form

factors to constant terms, we reproduce the results reported

in [45], where the same setup was used.

B. Large momentum behavior

Let us next investigate the large momentum behavior of
the gamma functions yp 5. A term-by-term analysis reveals
that both of them fall off asymptotically,
s

COO
)N—R, }’S(Z)N—,

z—>o00. (39)
z z

7r(z

The precise form of the coefficients involves threshold
integrals including the gamma functions themselves over all
momenta. We thus have to assume that these are finite. Our
numerical analysis below however shows that this is indeed
the case, at least for the window of interesting values for g.
We can however find closed-form expressions for yg g,
and as a consequence for cy’g, in a series expansion in
powers of g. Identifying the regulator shape functions of all

modes, the leading term reads
) R(uz) — uzR'(uz)

@ g/%d 715 1
TR~ 0 164 4" uz + R(uz)

) vt s a0 B

s

(40)

Letting z — 0, we reconfirm (37). On the other hand, taking
z large, we conclude

oo 35g [ . R(z) —zR/(z)
k 127 /o 2+ R(z)
1lg [« . R(z) —zR/(2)
oY M) m v L) 41
s 37 Jo 7+ R(z) (“41)

Note that the threshold integral appearing in these expres-
sions is strictly positive since the numerator of the integrand
originates from the RG-derivative of the regulator, which
has to be positive for a well-defined coarse-graining.
Consequently, Crs < 0, and thus both gamma functions
approach zero from below for small g. Taken together with
the behavior for small arguments (37), we conclude that yg
needs to cross zero at least once for small enough g.
Incidentally, the ratio of the gamma functions at large
arguments and small g goes to a regulator-independent
constant,

lim fim72&) 33
B e~ 4

(42)

It is not clear whether there is any physical meaning in this
observation, so for now we treat it as a mere curiosity.

An interesting notion that is intertwined with the flow of
correlation functions at large momenta is that of momentum
locality, introduced in [28]. In brief, momentum locality is
the condition that the flow of any n-point correlation
function, measured in units of itself, tends to zero as all
of the momenta go to infinity. For example, for a two-point
function with a suitable norm | - |,
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~(2) (12
m OO (43)
Pk DO (2)]
This ensures that a coarse-graining step does not influence
the physics at momenta that are larger than the scale that is
integrated out [39]. For a perturbatively nonrenormalizable
theory like gravity, this is a nontrivial condition—counting
powers of momenta shows that, generically, momentum
locality is expected to be violated. Surprisingly, the property
has been found to hold for some nontrivial graviton
correlation functions in fluctuation computations [22,28].
Since the present investigation is the first complete
momentum-dependent analysis in the background field
approximation, it is an important question to ask whether
momentum locality is fulfilled. For this, we will investigate
the running of the background two-point function in a flat
background. Due to our general setup, we can disentangle
the momentum dependence of the spin two and zero parts
of the propagator. For simplicity, we focus on an expansion
in powers of g, and only keep the leading term. Moreover,
in interpreting (43) in the essential scheme, we include the
extra term proportional to the RG kernel in the numerator.
With this in mind, in the spin two sector, we find

lim

@ (p? 4g [  R(z) - R
; | 2(P2)|2~_9/ dz (z) -z (Z);EO. (44)
PiR-w L@ (p?)], 7 Jo

72+ R(2)
In the spin zero sector, we have

T2 (p)lo 959 (=, R(z)—zR'(2)

Iim ———— 0. 45
p2/11<2—>oo|r(2)(p2)|0 6r 0 Z"’R(Z) a ( )

We conclude that, even in this simple limit, momentum
locality is not fulfilled in our setup. This highlights the
importance of going beyond the background field approxi-
mation, and gives a concrete motivation to extend the
essential scheme to fluctuation computations.

C. Numerical solutions

To investigate the phase diagram, the beta and gamma
functions have to be evaluated numerically. Note that the
general structure of the set of equations is

By = ag(g) + bs(9)B, + cs(9)r,
+ dg(9)lrr] + ep(9)lys): (46)

7y = a4(9) + by(9)By + c4(9)7,
+dy(9)lre] + e4(9)lrs): (47)

vr(2) = ag(g.2) + br(9. 2)By + cr(9. 2)7y
+dr(g,2)[rr] + er(g: 2)[rsls (48)

rs(z) = as(g.2) + bs(g, 2)By + cs(g. )7y
+dg(g, 2)[rr] + es(g, 2)[rs]- (49)

Here, a,, b, c, are threshold integrals, and d,, e, are linear
integral operators (also in the form of threshold integrals).
This makes it clear that we are dealing with a linear system
of mixed algebraic and integral equations. By formally
solving the first two equations for f, and y,, we can set up
two integral equations for yz g, whose solution can then be
fed back to compute S, and y,.

There are different strategies to solve this set of equa-
tions. The most straightforward way is to expand the
functions y, yg in a suitable set of orthogonal functions,
and reducing the system to a purely algebraic one using
either the inner product related to the basis, or a collocation
method [68]. We will do so in the following. While this
comes with many benefits and has been well-tested [69,70],
it is a purely numerical approach. Alternatives that allow to
keep some formal generality, e.g., regulator dependence,
are a systematic expansion in powers of ¢,'' and the use of
the Liouville-Neumann series. Both these methods are
extremely tedious in the present case, so we refrain from
using them here.

To make our numerical setup concrete, we identify all
regulator shape functions, and specifically pick

R(z) =e7%, (50)

since it is numerically well-behaved. We will focus on the
fixed point with the smallest positive value for g. For all
numerical results, we will use pseudo-spectral methods,
using rational Chebyshev functions [71] as a basis in the
momentum argument to expand ygg, together with a
collocation method. As a compactification parameter,
we chose L = 10. Within a truncation of order 15, we
obtain the gamma functions numerically by using another
collocation grid in g of order 10 in the range g€ [0,3/10].
This gives us a high precision interpolation for both y ¢
for all z in the specified range for g.12 From that, we can
evaluate both y, and the actual beta function of g.

M previous work [44,45], the fixed point was found to be at
rather small values of g so that one likely has to retain only a
small number of terms to obtain a satisfactory precision.

"We have used 32 digits in the computation, and used
Mathematica’s Nintegrate routine to evaluate integrals numeri-
cally. The results are quantitatively stable upon increasing the
pseudo-spectral truncation order to 18 in z-direction, to 24 in
g-direction, and the numerical precision to 48 digits. Differences
between these two choices do not exceed 4 x 1077 for Yr.s and
3 x 10719 for B, and y,, and the digits given for all fixed point
quantities remain unchanged. Evaluating the defining integral
equations for yx ¢ using our pseudospectral solution at the lower
resolution, we find a maximal global error of about 2 x 1078 in
the whole specified g-range and for all momenta.
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FIG. 1. Beta function 8, and gamma function y,, as functions of
g, the effect of yp ¢ being included. The horizontal dashed line
indicates zero, and the vertical dashed line indicates the fixed
point value.

Finally, we can discuss the results. To set a benchmark,
we start with a truncation where we completely neglect
both yg . While this level of truncation has been done
before, our regulator choice differs, so we will get slightly
different numbers for the fixed point value and the critical
exponent. The fixed point values for g and y, read

g = 0.2830, yg = —0.9182, (51)
the critical exponent being
0 = 2.338. (52)

Values of couplings and gamma functions at fixed points
are not universal, so we should not expect results that are
necessarily close to the ones in [44]. Indeed, our value for g
at the fixed point is about half of theirs. The gamma
function y, is about —1, but also there the difference is
roughly 20%. By contrast, the critical exponent is a
universal quantity, and indeed, our estimate is extremely
close to the one in [44] at the same level of truncation, with
a difference of 1%. This is despite significant differences in
the choice of the regulator.

Let us now include the momentum-dependent gamma
functions y 5. In Fig. 1, we show the beta function f, as
well as the gamma function y,, in the range g€ [0,3/10],
which includes the relevant fixed point. The fixed point is
now located at

g =0.2819, Yg = —0.9164, (53)
with the critical exponent
0 =2.347. (54)

This result is extremely remarkable: the inclusion of yp g is
practically without effect, which means that these functions

0.0000 f——
~0.0005 |
-0.0010 |
-0.0015 |

000208 __ pp

-0.0025

A
-0.0030 | Ye

g

FIG. 2. Differences of the beta function A, and gamma
function Ay, as functions of g as defined in (55). The horizontal
dashed line indicates zero, and the vertical dashed line indicates
the fixed point value. The difference is at the per mille level in the
shown range for g.

are completely unimportant to obtain precision results. The
critical exponent changes by a mere 0.4%. To illustrate this
point even more, in Fig. 2, we show the difference of both
B, and y, upon including yg g, that is

L

The difference is at the low per mille level over the whole
range g € [0,3/10].

Moving on to the gamma functions themselves, their
fixed point form is indicated in Fig. 3, for both small values
of the argument, and globally with the help of a compacti-
fication. We can see some of the features that we discussed
analytically earlier: for small momenta, yg is positive while
yr 1S negative, and both tend to zero from below at large
arguments. As another quality check of the numerics, we
checked that (42) is fulfilled. After subtracting a constant of
the order of 1077 that is numerical noise due to the gamma
functions not going exactly to zero,” we can reproduce
(42) at a level of 0.3%. This discrepancy is relatively large
(from the perspective of pseudospectral methods) since we
are probing sub-leading effects.

In Fig. 4 we also show the two gamma functions in the
full g-range that we investigated. As required, for g — 0,
both gamma functions vanish, and they slowly build up
upon increasing g. The largest absolute value is reached
around vanishing argument for yg, and at z =~ 6 for yp, but
both of them stay rather small, not exceeding 0.06 in
absolute value. This is of course also consistent with our
earlier findings that the system is virtually unchanged under
the inclusion of these gamma functions.

A/}g:ﬁg_( g

“Here we have used a Gauss grid. By using a Lobatto grid
instead, one could impose that the gamma functions vanish
exactly asymptotically, but this makes practically no difference
for all other results.
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Gamma functions yp ¢ evaluated at the fixed point, for small momentum arguments (left panel) and globally (right panel). Both

functions are numerically small over the whole momentum range, and go to zero at infinity, as expected.
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-0.02

30 00

FIG. 4. Gamma functions y s in the range g € [0,3/10] and z € [0, 30]. In the limit g — 0, both gamma functions vanish as required.
Increasing g they both increase approximately linearly in the whole displayed region, but remain small.
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FIG. 5. Beta function of the coupling of the topological Euler
term as functions of g. The vertical dashed line indicates the fixed
point value. Over the whole g-range, it is positive.

Finally, we briefly discuss the beta function for the
coupling of the Euler density. Its beta function is extremely
compact,

=2

By—2g
1 [192-=~=+2r, 11 -2
B o T, <2—y>]. (56)

32|18 1-22 90

As noted in the appendix, there is no direct contribution
coming from the gamma functions yg g, although they
contribute indirectly through f, and y,. We depict it in
Fig. 5. In the whole g-range, it is positive. This agrees with
the findings of [67] in the standard scheme, indicating that
“complicated” topologies (i.e., those with strongly negative
Euler characteristic) contribute most to the Euclidean path
integral at this fixed point.
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V. SUMMARY AND OUTLOOK

In this work, we investigated general momentum-
dependent field redefinition in quantum gravity. Such field
redefinitions are extremely useful to efficiently compute
quantum-gravitational scattering amplitudes from first
principles, but also play an important role in the definition
of critical exponents in the gravitational asymptotic safety
scenario.

In Sec. 11, we first discussed some general aspects of field
redefinitions in the context of scattering amplitudes. We
have shown that for a two-to-two scattering event, we can
perform a field redefinition so that almost all nontrivial
information is contained in the contact diagram. We also
spelled out some requirements for the discussion of the
topic: the spectrum of the theory has to be fixed a priori,
and field redefinitions should not introduce or remove any
degrees of freedom, which has to be checked a posteriori.
Finally, we discussed a concrete example of a nonlocal field
redefinition, in analogy to a similar proposal arguing that
the Goroff-Sagnotti term can be removed [54]. In this
example, the interaction term in a scalar field theory could
be removed, leading to a trivial scattering amplitude for the
newly defined field. From this example we conclude that
such nonlocal field redefinitions should be used with
extreme care as they can significantly change the standard
physical interpretation of any computation.

In Sec. III, we briefly reviewed the FRG and spelled out
our setup. Many details were put into the appendices,
including the full derivation of all flow equations, and the
computation of a specific heat kernel coefficient. We point
out the remarkable fact that thanks to the MES, practically
all computations could be carried out by hand.

Following this, in section IV, we analyzed the flow
equations. We showed that the fixed point found previously
in the MES [44] is extremely stable upon taking the
momentum-dependent field redefinitions into account.
The single critical exponent of our system changed at the
subpercent level. This is a strong indication for the excellent
convergence of the fixed point in the MES, and suggests that
indeed the fixed point resides in [GR].

To progress further on the path to asymptotically safe
scattering amplitudes, the next step is to either include
operators with more than two curvatures (to resolve graviton
scattering), or to include nonminimal momentum-dependent
gravity-matter vertices (to resolve gravity-mediated scatter-
ing). Some open questions about the essential scheme also
have to be addressed, including how to properly treat field
redefinitions that are (partially) a gauge transformation, and
how to perform the a posteriori check that the field
redefinition itself, and not only the RG kernel, is well-
defined along the flow. Along a different direction, it would
be worthwhile, and extremely challenging, to repeat the
current computation in the standard scheme to understand
the differences between the standard and the MES, and the
phase diagram of quantum gravity more globally, not

restricted to [GR]. We hope to come back to these
interesting questions at a future point.
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APPENDIX A: HEAT KERNEL

In this appendix we collect the necessary heat kernel
formulas. To our knowledge, one of them, (A46), did not
appear in the literature before, so we use momentum space
techniques to compute it. To perform the contractions
of the tensors, we used the Mathematica package suite
xAct [64-66].

1. Definitions and useful formulas

We start by recalling some definitions. The general heat
kernel integral kernel is defined as

)= [faeo = S (<5) @

20
where
~ I(a+1)
@D = Fa bt 1) (42)

is the Pochhammer symbol. Next, we are often working
with the inverse Laplace transform, denoted by £7!:

o(z) = / * ds £ [g()](s)e".

0

(A3)

Generally, we only use £~ in a formal way, that is in
intermediate steps of computations. We will assume that all
such transformations are, or can be made, well-defined.
Some well-known formulas [72] are

1

Am ds L7g(z)](s)s™ = m/)m dzz"'g(z), (A4)

/ ® ds £7g(2)](s) = 9(0). (AS)

0

/ " ds £-1g(2)](5)s" = (=1)"g™(0), (A6)

0

where n > 1. The first relation can be proven by inserting
the inverse Laplace transform on the right-hand side and
integrating over z, whereas the other two formulas follow
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directly from the definition of the inverse Laplace transform.
Next, we have the following formula:

0 f(SA) Z = %(_&)k nofi !
7 as e gt 0 -é(-%) [fa-srtgua). wzen )

Note how in the numerator on the left-hand side, we subtract the first n terms of the Taylor series of the integral kernel f, so
that there are no poles for small A. This gives a natural way of grouping specific terms of the nonlocal heat kernel. The
formula can be proven by inserting the inverse Laplace transform on the right-hand side and performing the integration over
u. Concretely, the first few cases read

A“dsc—l[gw( sA)—Z/ NI Thaih
[ as et HS T = - [ V=gt

°° -1 f(SA)_]Jrgfl 3 3/2
s oten RS T = 6 Y- gtun),

F(sA) =148 _GAE

7 as e ttane PO e T [ - duprgun), (A8)

As a useful generalization to (A7), we can derive

. SA) = S0 (= sy
/dsﬁ‘l[g@](s)lf( b Nk

0 s/ (sA)"*

AR NV it
————(—=) A [T (1= du)mg(ua)
(E)n-i-j 4 0

i N1 e o 5|A ,
-1—(§ -2 m | dzz/7,F, I’I_J;n—'_ia 9(2), n>-1,j>0. (A9)

2)n+1

This can be proven by adding zero to the numerator on the left-hand side in the form of adding and subtracting additional
terms of the Taylor series, then using (A4) and (A7), and finally performing a sum. We emphasize the difference in the
factors in front of the integrals in the two terms. As a matter of fact, the formula (A9) includes (A4), (A5) and (A7) as
special cases.

Finally, (A7) motivates the introduction of the short-hand

n—1 _1 z2\k
:0@(_1 f(z)—1
{{egsnegl), = Zc e — cof (2) + ¢ ()Z ¥ (A10)
and the integral measure
", 4c; 1\/ o 2c c
Cos-ees CplUt) = I (=2 (1 =4y =—20 e VT —du+ 201 —4u)3?+ ... All
peo cal) = S (=) (1~ = 0 2(1-40) (A1)

This allows us to easily express the nonlocal heat kernel coefficients, and to perform the inverse Laplace transform,

/oo ds L7Mg(2)(s){{co. ... ea} }sa = f dup(co. ... cu|u)g(ud). (A12)

0

in a compact fashion. Note that x is homogeneous of degree one in the ¢, so that
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ulacg, ...,ac,lu) = au(cg, ..., c lu).  (Al13)
We will sometimes use this property to normalize the

arguments in such a fashion that the measure is 1 at u = 0.

2. Momentum space techniques

Let us briefly describe how to compute nonlocal heat
kernel coefficients with the help of momentum space
techniques. To set the stage, we follow the notation of
[73] and start out with a Laplace-type operator A = —D?
that shall include a general connection within the covariant
derivative D. The bundle curvature corresponding to this
general connection is defined via

F. o=

7% _[D}UDI/]‘ (A14)
To keep some generality, we will also allow for an
endomorphism [E to be added to this operator.

The heat kernel H of the operator A + E solves the heat
equation for some fiducial heat kernel “time” s,
(0,+A+E)H(x,y;s)=0, H(x,y;0)=56(x—y)1. (Al5)
Inspired by the solution for a flat manifold, we make the
general ansatz

d
o(x.y)

H(x,y;s) = (ﬁ)ze_fg(x, vis).  (AI6)

Here, o(x, y) is one half of the geodesic distance, and Q has
to be computed. The connection to the trace of the

]+1
s(A+E)

+Z

J>0 ]>0

( S)j+k+2

1
+§<Z(]+ DI(k+1)! O.di},[0.di] "+ZZ +k+2

j>0 k>1

k>0

Here, we have introduced the multicommutator defined by

[X’ Y]n = [X’ [X’ Y]n—l]’

In the final step, we assign momenta p; to the fluctuation
fields contained in the d;, and we call the traced-over
momentum ¢g. The functional trace then boils down to a
momentum integral,

:/ddx\/ﬁtr/(;ic)]d

Here, 7 is the flat metric. Clearly, the first term in the
expansion (A20) then gives the flat term in (A18) via

(A22)

X, Y], = [X. Y]

exponential of our differential operator then comes in
the form of taking the coincidence limit of the heat kernel,

Tr[e~s(A+B)] = tr/ddx\/g}H(x, x;8)

- (4;) [ atvyas)

Here, Tr indicates a functional trace and tr a trace over
bundle indices, and we introduced the short-hand for the
coincidence limit Q(s) = Q(x, x; 5).

From previous computations [74-77] as well as sym-
metry considerations, we know that Q(s) has an asymptotic
expansion in powers of the curvature of the form

(A17)

Q(s) ~ T+ sa;(sA)RT + s a,(sA)E + (A18)

An efficient way to compute the coefficients a; is to
expand both the trace and the general form in an expansion
about a flat background metric as well as a vanishing
endomorphism and gauge connection, and then to compute
the trace in momentum space. Concretely, we use an
expansion of the Laplacian of the form

O+ di.

i>1

A+E=0+4+(A+E-0O)= (A19)

where [J = —¢? is the flat background Laplacian and d; is
an operator with exactly i fluctuation fields. To expand the
exponential of this operator, we then use [19]

j+k+2

O, [d,, [D,d]l]k]}j> + 1 e=H. (A20)

—XY-YX, [X.Y],=7Y. (A21)

(A23)

Let us now briefly illustrate how the curvature terms can
be computed in practice. For this, we compute the nonlocal
diagonal heat kernel to linear order in curvature, that is the
coefficients a; and a,. To this effect, we consider a general
field ®* where A is any collection of bundle or spacetime
indices. To first order in fluctuations, we then have
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(A +E)D]A ~ @A + d4 505, (A24)
with
1
d]]AB - h””6”0D5BA + <0,,h””5BA - E@”h5BA - 2./4A”B> aﬂ - aﬂAA”B + [EAB. (A25)

Here A is the connection in the bundle that ®* lives in. Calling the momentum of each of the fluctuation fields p, we have

j+1
TZ( ‘D=/d"x\/ﬁtr/ WZ( ! (P* +2pqx)’

]>O j=>0

)H—l

1
X [—h’”’qﬂqy&BA - <pah“"53A - Ep"héBA + 2i.AA"B> q, —ip, AMp +Ep e, (A26)

In this, x is the cosine of the angle between p and g, so that p#q, = pgx. We now need the integral relations

/ddqf(p,q,X)qﬂ Zpﬂ/d"qf(p,q,X)%, (A27)

v 1 14
/ddqf(p,q,X)quqy= (%—%) /d"qf(p,q,X)d_l(l—xz)q +pr /ddqf(p q.x)g’x*.  (A28)

These can be derived by contracting both sides with either momenta or metrics. We also note that the sum together with the
exponential can be written in the following way:

( S)H_l 1 2 2
Z G+ 1) (p +2pgx)ie=sd’ = —s/o da e=s@(P*+2pa0)+4") (A29)
720

This rewriting as an integral over an exponential is generally helpful to perform the momentum integral over ¢. Inserting all
expressions and rewritings, exchanging integrals in a convenient way (assuming without proof that this is valid) and
performing them, we get

e O R (I e e I

=

(A30)

Here f is the general heat kernel function introduced in (A 1). This expression can now be compared to the expansion of the
covariant expression (A18) to fix a; and a,. The first term comes from the expansion of the determinant of the metric and
the identity operator, the second term is the linearized Ricci scalar, and the last term clearly corresponds to the

endomorphism. We thus read off
11
ai(z) = {{Z’E}} : (A31)

ay(z) = {{-1}},, (A32)

reconfirming earlier computations, see e.g., [77].
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To compute higher orders of the heat kernel, it is also useful to note the relation

_s)j+k+2(_] )

1 ( ]+k
E(ZW“’ 2+ S

j k=0

= SZ/I da /a db e=sb(P*+2pgx)+4%)
0 0

which is similar to (A29).

Before we collect the heat kernel formulas that we need,
let us finally note that in this way, one cannot compute
topological terms at the lowest possible order. Concretely,
the four-dimensional Euler density is quadratic in curva-
ture, but the first nonvanishing flat-space correlation
function in any dimension is cubic in 4. Since we already
know its heat kernel coefficient, we will simply take it from
the literature and not compute the heat kernel to order #>.

3. Nonlocal heat kernel coefficients

In this section we collect all heat kernel formulas that we
will need. Wherever we spell out the traces that we need
specifically for our system, we will restrict to the case
d = 4. We will eventually use the completely trace-free

d-3
/ dix /g {Cﬂvﬂm"cﬂm — 4o SVATS,, +

(d-2)(d-3)

)k+2
(k+2)!

(1= (=D"(p* + 2p(]x)k> e~

(A33)

basis, with the trace-free Ricci tensor S defined by

1
Sw =R, —=9uR, (A34)

Hy Wy

and the Weyl tensor C defined in the usual way.
Additionally, wherever we have a choice, we will use
the option with fewer indices. For example, due to

D°D|,C

wlpe = 0, (ASS)
we can use the Bianchi identity to remove any occurrence
of AC and replace it by derivatives acting on § or the Ricci
scalar, and higher order curvature terms. As a consequence,
we have that

RA"R| = O(R?), n>l. (A36)

dd-1)

For n = 0, we just have the integral over the four-dimensional Euler density € on the left-hand side, which cannot be
eliminated from our basis in this way. For the form factors, we will keep R and S in our basis, and use the above equation to

remove any occurrence of C.

a. Zero derivatives

We will start with the standard heat kernel for an operator of Laplace type with endomorphism E. It reads

1)* 11 2
Trle$(A+F)] ~ (4—7”) /ddx\/gtr[ﬂ + {{Z’E}} AsRﬂ +{{—1}}SAS[E+1S§TO(S11

11 1
RIS — .=, —= RT 2RHv 1 R, 1
+S {{32’8’ 8}}SA +S {{0’0’ }}SA HU

e

(A37)

Here, tr indicates the remaining trace over bundle indices. This result agrees with previous work, see e.g., [77].
We will now present the traced heat kernel coefficients for the individual modes in d = 4 that appear in our computation,

transformed into our basis.

(1) Trace mode For the trace mode of the graviton, we have E = 0 and F = 0, so that

1

Trole™*2] ~ (—) /d“x\/_{l—l— sR—l-@@—i—s

drs

111
- - R 2 quv 1 A
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(i) Ghost For the ghost (see (B3) below), we have E = —Ric and tr,F?> = —Riem?, so that

. 1\2 5 11 1 .1 1
Tr,[e~s(A-Ric)] o~ [ _— /d4 44+=5R——s52C + s2R{<S=,1,= R+ 528 = 2.4 S 1.
rele ] <471's> WO AT IR C SR g by g RS 2 N

(A39)

(ili) Traceless mode For the traceless mode of the graviton (see (B5) below), E = 2 RII™ — 2C, tryy E? = 3Riem?” —
6Ric’> + 5R? and tr 2 = —6Riem?. This gives

, 1\2 9 21 17 159
Try [ (A+0)] ~ <> /d4x\/§[9—2sR +20s2(§+s2R{{32,—8,8} }SAR+s2 S {{3,12, 9}}5ASW].

drs

(A40)

b. One derivative

For our setup, the heat kernel with one derivative has to be computed only up to linear order in curvature. This is because
all curvature tensors and the metric have an even number of indices, so that there is at least one other derivative in the
insertion in the functional trace, which can only act on a curvature tensor. To this order, and up to total derivatives, one can
easily derive the relation

1 1\*
Tr[X*D, e—s(A+[E)] ~ _zTr[(DMXﬂ)e—s(AHE)] + (4—7”)2/ddx\/ﬁtr[X”D”{{O,l}}sAs Ful- (A41)

c. Two derivatives 1

We will furthermore need the heat kernel with two derivatives up to linear order, with a curvature insertion. Concretely,
we need

Tr[X’ D, Dyye 28], (A42)

where X is a tensor which is symmetric in the index pair (af). Note that X in general also has bundle indices that we
suppress, and we assume that it is linear in curvature. For this trace, we find

-5 1 % Q) 1 1 1 1
Tr[XD( Dye 4] = (ﬂ) / A /e ﬁ[‘z%ﬂ“ ‘Egaﬂ{{ﬂ}} J
S

1 1 3
g+ (0 -yt +5{ {03 Dupya
sA
11 ,
+5 - Z s E AD((XD[;)[E + S{{O, 1}}SAD((1D fﬁ)y . (A43)
S
|

d. Two derivatives II the index pair (af). Note that X in general also has bundle
Finally, we need the heat kernel with two derivatives up indices. The condition of covariant constancy simplifies the
to quadratic order in curvature. For this, we consider computation of the necessary quadratic heat kernel coef-

ficients tremendously.
This trace splits into two contributions, since the two

i —s(A+E .. . .
Tr [X"/D<aDﬂ)e s(a+ )], (A44) derivatives can either act both on the exponential of the
world function, or on Q—the cross-term vanishes in the
where X is a covariantly constant tensor (that is, con-  coincidence limit due to the properties of the world

structed from metrics and deltas only) that is symmetric in ~ function. This readily gives
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1 1\¢ .
Tr[X¥ D, Dpye4+0)] = —2—STr[X"ﬂgaﬂ e+ 4 (4—) (XD, Dy Q(s)].

(A45)

The first term only needs the standard diagonal heat kernel coefficients. The second is the most complicated heat kernel
coefficient needed, and to our knowledge has not been reported previously in the literature. Neglecting total derivatives,

it reads

—_— 1 1
tr[X?D(,DyQ(s)] = /ddx VgtuX? {gRaﬁﬂ + SR<_B+

+ 5 c6[Ri ™Ry — 2R,5R (o

“/3)

+ 5 Raﬂ

8’6

1

2R _
+ 5 {{ 16

To construct the basis, we used that AR ,; can be written
in terms of Ricci tensors and scalars so that no form factor
can appear with any term involving a Riemann tensor.
Moreover, we used the Bianchi identity for the gauge field
strength, D, F 4, = 0.

The coefficient cg cannot be computed via a direct
comparison with the flat expansion, since the expansion of
the tensor structure to second order in A4 around a flat
background vanishes. This is related to the fact that the
contraction of this tensor structure with the metric gives the
four-dimensional Euler density, which even in general
dimension only contributes at order A° around a flat
background. We can however fix it by requiring consis-
tency of the formula for a specific choice of X%
Concretely, if we choose

Mﬂ—ls)ztr[m(s)]hz

= s ] 1
| Vo (o)1)

11 1
{{g,z} }SA>Raﬂﬂ + SR(ay(O)Rﬁ> 1 + SR (30) (ay/})ﬁﬂ

—2R(/Ry), + R Roy]1

<l—{{%}}SA)E+sR < + ({0, 1}}5A>fﬁ CSFL 0.1} )T,
+s2R{{1i 14 35—%}} DDy R1 +s2Ry5{{0,0,1,1}}SAD(QDﬂ)Ry51]
R

+52R{{0,0,1}},oD((D' Fp), + s [E{{O 5 1}}

1 1 3
+sZD<a07fﬁ)y{{0,—5,—1}} [E+s2f75{{0,—§,—z}} D(aDﬂ)}'yg]
sA sA

«Dp)E
«D'Fp,

(A46)

X = g1, (A47)

the total heat kernel (A44) reduces to a diagonal heat
kernel,

Tr[g*1 DDy e—s(AHE)] —Tr [_Ae—s(A+[E)]
=0,Tr [e—s(AHE)] +Tr [[Ee‘“‘<A+E>] .

(A48)

Since we only need to compare a pure curvature term, we
can set E = 0. We can clearly also restrict to local terms
with exactly four derivatives, and to d = 4. Let us call this
trace 7. This entails on the one hand

1 1
2 Uy 2 Hy G
R +6OS S, +180(§>1]] ax )2/\[&[ ( R+ 35 R R,w+c@c>ﬂ]

(A49)

On the other hand, since the local four-derivative terms come with a power of s° in d = 4, we directly have

T = 0,Tr[e~2

g2 = 0. (A50)
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This implies that the final coefficient is

1
‘6 =50 (A51)
One can easily check that the coefficient c¢ is independent
of the dimension by repeating the comparison for arbitrary
d. As an additional check, a direct comparison with the
local heat kernel with two derivatives in arbitrary dimen-
sion gives the same result.

The complete result (A46) was cross-checked with the
local heat kernel up to six derivatives, and we also checked
(A48) by comparing with the diagonal nonlocal heat
kernel (A37).

APPENDIX B: COMPUTATION
OF THE FUNCTIONAL TRACE

In this appendix we display the computation of the full
trace. Let us collect the main ingredients of our setup first.
Our starting action is

1
r,=[d 2A; —R|+06,C 5, B1
o= [ exvil i AR OS], (BD)
together with a harmonic gauge fixing condition,

| - !
322Gy

_ 1.
/ &' Fu F,. F, = D"y =5 Dyh.
(B2)

An overbar indicates background quantities built from the
background metric g. The resulting ghost action reads

1 —SUAN U v Vv_puv
FC:\/—G_k/d“x gerAyte,, ALY =A8,"-R}. (B3)

Following [45], we pick a regulator that is fully adapted to
this action and of type II [63]. Suppressing indices, we have

1 _ _
h _ TL A HTL _ PTr A HTr
1 -
Re = ——R(A)1, B4
TR (B4)
with
_ -2 _
A, = {A + §R] nm - 2¢. (BS)

In this, we have used the projectors

L_,_
HTwupg — Z g/w gpo‘?

1

|
HTL/pr — ]]/wpg _ HTera — E (5”/;5”5 + 5”05”;)) _ Zgw/gpm
(B6)
and the symmetrized Weyl tensor
SR B7
P o §< P o + P 0)' ( )
From this, we obtain the propagator
G" = 322G, [G™(A,)TT™ — G (A)T™],
©° = /GG (A1, (B8)
with
gTL.Tr(x> — 1 gc(x> — 1
x4+ RWET(x) = 2A;° x+R(x)
(B9)

Since the prefactor of the regulator (B4) includes Newton’s
constant, it is convenient to introduce

7°2TL’TI(Z) = (2 _9=2% 29) RITr(7) — 2R (7), ﬁc(z) = (2 _9~2% 29) R¢(z) — 2zR%(2), (B10)

9

2g

where ¢ is the beta function of the dimensionless Newton’s constant. This takes into account the cancellation of the same

inverse prefactors in the propagators (BS8).

To take into account the propagator form factors in the MES, we define the RG kernel

‘Pﬂl/ = Ygg;w + gﬂny(A)R + yS(AZ)yyaﬁS(l/}'

The modified flow equation reads

. or 1 .
T+ ¥, —~ = —Tr {(sjgm{ 197, ko + 2 S—}mhwkﬂ] — Tr[®C, R,

o9

v

2

(B11)

oY
G (B12)
gpo‘
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The extra term on the left-hand side reads explicitly

e 1

’wa 162Gy
1

" 162Gy

To project onto yg, we note that in a curvature expansion, it
is enough to compute the full momentum dependence of
terms quadratic in curvature. We thus can neglect the
endomorphism for the projection, Syg(A,)S ~ Syg(A)S.
In the following, we will need an expression for the
variation of a form factor. Such a general variation reads

(5£(0))X = - / ® ds L [F(O))(5)s
X /1 dae™0(50)e~1-20%K . (B14)
0

To perform some of the tensor contractions, we used the
Mathematica package suite xAct [64—66]. From now on, we

/d4x\/§[{27’g}2/\ - {?’g - 4A7R(O)}R - R7R(A)R + S”"Ys(Az)maﬂSaﬁ]-

/ /3[40 = R) (7, + 7(A)R) + 575(B2),a S ]

(B13)

will suppress overbars, since all quantities below are
background quantities.

1. Flow overview

We will start with an overview of the different contri-
butions to the trace, i.e., the right-hand side of (B12). The
first part consists of the “standard” term and a specific part
of the RG kernel, namely that where the variation hits the
explicit metric factors, which gives an identity. Concretely,
this reads

1
F1 =5 T [8l0 (K0, -+ 27, + 27a(A)R)IR]. (B1S)

Inserting the explicit expressions for the propagator and
regulator, (B8) and (B4), we find

Fi=3T [(7"3%2) 207, + (ra(8)R)R™(8))G"™ (Ag)TT™

+ (RY(8) +2(r, + (va(A)R))R™(4))G™ (AT |

(B16)

Using the inverse Laplace transform £~! w.r.t. A, or A, we split this further into individual contributions where we simply

can insert the heat kernel coefficients. Concretely,

1
fTL,l _
1 2 o

I = [ s LR (32)G™ (A))(5 T (1) R)e ),

0

1

FI =3 [ a5 LR (@) + 27, RTA) G ) (5 Trgfe

2 Jo

Fe2 / ® ds £ R (A)GT(A)](5) Tro[(rr(A)R)e].

0

—/oo ds L7 [(R™(A,) + 2y, R™(A2))G™(A,)](s) Trpy [e™5%2],

(B17)

(B18)

(B19)

(B20)

Here, the label on the trace indicates the type of trace that has to be performed: the label 0 indicates a scalar trace, whereas

the label TL indicates a traceless trace, that is

TrTLX =Tr HTLX .

(B21)

Moving on to the other contributions, we next discuss the variation of the Ricci scalar (without the variation of the form
factor which will be dealt with next) in the RG kernel. This reads
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SR
dy,

po

]:2 =Tr |:®]/1vpagm) }/R(A)mhrwk{| . (BZZ)

Due to the appearance of the explicit metric factor, this
reduces to

R
Fr=Tr, [ong}’R(A)RTr(A)gTI(A)] . (B23)
po
The necessary variation can be computed easily:
OR
9po=— =3A-R. (B24)
0Ypo

Splitting the resulting trace into two parts again, we
have

Fl=3 / ™ ds £ [Ay g (AYR™(A)GT(A)] (5)Tro[e~2].
(B25)

F- / ™ ds £ [y (A)YRT (&) (8)](5)Tro[Re~"2].

0
(B26)

To finish off the contribution stemming from yz, we
now discuss the variation of the gamma function itself.
Following the general formula (B14), we have

Fy— —Tr [@g 2N

1 oA
X / da{e—taA = e—r(l—a)AR}mh Taud:| ) (B27)
0 5gp6

Once again the appearance of the explicit metric factor
restricts this contribution to the trace component. With the
variation

OA 1
o5 R) =ty (D°D7R) = DODR) 457D (Do)

Yo
= (D*R)D, — 2(AR), (B28)
we find
fgz—A dr £ /da/ ds L7 [e" AR (A)GT(A)](s)
X Tro [{D*e " 1=WARYD 6752 — 2{Ae~"I=@AR}e—54], (B29)

For this contribution in particular, there is a further simplification. Here we are only interested in the scalar heat kernel to
linear order in the curvature. To this order, we have the identity

Tro[X*D,e~] =

This entails that

Fi=5 [ @ @)

1 )
- ETro[(D”X”)e_AA] .

/ ' da / ™ ds £ [ SR (A)GT (A)] (s)Tro [{ Ae~1-8 R} =]
0 0

(B30)

(B31)

Now we are moving on to the contribution stemming from yg. We will first discuss the contribution stemming from the

variation of S only. For this, we find

F,=Tr [(ﬁh

Hpc 5

yS(AZ)Twa[)’mhm)Kl .

(B32)

Due to the projector property of yg, this receives contributions only from the traceless sector. Moreover, the explicit

variation reads

026001-21



BENJAMIN KNORR PHYS. REV. D 110, 026001 (2024)

HTLWPU aS ap [1TLaprs —
890

1
Z (ZA _ R)HTLIW;/& 4 HTLW/M [DK5,17D“)]HTLT&,75
= [La, - LRy c|nm, 7 4 ), 7DD
= E 2 _E + Hv +[ Lw al?p

1

5 1

Here we collected terms into an explicit A,, and introduced the covariantly constant tensor

[Xaﬂ] 76 HTLﬂDK(aHTLﬂ)Ky(‘S. (B34)

1%

Furthermore, we introduced the traceless tensor
gﬂ — _1 Sﬂ 51/ + Sl/ 6” - _1 S/ll/g - —1 g DS B35
P o 2 pY o pY o 2 po 2 po |- ( )

With this, we can split the trace into

Fl= % /0 " ds £ Ay (Ag)R™ (A5)G(A,)) () Trrg [e2), (B36)
2 S [ 4. oo L L —sA

Fim—14 / ds L7 [75(82)R™(A9)G™(A9)](s) Trry [Re™22], (B37)

Fi= %Am ds L7 ys(A;)R™(A2)G™(A,)] (s)Trp [Ce™], (B38)

Fi= [ as £l R (4G (4,6 Ty 6775, (B39)

Fi= [ L8 R (A6 (8] 6) Ty D Dy, (B40)

The contribution F7 is the most difficult to compute since it needs the complete nonlocal heat kernel with two derivatives.
The final piece is the variation of y5. Once again following the general variation (B14), we first have

o0 1 SA,. P
Fs=-Tr {(9}3”,,0 A dr L7 ys(Ay)] ()2 A da{e-mz(S;ie-f“-aﬂzsaﬁ}mhfm]. (B41)
po

Once again due to the projector properties of all objects involved, this expression only involves the traceless sector. We can
thus write it as

00 1 A aff
Fs = —Trq [/ dr £_1[7S(A2>](t)t/ da{%eﬁ(l_amzsaﬂ}e_taAzRTL(Az)gTL(Az)}- (B42)
0 0 9o

The necessary variation reads

A, P
HTLMKA [& Saﬁ] — {Alaﬁ]mu Saﬁ + [ Azaﬁyﬁ]

“(D,Dg S
agpa ( (yHs) aﬁ)

Tw

+ [A377°], (D, Sap) D5 + [A4%7°],*SapD(, D). (B43)

Here A, is linear in curvature and A, 3 4 are constructed from metrics alone. The explicit expressions for the A; is rather
lengthy, but straightforward to compute. By construction, they are all traceless in the index pairs (af), (zw) and (kA). With
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this, we can split the final trace contribution into

Fl= _Aoo dr L7 ys(A5)]( / da/ ds 7! ""AZ’RTL( )QTL(Az)]( )

X TrTL He_’“_“ 4, Sa/f }A?ﬂe_SAZ] R (B44)

Fr=- /°° dr L7 ys(8)]( / da/ ds L7 e 2R (A7) G™(A)](s)
0
< TI'TL[{D(J,D(S)e t(l-a AZSa/j}Agﬂy(se_SAz] , (B45)

Fi=- Amdw rs(A)]( / d“/ ds £71 [ RTL(45)G™ (45)] (5)

X TrTL [{Dye_ t(1-a) Azsaﬂ}AgﬂﬂsD&e_SAz] . (B46)

;rg_—[)mdtc [rs(A,)]( /da/ ds L7 e R (A,)G™(Ay)] (s)

x Trp [{e7 =925, AP’ D Dy e=5%]. (B47)
Note that since A, is linear in curvature, F é only needs the flat heat kernel. As a matter of fact, one finds
fé x [Ala/i]wadHTLMm) =0. (B48)

We also note that for the other contributions, we only need the heat kernel linear in curvature. The flat part drops out,
because S is traceless, and we are not interested in total derivatives which could result from contractions of the form
D~S,, = %D,,R. For F ‘5‘ one might expect that there could be a contribution from the flat heat kernel since A, also has
curvature terms. It turns however out that the corresponding contraction vanishes.

Besides the gravitational contribution, there is also the ghost contribution F ., which we display in Sec. B 3.

2. Graviton contribution

We now compute the gravitational contribution to the RG flow term by term, showing all intermediate steps.
a. F 1
1 F TL’I The first contribution is simply given by the trace of the operator A,:

Fi! _%/00 ds L7 [(R™(Ag) + 27, R™(42))G™ (49)](s)
0

1)2 9 21 17 159
— d* 9——sR+—5’C+s’R{{ =, — =5 R+ s?S"{{3,12,9 Swl. (B49
o e N L e e R S S(ERE L WO AT
With the formulas for the inverse Laplace transform collected in the previous appendix, we can rewrite this as

F d‘*xf{ |7 e ® ) + 2R @)™ )

21

- gR / dz(R™(2) + 27, R™(2))G™(2) + 20

(R™(0) + 27,R™(0))G™(0)&
+312R/) dup(17,-60,36]u) (R™(ud) + 27, R™(uA))G™ (uA)R
du

py / (1,4, 3u) (R () + 27, R™(uA))G(uA)S,, | (B30)
0
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Here we pulled out factors so that the measure has integer arguments which are relatively prime and as small as
possible.
(i) F|"* The second contribution reads

F1 = [T as e ang @) (o) [ awvatm@r) o os{{-Z.3H &) s

This reduces to

=t | d4xd9m< R [T az R (06

2 (ra(A)R) [/jdw(o,-%,l

Here we pulled out a factor so that the integrals in the last line have a unit prefactor within the brackets.
(iti) F|"' The third contribution is

u>ARTL(uA)gTL(uA)— A ” dzRTL(z)GTL(z)]R} (B52)

FI =3 [T s (R (8) + 21, RT(A)G™A))

e 4 S ereplil 1l 2 quw
x( ) /dx\/_[H— sR+180@+sR{{32 8,8}}SAR+S $#4{0,0,1}}45S,, | (B53)

drs

This simplifies into

Fro L / dﬁd / dzz(fz“(z)+2ngTf(z>)9Tf(z)

L (&"(0) + 27,R™(0))G™(0)€

1 > Tr T r
+oR A d(RY(2) + 27, R7(2)G™(2) + 1o

+ 312R / Ydup(1,4, 4)u) (R™ (uA) + 27, R (uA))GT (uA)R

1
+S’“’/4du/4(

u)(R™(uA) + ZyQ’R,T‘(uA))QTr(uA)SW] : (B54)
(iv) ]—"Tr’z Finally, the last contribution to F is
Tr.2 « —1[pTr Tr LN [y 11
FI2 = [T ds L [R™(A)G™ (M))(5) (1) [ dxvar(®R) |1+ 533250 ¢ R|.  (BSS)
0 4rs 42
This gives

Fivt= 161 7 | d'xVg |:7R(O)R / dzzZR™(2)G" (2)

+é(yR(A)R) {Aidu,u(o,%,?a

u)ARTr(uA)QTr(uA)—i— / ” dzRTr(z)QTr(z)}R]. (B56)

0
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b. F,
(i) F} This contribution can be computed analogously to F T”. With an obvious substitution, we directly get

F1= 1672
P _d (
32 MRS

+S””/4du,u( .0,
0

d*x\/g [/ dz 22y (2)R™(2)G" (z) + éR /0°° dzzyr(2)R™(2)G" (2)

u)ulyg(uA)R™(uA)G™" (uA)R

u)uAyR(uA)RTr(uA)QTr(uA)SW} : (B57)

(i) F3 Similarly, this contribution is directly related to "%, and we get

F=—iam [ @xvi|R [ dzenRT 0"

1 1 3
_R d _
+6 {A u/t<0,2,

o) aralu) R a0 w) + [ dera( R0 |R]. (Bs8)

C. f'3

This contribution is again related to F Tr'z, but the transformations are slightly more complicated due to the double inverse
Laplace transform. Note first that there is no contribution to R, since there is always at least one Laplacian acting on R
already. We thus have

3

Fa=g [T are @ [ o [T as e mT Q)G A)6)

x <ﬁ>2 / d4x\/§{Ae‘t(1‘“)AR}s{{%,%}}SAR. (B59)

To bring this into a useful form, we first perform the integral over s and get

Fy = 32 dx /G / dr £V yp(A)] (1)1 / ' dafAe-1-0AR)

1 3 3
— d —
X6[A u,u<0,2,3

We can now do a partial integration on Ae~"(!=92 and perform the integral over a. This results in

u) e—tauAARTr(uA)gTr(uA) 4 /oo dz e—tazRTr(Z)gTr<Z):| R. (B60)

0

Fi= g [ €03 [Tt fra)0R

u
0 ’2’

Note that the extra factor of 7 has canceled, and we have pulled out a factor of —1/6. We can finally do the integral over ¢,
which is trivial, to get the result

1 4 i 3
Fiy=-— P dx\/_R[/ du/,t<0,§,3

rr(A) —7r(2) Tr Tr
+/) dz TR (2)G (z)]AR. (B62)

—tA -1z

—tA _ ,—tul (e —_
u) LRTI(MA)QFH(MA) —|—/ dzs—

1—u 0 A—-z

RTf(z)gT'(z)} AR. (B6l1)

r(A) —yr(A) o, Tr
M>TR (uA)G" (uA)
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d. F,

(i) F} This contribution is similar to "', and we can directly infer

Fi= s [ @i [ e en@RM @00 - 3R [T azan@RM 0™ C)

312 /du,u(17 —60,36|u)ulys(uA)R™ (uA)G™ (uA)R
+ 385w /4 du,u(l,4,3|u)uAyS(uA)RTL(uA)QTL(uA)SW}. (B63)
0

(i) F3 The computation of this contribution is analogous to that of 1=, and we find

19272

9 i 5
~R d 0,——,1

(i) F Z This contribution is different from previous contributions. The only contribution to the order considered comes
from the endomorphism:

Fi= =iz | 5|98 [T azn@RT 0™ )

) ArsAIR™M )™ ) - [ ders R0 R|. o)

0

Fi=y [ o e s rm @m0 (4h ) [ atnvacassiare

0

— o [V [ a5 £ s (A R (A2)G™(A)(5) 2 O (58) e

— o [ €A [ AL s IRMA)THAN(0) ;€ - L RFAR 25585, . (B9

Using the standard rules, this can be written as
3
A= d4x\/_[ JAREZCLEEIE

1 i
—_Rr( ['a
g (/0 u p(0,
+2S””</Zdu/t( :
0

(iv) F j It turns out that the traces for this contribution vanish identically,

87U R A ud) + [ drs ORI @G™E) )R
0

8B TRI (ua)G™ ) + [ dery R >GTL<z>)S,w] (B66)

Fi=0. (B67)

(v) JF3 This contribution can be split into two parts. The first comes from the derivatives acting on the exponential of the
world function, and gives

I S AT S S O P G

0

-3 / ™ ds £ s(Ag R (Ag)G™(A)](5) - Trry [, (B6S)
0 S

This follows from

X% g,, = T, (B69)
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This contribution is very similar to F|'. We have

it = =5 [T as e s R™ (80 ()

11N [, 9 21 17 159
B —Z¢R+—— 2 ZR -~ 7 R 2 qu 12 . B
Xs<4ﬂs> /dx*/gP PR TR {{32 8’8}}5A +529{{3,12,9} }aSp |- (BT0)

This converts into

o oy / "4z 275(2)RM(2)G™(2)
4 3272 2 Jo §
9 0

_ER/ dz z7s(2)R™(z )gTL<Z)+ (‘3/ dzys(2)R™(2)G™(2)

69 85 50 30

R [*d >z

"0 {/ ””(O 138" 2323

23 : 60 240 180
_Sﬂb d 03_’—7—
20 {A ””( 2372323

u) Ays(uA)RT (uA)G™ (ud) + A T ders()R™ ()™ (z) }R

) Ars AR (b)) + [ de}’s(Z)RTL(Z)gTL(Z)}SW] .
(B71)

For the second part, inserting the trace and simplifying gives

fﬂ_/“’dsﬁ—l[ (AR (8g)G™(A,)](5) (1 z/d“x\/_ TP g DBligus, e
“ 7 75\ 2 2 Azxs 8" T 480 120 T 40

eV e ooy (03 13 1 9\
SR 512 256'128° 64f [, 00 7 160 8 16 8J [, "

1 0 133 151
_ -1 A TL A TL A 4 R — R v _ G
o 79 £ AR AT @I) [ VR = o R = (35S, = 106

" lén
17 47 121 9 3 13 1 9
RAJS——— ——— = Ll RygwA S i B72
+ {{ 5127 256128 64}} e {{ 16" 8 16 8}}SAS”] (B72)

With the standard formulas, this gives the contribution

53 = i @i 3R [Tz n @RI ) — s [ ders @R M)

151 © 9 ©
1055w [ @RI - 15 € [ dzrs@R™ M0 )

/'d 17 47 121 9
, M\ T2 72560128 64

3 13 1 9
( 6 8 1673 u)Ays(uA)RTL(uA)gTL(uA)SW]. (B73)

u) Ayg(uA)R™(uA)G™ (uA)R

e..Fs

1 F ; As previously noted, this contribution vanishes,

Fl=o. (B74)
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(ii) F?2 For this contribution, we find

Fi=- Awdtﬁ [rs(Aa)]( / da / ds L7 e BRI (A2)G™(A2)](s)
1\2 b 51 b
) <ﬁ> / dg{Dy Dy Sup) [tr{AZMHTL}S{{_E’E}}SAR {2} atr{a?7cy | (B75)

The two needed contractions are

3
{D(YD5)€_I<1_”)A2 Saﬂ}tr{Ag/}V(SHTL} ~— 5 Ae_t(l_a)AR, (B76)

3 1
{D(,Dye1-9%5,, 1 f(sA)r{AF°C} =~ - >SA f(sA)e~1-0Ag 4 gk f(sA)Ae~'1-@AR  (B77)

where we commuted derivatives and integrated them by parts freely. With this, we find

F%:—/mdtﬁ [rs(As)]( /da/ ds L7 [e7 ™22 R™(A,)G™(A,)](s)

x(%) / d4x\/_[S””sA{{ =3} e mWAS, +RsA{{; %}}SAe‘t“‘“)AR} (B78)

Next, we perform the integral over s and get

Fi= 16 — d4x\/_/ dr L7 [ys(A5)](2)t /lda[—3S"”A{/4du/¢( u) Ae AR (uA)G™ (uA)
0 0

i 7
+ / dZ e—t(lzRTL<Z)gTL(Z)}e—t(l—(z)ASIw + RA{/4 du/,t (0’ g’ 2
0 0
. /oo dz e_mZRTL<Z)gTL(Z) }e—t(l—a)AR:| . (B79)
0

ll) Ae—tuuARTL(uA)gTL(uA)

Next, we perform the integral over a:

1 —tA _ ,—tul

75 = Tom | V9 / dr £~ VS(Az)}(f){ SS””A{ /)zdu,u(O,1|u)el+RTL(MA)QTL(uA)

+/ood e 1A _ ot NRTL( )gTL() S 4 RA /%d 07 3
; A, z 2) ¢S A up(0.2.—

n A ” dz%:jtzRTL(z)gTL(z)}R]. (B80)

e—tA _ e—tuA
u> R (ua)GM (ud)
—Uu

Finally, performing the integral over ¢, we find

1—

+ [)wdzwﬂ(z)g“(z)}sw +RA{ [ duu<o,g,—§'u> (&) 215 () ) gt n)

Fi= 161 - d4x\/_[ 35””A{ﬁduu(0,l|u)—ysm)_y:(uA)RTL(uA)QTL(uA)

+ A mdz%:zs@RTL(z)gn(z)}R} (B81)
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(1) F g The heat kernel splits this contribution into two. The first is related to 2, and reads

F :Awdtﬁ [rs(A)]( / da/ ds L7 e BRI (A2)G™H(A2)](s)

1\2 51
x (—) [ d*x/g{DsD, e 1= 8, AP s § — =~ R+ s{{1}} tr{A¥"C}|.
4zms 24 4
(B82)
The second part reads
7= [Tars @ [ da [T as s e R 00 (3)](0)
0
1\2 »
< (gm) [ EavalDD, e, b {0.1) ) gl a 7 ) (B83)
We need the following contractions:
7
{D(sDye_t(l_a)Az Saﬁ}tr{AgﬁyénTL} ~— Z Ae—t(l—a)AR’ (B84)
{DsD,e 1088, L £ (sA)tr{AY°CY = 28" Af(sA)e~(1-0AS,
1
+RA f(sA)e " I-0AR, (B85)
A) -1 A)—-1
{D’“D,,e“(l‘“)AZ Sap’} f(ssi tr{Agtﬁ;'&HTL]_-&HTL} ~ 4SHA f(Ssi e—z(l—a)ASIw
1 f(sA)—1
——RA—— ¢ (Im0AR, B

5 A (B86)

where once again we have freely integrated by parts and commuted derivatives. Inserting these traces gives

Fi= = [Tarcanlon [ da [ s e e R 4G (400
x <L> /d“x[[S"”sA{{Z —4} e ImDAS, +RSA{{—;—;,E}}SA(’“‘“)AR]. (B87)

drs

Once again we perform the different integrals step by step. The integral over s gives

R —— d4x\/_/ dr L1 yS<A2)](>/daLsuvA{/de(o,%,__

11 i 17 15
+ / dz e—t(lzRTL(Z)gTL(Z)} t(l—a AS L+ 16RA{/4 du L <O, _Z’ﬁ‘u) Ae—tauARTL(uA)gTL(MA)
0 0

u) Ae—rauARTL(MA>gTL(uA)

B /oo dz e‘"”ZRTL(z)gTL(Z)}e_’(l_“)A R:| ) (B88)

0

Performing the integral over a then gives
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s s [Farsiao[Esa] [fan(o].-2

o et et 11 17 15| e"A euA
- - RA " RTL(LACTL(uA
+A dz A R (2)G™(2) ¢S, +— T A dup(0,— 111" = R™M(uA)G™ (uA)

- A ” dze_t::i_tzRTL(z)gTL(z)}R]. (B89)

=

—tA e—ruA
) T —————— R™M(uA)G™ (uA)

Finally, with the integral over ¢, we arrive at

1 NEE 303
Fi=1e d4x\/—[ s A{A duﬂ<0,4,—2

+ [Ta TS mn g b,

1—u

M> YS(A) - VS(MA) RTL(MA)QTL(MA)

A-z
+ iéRA{/i du,u(O, ; ﬁlu> —(A)] __y;(um R (uA)G™ (u)
_ A dz YS(AA) - rs(z) RTL(Z)QTL(Z) }R] ) (B90)

@iv) F ‘5* The final trace gets two contributions. The first is from the term where the covariant derivatives of the heat kernel
act on the exponential of the world function, which actually vanishes:

7= / dr £ rs(A)]( / d"‘/ ds L1 e R (85)G™ (4,)](s)
x %TrTL[{e_t(Fa)AzSuﬁ}AZﬂyﬁgﬁeﬂAz} =0. (B91)
The second contribution reads
P == [T ol [ da [ s £ e R 3G ()0
<(gm) [ aavatertmns, b ({01} arfagr

drs
+s{{_i 1 _é}} tr{AUCﬂ}’éD D§ RHTL} +S{{1 _1}} tr{Aaﬂ}/(sD D(s C}
48°3 4f [, U+ T 2 e Pe P
+5{{0,1}}, Atr{AZﬂy‘sD(},D’(}"&)K}} . (B92)

For this, we need to compute the traces

[e-08g, <_ f(s?i— 1>tr{AZﬂy5Ry5HTL} ~ g f(s?i— 1 piiang, (B93)
{e-@bg A B(sA)r{AT°D(, Dy RII™ } = —%RAB(SA)e"("“)AR, (B9%4)
{em-a8e5, A C(sA)r{AY"’D(,DsC} =~ éRAC(sA)e"“‘“)AR — S"AC(sA)e~1=®AS,, (B9S)
{et(-0hog 1 %H{AZWDWDKFW} ~0. (BY6)
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Due to the different structure in s and A, we will discuss the first term individually. It reads

P == [Tae s or [ aa [T oo e w20 89)]0)
y <L> / dhxy/G{ -2 {0, 1} }yae (-3, ). (B97)

drs

Performing the integral over s gives
1 oo 1
R =L / /5 / de £ [75(An)) (1)1 / da
T 0 0

1
SMD{M/“dW( ,0,0,
0

B é/"" dzze ™ R™(2)G™(2) + 6A()/ dz e"“ZRTL(Z)gTL(Z)}e_[(]_a)AS/w' (B98)
0

u)e—tauARTL<uA)gTL(uA)

Next, with the integration over a, we get

Fhal = _é/d“x\/f]ém dr L7 [ys(A)](1)

% e—zA _ e—zuA
S"”{A/ du u(0,0,0, M)liRTL(”A)gTL(“A)
0 —u

1 [ eTh — e TL TL A [ e TL TL
o [T TR e )+ o [T R0 ()} . (B99)

Finally, the integral over ¢ yields

j_-zst,z.l _ _/d4x\/_Sﬂb{A/0 ) (A)l__}/lj(uA>RTL(MA)QTL(MA)
1 °° ( ) 4 (Z) TL TL A e 4 (A) -7 (Z) TL TL
‘6[) BB 1@ pn ) (z)+@A a1 D gy (z)}Sﬂy. (B100)

The remaining contributions can be easily combined. Inserting the traces,

f?lz—lwmc[mAz /<m/ ds L7 e "= RIE(A,)G™(45)](s)

1 \2 1 3 13
- 4 g A | —t(l—a)A RsA - —t(l—a)AR . B101
am) [otrvassaf{ga}) e mad{G G} e o

The integration over s gives then

1 2 i 33
Fir?r=— = / d*x\/g / deL (M) (1)t / da{gS””A{ A duﬂ<o,—é—t,5

1 45 30 45
_ —taz > TL TL —t(l—a)A —tauATL TL
A dze @ R™ ()G () Ve S+ 2ORA{/ duﬂ(o et —17,—17'u>Ae R (uA)GT(uA)

u) Ae"“”ARTL(uA)QTL(uA)

n /oo dz e_tazRTL(Z)gTL(Z) } e—t(l—a)AR:| . (B 1 02)

0

Integrating over @, we arrive at
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s L Lo m (%o Pseal [Faue(0,-2 20 Com " R gun)gm (ua)
T 7 J, A E o M\ P T 1 —u

o e 17 45 30 45
— [T a T R ()G () s, + —RAL [Fdup(0. 2 -2 2
A Az (2)9 (Z)} w120 {A ””( 68" 17 17‘“)

e—tA_e—tuA - - o0 e_tA— —iz TL TL
T R (A G () + / dz RIL ()G (2) LR|. (B103)
0

1—u A—-z

Finally, the integral over ¢ gives

0

I—u
_Aoo dZ}/S(A) ( )RTL( )gTL(Z)}SH

A—z
17 ; 45 30 45| \ rs(A) —ys(uA) Loy T
+/°°dzys(AA)—Zs(Z) RTL@QTL(Z)}R} (B104)
A .

3. Ghost contribution

The computation of the ghost trace is straightforward, as we only need the diagonal part of the nonlocal heat kernel in our
setup, (A39). We find

Fo=- / ® s L [RE(A)G(A)](5)

12 5 1 11 1
— ) [ d*xgl4+ 2R PG+ PRI 1,2 b R4 2SS 2,400 S, | B105
(o) Jenalesioniggresen{giafy foi{{g 24 5] w0

This can be transformed in the standard way to yield

1 o a5 e 11 )
Fom o [ @it [Teake 3R [T aR @@ - R OG0
+%R/Zduu(l,2,1|u)7°€°(uA)g°(uA)R+%S"”/Zduﬂ(1,4,8|u)7°€c(uA)g°(uA)SW . (B106)
0 0

4. Grand total

We now collect the complete expression for the trace, operator by operator. The volume term of the trace reads

Fi=51am [ a9 [Tazz(R@ + (2,4 5050 )R )0
b [ R + 20+ SR -8 [T a0 (B107)

For the Einstein-Hilbert term, we find
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Fr= % 161712 d*x\/g [— g Aoo dz (7°2TL(Z) + <2yg —4zyR(0) + %zyﬂz)) RTL(Z)) G™(2)
g 7RG+ 260, + 62000 = @DRT@)ITG) - [T asRe 0 @R (8108

Moving on to the Ricci scalar form factor, we have

1 . 17 159 o TL L TL
Fio = yracs [ atavar] [ dun(30 -2 o) (RT ) + 21, R () G )

+ 9Ayg(A) A : dup <o, u) R™ (uA)G™ (uA) — 9yg(A) A ” dzR™(z)G™(z)

25 51 681 483 27 25 [ .
+12A/ <16oo’800’ 400 40 +12/0 dzrs(2R™(2)G(2)

109 105 15 90| \ y5(A) —ys(ud) o .
5 ou | R S R (A ) G (uA
+ 1502 Aduﬂ( "109° 71097109 ”) e CTV R Y

109 75(A) = 75(2) Srw, o / 111
120A/ b=y, RTG53

1 ! 3 1 S
—I—gA}/R(A)/ duy<0,5,3 u)RT‘(uA)gTr(uA)—l—g}/R(A)/ dzR™(2)G"(2)
0 0
1 9 21 15 45
A Z - - =
A d"‘”(64’ 32168

3
1 i 3 vr(A) —yr(ud) . Tr
EAA duﬂ<0, > 3”)1——MR (uA)G™ (uA)

1 e 7R<A)_}/R(Z) Tr Tr i 14 c
! /0 4 WS I (o) (z)+/0 du (=1, =2, —1|u) R (uA)G (uA)]R. (B109)

s R ) ()

> (R™(uA) + 2y, R™ (uA))G™ (uA)

IN|

) )R a)G™ () - 5 [ de R )G

Here we used that we can absorb extra factors of u in the measure, u({a;}, u)u = u({b;}, u) for suitably chosen b;, to bring
all integrals into a uniform form. Similarly, for the tracefree Ricci tensor, we have

1

Fo=51e | dxv/as” U“ dup(3.12,90u)(R™ (uA) + 27,R™ (uA))G™ (uA)
+§A/'d ”(196 185 11965 125 )J/S(MA)RTL(MA)QTL(MA)_i/odeyS(Z)RTL(Z)gTL(Z)
_%Alid””@’j—i’%’g—? u) VS(A)I—_Y;(“A) RIL(uA)GT (uA)
_%A/)“ dz}’S(AA):}Z’S(Z)RTL(Z>QTL(Z) +§Am dzzin(AA):ZS(Z)RTL(z)QTL(Z)
+Aiduﬂ( 0, u)(szr(uA)+2ngTr(uA)>gTr(uA)+A/O‘]‘duu<0,0,%,15 u)m(uA)RTr(uA)gTr(“A)
+fdw(—1,—4, —8|u)7°€°(uA)gC(uA)} Sy (B110)

This can be rewritten in the following form:
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_1 1
©216x2

+2A/%;d 9 15 195 135
~ u oy T Y 4 v &
37 ), “M16°8 16 " 8

.7:52

"31°31°31
}’S(A)

1—u

15

7 )
—IA[d
5 /) <

A-z

1 1
1 o 1 3
+ /4 du (0,0, 1u) (R™ (uA) + 27, R™ (uA))G™ (uA) + A /“ duu(O, 0.5.15
0 0

+ /‘l‘ dup(—1, -4, —8|u)7°€°(uA)g°(uA)} S
0

Finally, for the Euler density, we find

1
3272

21
Fe

5 (R70) 21, RT0)G™0) +

/ d*x,/gsm M“ dup(3,12,9)u) (R™ (uA) + 27,R™(uA))G™ (uA)
u) ys(uA)R™(uA)G™(uA)

3, / Zduﬂ<o 45 90 €0 u> rs(8) Z7s(U8) v, p) G ()
0

B 21 g g7 2) - 275(4) [T azR™M)G™ 2

u) yr(UAYRT (uA)GT (uA)
(B111)
1 ..

(R™(0) +27,R™(0))G™(0) + T (O)QC(O)} G. (B112)

Remarkably, all integral contributions to this vanish, as do all contributions from y, and yj.
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