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We set up a covariant renormalisation group equation on a foliated spacetime which preserves
background diffeomorphism symmetry. As a first application of the new formalism, we study the effect
of quantum fluctuations in Lorentz symmetry breaking theories of quantum gravity. It is found that once
a small breaking is introduced e.g. at the Planck scale, quantum fluctuations enhance this breaking at low
energies. A numerical analysis shows that the magnification is of order unity for trajectories compatible

with a small cosmological constant. The immediate consequence is that the stringent observational
constraints on Lorentz symmetry breaking are essentially scale-independent and must be met even at

the Planck scale.
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1. Introduction

The beginning of the 20th century has been a very successful
time for theoretical physics. On the one hand, the foundations of
quantum mechanics were laid out, leading ultimately to the formu-
lation of the Standard Model (SM) which describes the electromag-
netic, weak and strong interactions. On the other hand, Einstein
put forward his theory of General Relativity, showing that gravity
could be seen as the effect of the curvature of spacetime. Despite
tremendous effort, no consistent theory combining quantum me-
chanics with gravity is available at present. Different contesters
include Loop Quantum Gravity [1,2], String Theory [3,4], Asymp-
totic Safety, both in continuum [5-8] and discrete [9] formulations,
Causal Sets [10,11] and many more. Nevertheless, none of the ap-
proaches can claim full success in the combination of gravity and
the SM.

A key guiding principle in the construction of the SM is Lorentz
invariance. Experimentally this is well justified: we do not have
any reason to believe that at the presently available energies this
symmetry is broken [12,13]. However, it is well-known that cou-
pling constants in quantum field theories as the SM depend on the
energy scale of the process under consideration. It is thus con-
ceivable that coupling constants related to Lorentz-breaking terms
are important at trans-Planckian energy scales, whereas they be-
come negligible at scales currently accessible by experiment. This
is the general idea of Horava-Lifshitz (HL) quantum gravity [14,15].
In this approach one tries to circumvent the problem of the pertur-
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bative non-renormalisability of quantum gravity by introducing an
anisotropic scaling in the form of higher order spatial derivatives of
the metric. These might cure the ultraviolet divergences and thus
make a perturbative quantisation of gravity similar to that of the
SM possible [16,17]. For reviews of HL gravity, see [18-20], and for
the experimental status see [12,13,21-27]. A discussion of explicit
and spontaneous symmetry breaking in the present context can be
found in [28-31], and for recent work on modified dispersion re-
lations inspired by Causal Dynamical Triangulations, see [32].

An open issue in HL gravity is whether Lorentz invariance can
be restored, at least to a high precision, at large enough length
scales. Depending on whether quantum fluctuations enhance or di-
minish the breaking, HL is viable as a theory of quantum gravity. In
this letter, we will analyse this question by setting up a renormal-
isation group (RG) equation for foliated spacetimes which reduces
to the equation derived in a covariant setting if no breaking terms
are present.

2. Functional renormalisation group

The functional renormalisation group (FRG) is a versatile non-
perturbative tool to investigate quantum fluctuations. We will use
the formulation introduced in [33-35],

1 -1
koI = - STr [(r,(f) + SRk) kakmk] ) (1)

In this equation, I is the effective average action which describes
processes at some scale k, F,(f) its second functional derivative
with respect to the dynamical fields, and Ry is a regulator which
acts as a momentum-dependent mass term. Finally, the supertrace
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STr sums over discrete and integrates over continuous indices. Due
to the regularisation, the equation is well-defined both in the ul-
traviolet and the infrared.

This equation has seen successful exploitation in a variety of
contexts in quantum field theory and condensed matter, but in
particular also in quantum gravity [36-68]. For reviews of the FRG
in quantum gravity see [5,6,69-73], and for a recent reformulation
taking appropriate care of the normalisation of the partition func-
tion see [74].

The technical challenge of the present work is to implement
this flow equation for quantum gravity in a foliated setup. Earlier
approaches [59,75-81] have not been able to retain the full back-
ground diffeomorphism invariance for invariant theories, and thus
in these approaches it is hard to decide whether contributions to
the energy dependence of symmetry-breaking couplings stem from
these breaking terms or from genuine physical effects. In the fol-
lowing, we will advocate a formulation without this deficit.

3. Foliation setup

Renormalisation group calculations in quantum gravity heavily
rely on the use of the background method. In this, the dynam-
ical, d-dimensional (Lorentzian) metric g, is split into a fixed
but arbitrary background metric g,,, and (not necessarily small)
perturbations h,,, around that. This entails, for a linear parameter-
isation of the perturbation,

Buv = g/w + huv . (2)

Nonlinear parameterisations have received a lot of interest recently
[37,39,40,47,82-90]. Let us now establish the foliation setup. For
the given Lorentzian metric g,,, we introduce a timelike, nor-
malised vector n and a spatial metric o orthogonal to n, such that

gy =0y +nyny,
gaﬁnao'ﬁy =0, (3)
g*nyn, =1.

For the study of the renormalisation of local actions, it is presum-
ably enough to assume local existence of the vector field n,, and
in the following we will restrict ourselves to this case.

The central idea of this work is to start in a background dif-
feomorphism invariant setup in the metric language, and then to
replace the metric perturbation h by the corresponding foliation
perturbations, restricting the path integral to foliated spacetimes
only. This is most easily done if this map is linear, as then the
one-loop structure of the flow equation (1) is preserved. For this
reason, we choose a linear parameterisation for the n-fluctuations,
but a particular quadratic parameterisation for the o -fluctuations:

n,=n,+n,,

e (4)
Opy =0y +0py — Ny .
Hatted quantities refer to the fluctuating fields. We also assume
that the background quantities fulfil the corresponding relations
of normalisation and orthogonality (3). With this parameterisation,
the map between h and the foliation fluctuations is indeed linear
as the quadratic piece cancels,

huy = (Af/w + ﬁ,u,ﬁv + ﬁuﬁv . (5)

Clearly, in the process of going from h to & and f, we increased
the number of degrees of freedom from 10 (symmetric matrix in
4d) to 14 (symmetric matrix plus vector). On the other hand, &

and 1 are not completely independent, as the full spatial metric
o and timelike vector n have to fulfil their respective constraints
(3). A short calculation shows that the simplest solution to both
constraints is'

Sy =16, — il fy, = 0. (6)

This constraint is implemented via a Lagrange multiplier, similar to
a gauge fixing, and we will call this procedure suggestively folia-
tion gauge fixing. No (dynamical) ghosts arise from this procedure
as the functional §, is ultralocal.

With these two ingredients, we already have the dictionary be-
tween the metric and the foliation language. On a path integral
level,

7~ / Dh A(SIE I+ SlZ.hD

(7)
- / D& DR A(SIE6 A1+ Sl2.6 1+ S2.6 4]

where S is some gravitational action, e.g. the Einstein-Hilbert ac-
tion or an f(R) action. Let us stress at this point that in the path
integral we only include foliatable spacetimes. Moreover,

Y
Sp= 32HGN% / VI 430 (8)

is the foliation gauge fixing action with foliation gauge parameter
Qfol, Sgf is the gauge fixing action, and we suppressed the integral
over the Faddeev-Popov ghosts and their corresponding action. For
simplicity, we will choose a harmonic gauge fixing,

yay
327Gy /VIgg FuFv,

Fu= (agbﬁ — Egaﬂz‘)“> hag -

Sef =
9)

For a recent analysis of the gauge dependence of the renormali-
sation group behaviour of quantum gravity, we refer the reader to
[37,61].

3.1. Approximations

Having specified this setup, we can now apply the standard ma-
chinery of the FRG to obtain the renormalisation group running of
couplings appearing in a given action. Since we have access to a fo-
liation structure, our action can include terms which break the full
diffeomorphism symmetry but are invariant under foliation pre-
serving diffeomorphisms. In the following, we will combine the
Einstein-Hilbert action,

TorCe /\/E( R+2A), (10)

with Newton’s constant Gy and the cosmological constant A as
the two coupling constants, and all breaking terms with up to two
derivatives,

S= e [ VIE (kK Ky + ko 4 arat,) ()

with breaking coupling constants kg, k; and a;. In this,

SEH =

! More complicated solutions to the constraints exist which differ by terms at
least quadratic in the fluctuations. These do not contribute in the subsequent ap-
proximations, where only the linear part is important; other choices of solutions
will be considered elsewhere.
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1
Kuv =3 (n*Dg0Opy + Dyny + Dyny) (12)
is the extrinsic curvature of spatial slices, and is orthogonal to the
normal vector,

n" Ky, =0. (13)

K is the trace of the extrinsic curvature,

Ay =n%Dgny, (14)

is the so-called acceleration vector. A term proportional to the in-
trinsic (3-dimensional) Ricci scalar can be reabsorbed in the terms
already present by a Gauss-Codazzi equation, up to a total deriva-
tive which we neglect. Our ansatz for the action appearing in the
path integral is thus

S=Sen+S. (15)

Before we go on and derive the RG running of the 5 couplings
(GN, A, ko, ka,a1), let us emphasise that the given construction
links the fully diffeomorphism invariant metric language on foli-
atable spacetimes to a still invariant language which has explicit
access to the foliation structure. This construction is intimately re-
lated to the question of a well-defined Wick rotation. A closely
related proposal for a Wick rotation in curved spacetimes can be
found in [91], which should carry over to the present setup. Thus
this flow provides a link for previous Euclidean RG studies of quan-
tum gravity to flows on foliatable Lorentzian spacetimes. The RG
flow of the non-breaking couplings in the foliation language is the
same as in the metric language. The new implementation is in
spirit very close to causal dynamical triangulations (CDT), and the
present RG equation allows a more direct connection of the flow in
the discrete and the continuum.

4. Foliated renormalisation group equation

We are now in the situation to set up the RG flow for fo-
liated spacetimes. In the following, we will use the background
field approximation: once the hessian F,(f) is calculated, the fluc-
tuations are set to zero. This is for technical simplicity, for more
elaborate approximations retaining parts of the fluctuation depen-
dence in pure gravity see [36,41-43,46,48,51,54,61-63,88,92-94].
To our ansatz for the effective action (15), where all couplings are
replaced by k-dependent counterparts, we add the standard and
foliation gauge fixings, (9) and (8). Finally, we have to specify the
regulator. For this, we take

ASK= 5 TemCr /\/Eh[n—znnlfﬁkm)h (16)

where A = —D? is the background covariant Laplacian, 1 is the
unit operator for symmetric tensors, I is the projector onto the
trace, 9 (A) is the regulator function and h is understood to be
replaced by the foliation fluctuations according to (5). The minus
sign in front of the trace part is due to the conformal instabil-
ity, which we treat in the standard way by choosing a regulator
with the same sign as the kinetic term. Clearly, this regulator pre-
serves background diffeomorphism invariance by construction. On
the other hand, in foliation language, nontrivial curvature terms
are included in exactly the right way to preserve the symmetry.
These additional terms would be very hard to guess if a regula-
tor would be constructed directly for the foliation fluctuations. In
the ghost sector, we use a similar standard regularisation. In the
background field approximation, the ghost contribution towards
the flow is anyway the same as in the non-foliated setup. Since

it does not involve graviton fluctuations, it can be directly copied
from the literature [95].

The actual calculation of the RG flow is implemented by the
Mathematica package xAct [96-101]. In the evaluation of the trace,
one additional advantage of the present covariant approach mani-
fests itself: we can employ standard heat kernel techniques, see e.g.
[102,103], and do not have to resort to the much more complicated
heat kernel for anisotropic operators [104-106]. Nevertheless, due
to the additional background foliation structure, the technical com-
plexity is significantly larger than for unfoliated calculations. For
that reason, we will restrict ourselves to the most interesting part
of the flow: we only consider the diffeomorphism invariant part
plus terms linear in the breaking couplings. With this, we can
already evaluate whether Lorentz symmetry-breaking theories of
quantum gravity stand a chance in restoring the symmetry at low
energies. Let us finally note that to calculate the heat kernel trace,
we assume that we can rotate to Euclidean signature.

Let us point out where earlier approaches failed to retain back-
ground diffeomorphism invariance in a foliated setup. The key
point in our construction is that both the gauge fixing and the
regularisation are exactly the same as in the invariant setting. We
use a nonlinear split in the foliation setting so that the map be-
tween invariant and foliated language is linear, and thus no non-
linearities can spoil the setup. In all other approaches so far, the
standard ADM formalism was used, which results in a highly non-
linear relation between invariant and ADM variables, and gauge
fixing and regularisation were chosen for the linear parts of the
ADM variables, spoiling background diffeomorphism invariance.

5. Results

For convenience let us first introduce the threshold integrals

o0

o . 2"(2—) Rk (2) 22K, (2))
Qi) = [ a2 RO ),
0
” (17)
= ._ 2"((2—a) Rk (2) 22K, (2)) (149, (z))
Qnm (1) = / GR@ "
0
We furthermore introduce the dimensionless couplings
g=GnNk?, A= AJK?, (18)

and an overdot shall indicate a (koy)-derivative. The anomalous di-
mension of the background Newton’s constant is then given by

c—2
_87°¢ (19)
g
With this, we can write down the flow equations for our system:
n 1 0
—_ 0
167g 967'[2 Qo1 (=21 + 2Q1*2( )
0 2\
+ 3 2Q01()+16 Q) (=21 o0
13ay — 3ko +9k2 5
_— —2A
76872 Q2721
1lay +ko+7ka 4
- —21),
12872 Q2524
A4 @2—na 5 1 5
= —2A) — — 0
87g 1672 L2 = 52 U @ 21)
3(5a1 — ko + 3k2)

n
25671'2 szz(_Z)‘-L
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l‘(o — nko _ 22(11 — 69’(0 — 3](2

n
—21), 22
167 g 38472 Q2(=20 (22)
l‘<2 —nky  22a; — 3ko + 39>
= 5 Q{,(—21)
167 g 384rm ' (23)
16a; + 3ko + k2 4
_= —21),
3842 23472
a — nay aq + 2ko + 4ky
=— Q5 (=22)
16w g 32 ’ (24)
16a1 + 3ko + k2 = 4
_= —2)).
IPTER R

By construction, the flow equations of the breaking couplings van-
ish when the breaking couplings themselves vanish, and the equa-
tions for g and 4 reduce to the flow equations of the covariant set-
ting [95]. Notice that the equations are independent of oy, which
is due to the linearisation in the breaking couplings. It comes
about by the fact that the foliation gauge fixing operator only ap-
pears in the 66 -part of the hessian, is proportional to 71, and all
propagators (which are expanded in the breaking couplings) are, to
linear order in the breaking, contracted with the regulator, which
is proportional to ¢ in that sector. Terms of higher order in the
breaking couplings are expected to be foliation gauge dependent.
The set of equations (20)-(24) constitutes one of the main results
of this work.

To further analyse the flow equations, we will use the Litim
regulator [107,108],

Re(2)=1-260(1-2), (25)

where 6 is the Heaviside theta function. We further linearise the
flow of the breaking couplings in all couplings (not counting the
overall prefactor of g), which simplifies the subsequent discussion
and gives the leading order behaviour near the diffeomorphism
symmetric hypersurface in coupling space. This reduces the equa-
tions to

ko = —%(2%1 + 19k — 3k3),
g

ky = (22a; — 3kg — 49k>) , (26)
24w
i1 = — 2 (25a; + 6ko + 12k2).
6

Notice that once any of the couplings is present, it immediately
generates the other couplings. This implies that reductions to sub-
sets, e.g. the so-called A — R model [15,109-112] which only retains
ko, are in general not stable under renormalisation.

Before analysing the equations, let us point out their range of
viability. Clearly, for large breaking couplings, the linear approxi-
mation is not applicable, we are thus confined to the situation of
small breaking. We also expanded in g and A, thus they should
be small, which is the case in the semi-classical regime.” Here
we assume that the flow is close to the Gaussian fixed point, in
agreement with observations which find a very small cosmologi-
cal constant [113]. From previous studies in the field, one sees the
generic feature that at energies just below the Planck scale, the
couplings already run classically, see e.g. [36,46,66,95]. Thus we ex-
pect the equations to be valid from slightly below the Planck scale

2 Note that in the deep infrared, the dimensionless cosmological constant goes
to oo owing to a finite dimensionful cosmological constant. Since A appears in de-
nominators only, this further suppresses the flow, which is already suppressed by
a dimensionless Newton’s constant which goes to zero. The approximation thus
should do fine even in the deep infrared as long as we do not take into account
positive powers of A.

to the regime where the dimensional running of the cosmological
constant sets in. This should include most of the phenomenologi-
cally interesting scales.

We can now make a statement about dynamical symmetry
restoration. Assume that Lorentz symmetry is broken by some
small amount, parameterised by the couplings (ko, k2, a;), at some
high energy scale Ayy. Using (26), one sees that for a fixed value
of g > 0, the vector field of beta functions points towards the ori-
gin.® To see this, we take the scalar product of the radial vector
(ko, k2, a1) with the vector field (ko, k2, a1),

(ko, k2, ar) - (ko, k2, a1)

23 13
-5 [—(2a1 +ko)> + ~ a1 + k2)?

24w | 2 (27)

15 85
+ 2807 + 71@, + jkg] <0,

which is non-positive, i.e. it points inwards. This means that if we
decrease the energy scale (increase the length scale), the break-
ing couplings grow generically. The consequence of this is that
generically, quantum effects enhance the breaking of the Lorentz
symmetry towards large scales. On the other hand, the flow of the
breaking couplings dies out quickly in the infrared since in this
regime g ock? as k — 0, owing to the correct classical limit of a
finite Newton’s constant.

To decide which effect dominates, a numerical analysis has to
be done. For this, we diagonalise the flow equations for the break-
ing couplings, (26). The eigenvalues of the corresponding matrix
are approximately —0.21, —1.01+0.11i, thus the diagonalised cou-
plings d1, dy, d3 follow the flow

di~—0.21gd;,

' (28)
dr3~(—1.01£0.11)gdy 3.

These equations can be easily integrated. The infrared value of the
coupling at scale k is related to its value at some ultraviolet scale
Ayv by

Ayy
dq k ~ di, Ayy €XP 0.21/dk% ,
k

(29)

Ayv

dy 3.~ da3. g, €xp | (1.01F0.110) / dk%
k

Ignoring the oscillatory behaviour due to the complex part of the
eigenvalues, the largest magnification of the Lorentz breaking is in
the couplings d> 3.

Let us quantify the magnification factor. First, it is clear due to
our invariant setting that the original fixed point of the Einstein-
Hilbert truncation persists, with breaking couplings set to zero.
This is the only nontrivial fixed point in our approximation be-
cause of the linearisation in the breaking couplings. From this it is
clear that we cannot sensibly take the limit Ayy — oo to evaluate
the magnification factor, since d; 5., — 0 in that limit, whereas the
exponential diverges. Let us nevertheless try to give an estimate
for the magnification. For this, we consider the separatrix connect-
ing the Gaussian and the nontrivial fixed point, as seen in Fig. 1,

3 Recall that this vector field points from IR to UV, which is the opposite direc-
tion of the physical RG flow, which points from UV to IR.
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Fig. 1. Phase diagram of the diffeomorphism invariant cut plane. Arrows point to-
wards higher energies. The red, dashed trajectory is the separatrix joining the ultra-
violet fixed point and the Gaussian fixed point.

which is close to the trajectory realised in nature. For scales be-
low the Planck mass Mpj, Newton’s constant runs canonically to a
very good approximation, g~ M%Ikz. We will take the Planck scale
to cut off the scale integral:

Mpy

v 1
[dkgz— / dkk = — . (30)
k Mp| 2
0 0

With this, we can estimate the magnification factors for the diag-
onalised couplings:

dio~1.11dy sary, d23.0~1.66d; 3 /a7y, - 1)

Translating back to the original couplings, we have

ko.o 1.15 0.01 0.22 ko, it
koo |~ 001 135 —024 || ky sz | - (32)
aro 024 052 192 O ity

This indicates that during the flow the breaking couplings in-
crease by a factor of order unity. Thus in practice even though
Lorentz symmetry breaking is relevant, Lorentz symmetry break-
ing quantum gravity theories stand a chance if they provide a
mechanism that drives the breaking couplings close to zero in the
trans-Planckian regime. On the other hand, the calculation also
shows that even if Lorentz symmetry breaking would be irrelevant,
chances are that the breaking is not washed out in the infrared, be-
cause the flow of Newton’s constant strongly suppresses the flow
of the breaking couplings.

To conclude, the very stringent experimental bounds on Lorentz
violations together with the present results make a Lorentz sym-
metry breaking theory of quantum gravity less attractive, since
the constraints are essentially scale-independent up to very high
scales, pointing towards a substantial amount of fine-tuning.

6. Conclusions and outlook
In this letter, we have put forward several results:

o We have introduced a renormalisation group equation for fo-
liated spacetimes which preserves diffeomorphism symmetry
if the original action is diffeomorphism invariant. For foliated
spacetimes, there might exist a well-defined Wick rotation, our
flow thus could provide a direct link of Euclidean flows to
flows on foliatable Lorentzian manifolds.

e The new flow equation allows for a systematic study of renor-
malisation group flows of terms which break diffeomorphism
symmetry. In particular, this should yield a very close link
between the continuum approach and the Monte Carlo sim-
ulations of CDT, where an anisotropy parameter is introduced.
This connection shall be investigated in the future.

e As an application of the new flow, we derived the leading or-
der flow equations of all couplings arising in a foliated setup,
including up to two derivatives on the quantum fields. The
analysis of this flow shows that generically the flow is not
attracted towards the subspace spanned by diffeomorphism
invariant action functionals. That means that General Relativ-
ity does not emerge from the RG running of HL gravity. The
numerical analysis shows that the enhancement of the break-
ing is rather small, thus Lorentz symmetry breaking theories
are not ruled out entirely by our analysis if they have a mech-
anism to drive the breaking couplings close to zero already at
the Planck scale. The very slow RG running implies that the
constraints on Lorentz symmetry violations essentially hold
also at the Planck scale, posing significant challenges to any
Lorentz symmetry breaking theory of quantum gravity.

A crucial point in a full description of nature is clearly the addi-
tion of matter, together with the corresponding Lorentz breaking
terms. These might have the potential to change the relevance of
the symmetry breaking. Furthermore the addition of matter al-
lows to disentangle different speeds of light, which is one of the
key signatures searched for in experiments on Lorentz symmetry
breaking.

Acknowledgements

I would like to thank Stefan Lippoldt, Chris Ripken and Frank
Saueressig for interesting discussions, and Stefan Lippoldt and
Frank Saueressig for critical comments on the manuscript. I also
profited from the fruitful discussion during the Mainz Institute
for Theoretical Physics (MITP) workshop “Quantum Fields - From
Fundamental Concepts to Phenomenological Questions”, where the
results of this letter were presented. This research is supported by
the Netherlands Organisation for Scientific Research (NWO) within
the Foundation for Fundamental Research on Matter (FOM) grant
13VP12.

References

[1] T. Thiemann, Lectures on loop quantum gravity, Lect. Notes Phys. 631 (2003)
41-135, https://doi.org/10.1007/978-3-540-45230-0_3, arXiv:gr-qc/0210094.

[2] C. Rovelli, Quantum Gravity, 2004.

[3] K. Becker, M. Becker, J.H. Schwarz, String Theory and M-Theory: A Modern
Introduction, Cambridge University Press, 2006.

[4] V. Schomerus, A Primer on String Theory, Cambridge University Press,
2017, http://www.cambridge.org/academic/subjects/physics/theoretical-
physics-and-mathematical- physics/primer-string-theory?format=HB&isbn=
9781107160019.

[5] M. Niedermaier, M. Reuter, The asymptotic safety scenario in quantum gravity,
Living Rev. Rel. 9 (2006) 5-173, https://doi.org/10.12942/Irr-2006-5.

[6] M. Reuter, F. Saueressig, Quantum Einstein gravity, New ]. Phys. 14 (2012)
055022, https://doi.org/10.1088/1367-2630/14/5/055022, arXiv:1202.2274.

[7] R. Percacci, An Introduction to Covariant Quantum Gravity and Asymptotic
Safety, in: 100 Years of General Relativity, vol. 3, World Scientific, 2017.

[8] A. Eichhorn, Status of the asymptotic safety paradigm for quantum gravity
and matter, Found. Phys. 48 (10) (2018) 1407-1429, https://doi.org/10.1007/
s10701-018-0196-6, arXiv:1709.03696.

[9] J. Ambjorn, A. Goerlich, J. Jurkiewicz, R. Loll, Nonperturbative quantum gravity,
Phys. Rep. 519 (2012) 127-210, https://doi.org/10.1016/j.physrep.2012.03.007,
arXiv:1203.3591.

[10] R.D. Sorkin, Causal sets: discrete gravity, in: Lectures on Quantum Gravity,
Proceedings, School of Quantum Gravity, Valdivia, Chile, January 4-14, 2002,
2003, pp. 305-327, arXiv:gr-qc/0309009.


https://doi.org/10.1007/978-3-540-45230-0_3
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib526F76656C6C693A323030347476s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib4265636B65723A323030377A6As1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib4265636B65723A323030377A6As1
http://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/primer-string-theory?format=HB&isbn=9781107160019
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.1088/1367-2630/14/5/055022
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib50657263616363693A32303137666B6Es1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib50657263616363693A32303137666B6Es1
https://doi.org/10.1007/s10701-018-0196-6
https://doi.org/10.1016/j.physrep.2012.03.007
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib536F726B696E3A323030336278s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib536F726B696E3A323030336278s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib536F726B696E3A323030336278s1
http://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/primer-string-theory?format=HB&isbn=9781107160019
http://www.cambridge.org/academic/subjects/physics/theoretical-physics-and-mathematical-physics/primer-string-theory?format=HB&isbn=9781107160019
https://doi.org/10.1007/s10701-018-0196-6

B. Knorr / Physics Letters B 792 (2019) 142-148 147

[11] S. Surya, Directions in causal set quantum gravity, arXiv:1103.6272.

[12] D. Mattingly, Modern tests of Lorentz invariance, Living Rev. Rel. 8 (2005) 5,
https://doi.org/10.12942/1rr-2005-5, arXiv:gr-qc/0502097.

[13] S. Liberati, Tests of Lorentz invariance: a 2013 update, Class. Quantum Gravity
30 (2013) 133001, https://doi.org/10.1088/0264-9381/30/13/133001, arXiv:
1304.5795.

[14] P. Horava, Membranes at quantum criticality, J. High Energy Phys. 03 (2009)
020, https://doi.org/10.1088/1126-6708/2009/03/020, arXiv:0812.4287.

[15] P. Horava, Quantum gravity at a Lifshitz point, Phys. Rev. D 79 (2009) 084008,
https://doi.org/10.1103/PhysRevD.79.084008, arXiv:0901.3775.

[16] A.O. Barvinsky, D. Blas, M. Herrero-Valea, S.M. Sibiryakov, C.F. Steinwachs,
Renormalization of Horfava gravity, Phys. Rev. D 93 (6) (2016) 064022, https://
doi.org/10.1103/PhysRevD.93.064022, arXiv:1512.02250.

[17] A.O. Barvinsky, D. Blas, M. Herrero-Valea, S.M. Sibiryakov, C.F. Steinwachs,
Hofava gravity is asymptotically free in 2 + 1 dimensions, Phys. Rev.
Lett. 119 (21) (2017) 211301, https://doi.org/10.1103/PhysRevLett.119.211301,
arXiv:1706.06809.

[18] S. Mukohyama, Horava-Lifshitz cosmology: a review, Class. Quantum Gravity
27 (2010) 223101, https://doi.org/10.1088/0264-9381/27/22/223101, arXiv:
1007.5199.

[19] T.P. Sotiriou, Horava-Lifshitz gravity: a status report, J. Phys. Conf. Ser. 283
(2011) 012034, https://doi.org/10.1088/1742-6596/283/1/012034, arXiv:1010.
3218.

[20] A. Wang, Hofava gravity at a Lifshitz point: a progress report, Int. J. Mod.
Phys. D 26 (07) (2017) 1730014, https://doi.org/10.1142/50218271817300142,
arXiv:1701.06087.

[21] V.A. Kostelecky, N. Russell, Data tables for Lorentz and CPT violation, Rev.
Mod. Phys. 83 (2011) 11-31, https://doi.org/10.1103/RevModPhys.83.11, arXiv:
0801.0287.

[22] D. Blas, M.M. Ivanov, S. Sibiryakov, Testing Lorentz invariance of dark mat-
ter, J. Cosmol. Astropart. Phys. 1210 (2012) 057, https://doi.org/10.1088/1475-
7516/2012/10/057, arXiv:1209.0464.

[23] B. Audren, D. Blas, M.M. Ivanov, ]. Lesgourgues, S. Sibiryakov, Cosmological
constraints on deviations from Lorentz invariance in gravity and dark mat-
ter, J. Cosmol. Astropart. Phys. 1503 (03) (2015) 016, https://doi.org/10.1088/
1475-7516/2015/03/016, arXiv:1410.6514.

[24] K. Yagi, D. Blas, N. Yunes, E. Barausse, Strong binary pulsar constraints on
Lorentz violation in gravity, Phys. Rev. Lett. 112 (16) (2014) 161101, https://
doi.org/10.1103/PhysRevLett.112.161101, arXiv:1307.6219.

[25] K. Yagi, D. Blas, E. Barausse, N. Yunes, Constraints on Einstein-£ther the-
ory and Hofava gravity from binary pulsar observations, Phys. Rev. D
89 (8) (2014) 084067, https://doi.org/10.1103/PhysRevD.89.084067, Phys. Rev.
D 90 (6) (2014) 069901, https://doi.org/10.1103/PhysRevD.90.069901, https://
dx.doi.org/10.1103/PhysRevD.90.069902 (Errata), arXiv:1311.7144.

[26] D. Blas, E. Lim, Phenomenology of theories of gravity without Lorentz in-
variance: the preferred frame case, Int. ]. Mod. Phys. D 23 (2015) 1443009,
https://doi.org/10.1142/S0218271814430093, arXiv:1412.4828.

[27] A. Hees, Q.G. Bailey, A. Bourgoin, H.P.-L. Bars, C. Guerlin, C. Le Poncin-Lafitte,
Tests of Lorentz symmetry in the gravitational sector, Universe 2 (4) (2016)
30, https://doi.org/10.3390/universe2040030, arXiv:1610.04682.

[28] V.A. Kostelecky, Gravity, Lorentz violation, and the standard model, Phys. Rev.
D 69 (2004) 105009, https://doi.org/10.1103/PhysRevD.69.105009, arXiv:hep-
th/0312310.

[29] R. Bluhm, V.A. Kostelecky, Spontaneous Lorentz violation, Nambu-Goldstone
modes, and gravity, Phys. Rev. D 71 (2005) 065008, https://doi.org/10.1103/
PhysRevD.71.065008, arXiv:hep-th/0412320.

[30] R. Bluhm, S.-H. Fung, V.A. Kostelecky, Spontaneous Lorentz and Diffeomor-
phism violation, massive modes, and gravity, Phys. Rev. D 77 (2008) 065020,
https://doi.org/10.1103/PhysRevD.77.065020, arXiv:0712.4119.

[31] R. Bluhm, Gravity theories with background fields and spacetime symmetry
breaking, Symmetry 9 (10) (2017) 230, https://doi.org/10.3390/sym9100230,
arXiv:1710.10615.

[32] D. Coumbe, Quantum gravity without vacuum dispersion, Int. J. Mod. Phys. D
26 (10) (2017) 1750119, https://doi.org/10.1142/S021827181750119X, arXiv:
1512.02519.

[33] C. Wetterich, Exact evolution equation for the effective potential, Phys. Lett. B
301 (1993) 90-94, https://doi.org/10.1016/0370-2693(93)90726-X.

[34] TR. Morris, The exact renormalization group and approximate solu-
tions, Int. J. Mod. Phys. A 9 (1994) 2411-2450, https://doi.org/10.1142/
S0217751X94000972, arXiv:hep-ph/9308265.

[35] M. Reuter, Nonperturbative evolution equation for quantum gravity, Phys. Rev.
D 57 (1998) 971-985, https://doi.org/10.1103/PhysRevD.57.971, arXiv:hep-th/
9605030.

[36] N. Christiansen, B. Knorr, .M. Pawlowski, A. Rodigast, Global flows in quantum
gravity, Phys. Rev. D 93 (4) (2016) 044036, https://doi.org/10.1103/PhysRevD.
93.044036, arXiv:1403.1232.

[37] H. Gies, B. Knorr, S. Lippoldt, Generalized parametrization dependence in
quantum gravity, Phys. Rev. D 92 (8) (2015) 084020, https://doi.org/10.1103/
PhysRevD.92.084020, arXiv:1507.08859.

[38] M. Demmel, F. Saueressig, O. Zanusso, A proper fixed functional for four-
dimensional quantum Einstein gravity, J. High Energy Phys. 08 (2015) 113,
https://doi.org/10.1007/JHEP08(2015)113, arXiv:1504.07656.

[39] N. Ohta, R. Percacci, G.P. Vacca, Flow equation for f(R) gravity and some of
its exact solutions, Phys. Rev. D 92 (6) (2015) 061501, https://doi.org/10.1103/
PhysRevD.92.061501, arXiv:1507.00968.

[40] N. Ohta, R. Percacci, G.P. Vacca, Renormalization group equation and scal-
ing solutions for f(R) gravity in exponential parametrization, Eur. Phys. ]J.
C 76 (2) (2016) 46, https://doi.org/10.1140/epjc/s10052-016-3895-1, arXiv:
1511.09393.

[41] N. Christiansen, B. Knorr, J. Meibohm, J.M. Pawlowski, M. Reichert, Local quan-
tum gravity, Phys. Rev. D 92 (2015) 121501, https://doi.org/10.1103/PhysRevD.
92.121501, arXiv:1506.07016.

[42] J. Meibohm, J.M. Pawlowski, M. Reichert, Asymptotic safety of gravity-matter
systems, Phys. Rev. D 93 (8) (2016) 084035, https://doi.org/10.1103/PhysRevD.
93.084035, arXiv:1510.07018.

[43] T. Henz, J.M. Pawlowski, C. Wetterich, Scaling solutions for Dilaton quantum
gravity, Phys. Lett. B 769 (2017) 105-110, https://doi.org/10.1016/j.physletb.
2017.01.057, arXiv:1605.01858.

[44] H. Gies, B. Knorr, S. Lippoldt, F. Saueressig, Gravitational two-loop counterterm
is asymptotically safe, Phys. Rev. Lett. 116 (21) (2016) 211302, https://doi.org/
10.1103/PhysRevLett.116.211302, arXiv:1601.01800.

[45] T.R. Morris, Large curvature and background scale independence in single-
metric approximations to asymptotic safety, J. High Energy Phys. 11 (2016)
160, https://doi.org/10.1007/JHEP11(2016)160, arXiv:1610.03081.

[46] T. Denz, J.M. Pawlowski, M. Reichert, Towards apparent convergence in
asymptotically safe quantum gravity, Eur. Phys. J. C 78 (4) (2018) 336, https://
doi.org/10.1140/epjc/s10052-018-5806-0, arXiv:1612.07315.

[47] K. Falls, N. Ohta, Renormalization group equation for f(R) gravity on hy-
perbolic spaces, Phys. Rev. D 94 (8) (2016) 084005, https://doi.org/10.1103/
PhysRevD.94.084005, arXiv:1607.08460.

[48] J. Meibohm, J.M. Pawlowski, Chiral fermions in asymptotically safe quantum
gravity, Eur. Phys. ]. C 76 (5) (2016) 285, https://doi.org/10.1140/epjc/s10052-
016-4132-7, arXiv:1601.04597.

[49] A. Eichhorn, S. Lippoldt, Quantum gravity and Standard-Model-like fermions,
Phys. Lett. B 767 (2017) 142-146, https://doi.org/10.1016/j.physletb.2017.01.
064, arXiv:1611.05878.

[50] S. Gonzalez-Martin, T.R. Morris, Z.H. Slade, Asymptotic solutions in asymptotic
safety, Phys. Rev. D 95 (10) (2017) 106010, https://doi.org/10.1103/PhysRevD.
95.106010, arXiv:1704.08873.

[51] N. Christiansen, K. Falls, ].M. Pawlowski, M. Reichert, Curvature dependence of
quantum gravity, Phys. Rev. D 97 (4) (2018) 046007, https://doi.org/10.1103/
PhysRevD.97.046007, arXiv:1711.09259.

[52] N. Christiansen, A. Eichhorn, An asymptotically safe solution to the U(1) triv-
iality problem, Phys. Lett. B 770 (2017) 154-160, https://doi.org/10.1016/j.
physletb.2017.04.047, arXiv:1702.07724.

[53] D. Becker, C. Ripken, F. Saueressig, On avoiding Ostrogradski instabilities
within asymptotic safety, J. High Energy Phys. 12 (2017) 121, https://doi.org/
10.1007/JHEP12(2017)121, arXiv:1709.09098.

[54] N. Christiansen, D.F. Litim, J.M. Pawlowski, M. Reichert, Asymptotic safety of
gravity with matter, Phys. Rev. D 97 (10) (2018) 106012, https://doi.org/10.
1103/PhysRevD.97.106012, arXiv:1710.04669.

[55] A. Eichhorn, A. Held, Top mass from asymptotic safety, Phys. Lett. B 777
(2018) 217-221, https://doi.org/10.1016/j.physletb.2017.12.040, arXiv:1707.
01107.

[56] A. Eichhorn, F. Versteegen, Upper bound on the Abelian gauge coupling from
asymptotic safety, J. High Energy Phys. 01 (2018) 030, https://doi.org/10.1007/
JHEP01(2018)030, arXiv:1709.07252.

[57] K. Falls, CR. King, D.F. Litim, K. Nikolakopoulos, C. Rahmede, Asymptotic safety
of quantum gravity beyond Ricci scalars, Phys. Rev. D 97 (8) (2018) 086006,
https://doi.org/10.1103/PhysRevD.97.086006, arXiv:1801.00162.

[58] A. Eichhorn, S. Lippoldt, V. Skrinjar, Nonminimal hints for asymptotic safety,
Phys. Rev. D 97 (2) (2018) 026002, https://doi.org/10.1103/PhysRevD.97.
026002, arXiv:1710.03005.

[59] A. Platania, F. Saueressig, Functional renormalization group flows on
Friedman-Lemaitre-Robertson-Walker backgrounds, Found. Phys. 48 (10)
(2018) 1291-1304, https://doi.org/10.1007/s10701-018-0181-0, arXiv:1710.
01972.

[60] A. Eichhorn, A. Held, C. Wetterich, Quantum-gravity predictions for the fine-
structure constant, Phys. Lett. B 782 (2018) 198-201, https://doi.org/10.1016/
j.physletb.2018.05.016, arXiv:1711.02949.

[61] B. Knorr, S. Lippoldt, Correlation functions on a curved background, Phys. Rev.
D 96 (6) (2017) 065020, https://doi.org/10.1103/PhysRevD.96.065020, arXiv:
1707.01397.

[62] B. Knorr, Infinite order quantum-gravitational correlations, Class. Quantum
Gravity 35 (11) (2018) 115005, https://doi.org/10.1088/1361-6382/aabaa0,
arXiv:1710.07055.

[63] A. Eichhorn, P. Labus, J.M. Pawlowski, M. Reichert, Effective universality
in quantum gravity, SciPost Phys. 5 (2018) 031, https://doi.org/10.21468/
SciPostPhys.5.4.031, arXiv:1804.00012.


http://refhub.elsevier.com/S0370-2693(19)30197-2/bib53757279613A323031317968s1
https://doi.org/10.12942/lrr-2005-5
https://doi.org/10.1088/0264-9381/30/13/133001
https://doi.org/10.1088/1126-6708/2009/03/020
https://doi.org/10.1103/PhysRevD.79.084008
https://doi.org/10.1103/PhysRevD.93.064022
https://doi.org/10.1103/PhysRevLett.119.211301
https://doi.org/10.1088/0264-9381/27/22/223101
https://doi.org/10.1088/1742-6596/283/1/012034
https://doi.org/10.1142/S0218271817300142
https://doi.org/10.1103/RevModPhys.83.11
https://doi.org/10.1088/1475-7516/2012/10/057
https://doi.org/10.1088/1475-7516/2015/03/016
https://doi.org/10.1103/PhysRevLett.112.161101
https://doi.org/10.1103/PhysRevD.89.084067
https://doi.org/10.1103/PhysRevD.90.069901
https://doi.org/10.1103/PhysRevD.90.069902
https://doi.org/10.1142/S0218271814430093
https://doi.org/10.3390/universe2040030
https://doi.org/10.1103/PhysRevD.69.105009
https://doi.org/10.1103/PhysRevD.71.065008
https://doi.org/10.1103/PhysRevD.77.065020
https://doi.org/10.3390/sym9100230
https://doi.org/10.1142/S021827181750119X
https://doi.org/10.1016/0370-2693(93)90726-X
https://doi.org/10.1142/S0217751X94000972
https://doi.org/10.1103/PhysRevD.57.971
https://doi.org/10.1103/PhysRevD.93.044036
https://doi.org/10.1103/PhysRevD.92.084020
https://doi.org/10.1007/JHEP08(2015)113
https://doi.org/10.1103/PhysRevD.92.061501
https://doi.org/10.1140/epjc/s10052-016-3895-1
https://doi.org/10.1103/PhysRevD.92.121501
https://doi.org/10.1103/PhysRevD.93.084035
https://doi.org/10.1016/j.physletb.2017.01.057
https://doi.org/10.1103/PhysRevLett.116.211302
https://doi.org/10.1007/JHEP11(2016)160
https://doi.org/10.1140/epjc/s10052-018-5806-0
https://doi.org/10.1103/PhysRevD.94.084005
https://doi.org/10.1140/epjc/s10052-016-4132-7
https://doi.org/10.1016/j.physletb.2017.01.064
https://doi.org/10.1103/PhysRevD.95.106010
https://doi.org/10.1103/PhysRevD.97.046007
https://doi.org/10.1016/j.physletb.2017.04.047
https://doi.org/10.1007/JHEP12(2017)121
https://doi.org/10.1103/PhysRevD.97.106012
https://doi.org/10.1016/j.physletb.2017.12.040
https://doi.org/10.1007/JHEP01(2018)030
https://doi.org/10.1103/PhysRevD.97.086006
https://doi.org/10.1103/PhysRevD.97.026002
https://doi.org/10.1007/s10701-018-0181-0
https://doi.org/10.1016/j.physletb.2018.05.016
https://doi.org/10.1103/PhysRevD.96.065020
https://doi.org/10.1088/1361-6382/aabaa0
https://doi.org/10.21468/SciPostPhys.5.4.031
https://doi.org/10.1103/PhysRevD.93.064022
https://doi.org/10.1088/1475-7516/2012/10/057
https://doi.org/10.1088/1475-7516/2015/03/016
https://doi.org/10.1103/PhysRevLett.112.161101
https://doi.org/10.1103/PhysRevD.90.069902
https://doi.org/10.1103/PhysRevD.71.065008
https://doi.org/10.1142/S0217751X94000972
https://doi.org/10.1103/PhysRevD.93.044036
https://doi.org/10.1103/PhysRevD.92.084020
https://doi.org/10.1103/PhysRevD.92.061501
https://doi.org/10.1103/PhysRevD.92.121501
https://doi.org/10.1103/PhysRevD.93.084035
https://doi.org/10.1016/j.physletb.2017.01.057
https://doi.org/10.1103/PhysRevLett.116.211302
https://doi.org/10.1140/epjc/s10052-018-5806-0
https://doi.org/10.1103/PhysRevD.94.084005
https://doi.org/10.1140/epjc/s10052-016-4132-7
https://doi.org/10.1016/j.physletb.2017.01.064
https://doi.org/10.1103/PhysRevD.95.106010
https://doi.org/10.1103/PhysRevD.97.046007
https://doi.org/10.1016/j.physletb.2017.04.047
https://doi.org/10.1007/JHEP12(2017)121
https://doi.org/10.1103/PhysRevD.97.106012
https://doi.org/10.1007/JHEP01(2018)030
https://doi.org/10.1103/PhysRevD.97.026002
https://doi.org/10.1016/j.physletb.2018.05.016
https://doi.org/10.21468/SciPostPhys.5.4.031

148 B. Knorr / Physics Letters B 792 (2019) 142-148

[64] N. Alkofer, F. Saueressig, Asymptotically safe f(R)-gravity coupled to matter I:
the polynomial case, Ann. Phys. 396 (2018) 173-201, https://doi.org/10.1016/
j.a0p.2018.07.017, arXiv:1802.00498.

[65] H. Gies, R. Martini, Curvature bound from gravitational catalysis, Phys. Rev.
D 97 (8) (2018) 085017, https://doi.org/10.1103/PhysRevD.97.085017, arXiv:
1802.02865.

[66] G. Gubitosi, R. Ooijer, C. Ripken, F. Saueressig, Consistent early and late
time cosmology from the RG flow of gravity, . Cosmol. Astropart. Phys.
1812 (12) (2018) 004, https://doi.org/10.1088/1475-7516/2018/12/004, arXiv:
1806.10147.

[67] N. Alkofer, Asymptotically safe f(R)-gravity coupled to matter II: global so-
lutions, Phys. Lett. B 789 (2019) 480-487, https://doi.org/10.1016/j.physletb.
2018.12.061, arXiv:1809.06162.

[68] A. Eichhorn, S. Lippoldt, J.M. Pawlowski, M. Reichert, M. Schiffer, How pertur-
bative is quantum gravity?, arXiv:1810.02828.

[69] M. Reuter, Effective average actions and nonperturbative evolution equations,
arXiv:hep-th/9602012.

[70] J.M. Pawlowski, Aspects of the functional renormalisation group, Ann. Phys.
322 (2007) 2831-2915, https://doi.org/10.1016/j.20p.2007.01.007, arXiv:hep-
th/0512261.

[71] R. Percacci, Asymptotic safety, arXiv:0709.3851.

[72] S. Nagy, Lectures on renormalization and asymptotic safety, Ann. Phys. 350
(2014) 310-346, https://doi.org/10.1016/j.a0p.2014.07.027, arXiv:1211.4151.

[73] A. Eichhorn, An asymptotically safe guide to quantum gravity and matter,
arXiv:1810.07615.

[74] S. Lippoldt, Renormalized functional renormalization group, Phys. Lett. B 782
(2018) 275-279, https://doi.org/10.1016/j.physletb.2018.05.037, arXiv:1804.
04409.

[75] E. Manrique, S. Rechenberger, F. Saueressig, Asymptotically safe Lorentzian
gravity, Phys. Rev. Lett. 106 (2011) 251302, https://doi.org/10.1103/
PhysRevLett.106.251302, arXiv:1102.5012.

[76] S. Rechenberger, F. Saueressig, A functional renormalization group equation
for foliated spacetimes, ]. High Energy Phys. 03 (2013) 010, https://doi.org/10.
1007/JHEP03(2013)010, arXiv:1212.5114.

[77] A. Contillo, S. Rechenberger, F. Saueressig, Renormalization group flow of
Horava-Lifshitz gravity at low energies, ]J. High Energy Phys. 12 (2013) 017,
https://doi.org/10.1007JHEP12(2013)017, arXiv:1309.7273.

[78] G. D’Odorico, F. Saueressig, M. Schutten, Asymptotic freedom in Horava-
Lifshitz gravity, Phys. Rev. Lett. 113 (17) (2014) 171101, https://doi.org/10.
1103/PhysRevLett.113.171101, arXiv:1406.4366.

[79] J. Biemans, A. Platania, F. Saueressig, Quantum gravity on foliated spacetimes:
asymptotically safe and sound, Phys. Rev. D 95 (8) (2017) 086013, https://
doi.org/10.1103/PhysRevD.95.086013, arXiv:1609.04813.

[80] J. Biemans, A. Platania, F. Saueressig, Renormalization group fixed points of
foliated gravity-matter systems, J. High Energy Phys. 05 (2017) 093, https://
doi.org/10.1007/JHEP05(2017)093, arXiv:1702.06539.

[81] W.B. Houthoff, A. Kurov, F. Saueressig, Impact of topology in foliated quantum
Einstein gravity, Eur. Phys. J. C 77 (2017) 491, https://doi.org/10.1140/epjc/
s10052-017-5046-8, arXiv:1705.01848.

[82] A. Nink, Field parametrization dependence in asymptotically safe quantum
gravity, Phys. Rev. D 91 (4) (2015) 044030, https://doi.org/10.1103/PhysRevD.
91.044030, arXiv:1410.7816.

[83] M. Demmel, A. Nink, Connections and geodesics in the space of metrics, Phys.
Rev. D 92 (10) (2015) 104013, https://doi.org/10.1103/PhysRevD.92.104013,
arXiv:1506.03809.

[84] R. Percacci, G.P. Vacca, Search of scaling solutions in scalar-tensor gravity, Eur.
Phys. J. C 75 (5) (2015) 188, https://doi.org/10.1140/epjc/s10052-015-3410-0,
arXiv:1501.00888.

[85] P. Labus, R. Percacci, G.P. Vacca, Asymptotic safety in O (N) scalar models cou-
pled to gravity, Phys. Lett. B 753 (2016) 274-281, https://doi.org/10.1016/j.
physletb.2015.12.022, arXiv:1505.05393.

[86] N. Ohta, R. Percacci, Ultraviolet fixed points in conformal gravity and general
quadratic theories, Class. Quantum Gravity 33 (2016) 035001, https://doi.org/
10.1088/0264-9381/33/3/035001, arXiv:1506.05526.

[87] K. Falls, On the renormalisation of Newton’s constant, Phys. Rev. D 92 (2015)
124057, https://doi.org/10.1103/PhysRevD.92.124057, arXiv:1501.05331.

[88] P. Dona, A. Eichhorn, P. Labus, R. Percacci, Asymptotic safety in an in-
teracting system of gravity and scalar matter, Phys. Rev. D 93 (4) (2016)
044049, https://doi.org/10.1103/PhysRevD.93.044049, Phys. Rev. D 93 (12)
(2016) 129904, https://doi.org/10.1103/PhysRevD.93.129904 (Erratum), arXiv:
1512.01589.

[89] N. Ohta, R. Percacci, A.D. Pereira, Gauges and functional measures in quantum
gravity I: Einstein theory, J. High Energy Phys. 06 (2016) 115, https://doi.org/
10.1007/JHEP06(2016)115, arXiv:1605.00454.

[90] R. Percacci, G.P. Vacca, The background scale Ward identity in quantum grav-
ity, Eur. Phys. J. C 77 (1) (2017) 52, https://doi.org/10.1140/epjc/s10052-017-
4619-%, arXiv:1611.07005.

[91] P. Candelas, D.J. Raine, Feynman propagator in curved space-time, Phys. Rev. D
15 (1977) 1494-1500, https://doi.org/10.1103/PhysRevD.15.1494, https://link.
aps.org/doi/10.1103/PhysRevD.15.1494.

[92] N. Christiansen, D.F. Litim, J.M. Pawlowski, A. Rodigast, Fixed points and in-
frared completion of quantum gravity, Phys. Lett. B 728 (2014) 114-117,
https://doi.org/10.1016/j.physletb.2013.11.025, arXiv:1209.4038.

[93] A. Codello, G. D’Odorico, C. Pagani, Consistent closure of renormalization
group flow equations in quantum gravity, Phys. Rev. D 89 (8) (2014) 081701,
https://doi.org/10.1103/PhysRevD.89.081701, arXiv:1304.4777.

[94] N. Christiansen, Four-derivative quantum gravity beyond perturbation theory,
arXiv:1612.06223.

[95] M. Reuter, F. Saueressig, Renormalization group flow of quantum gravity in
the Einstein-Hilbert truncation, Phys. Rev. D 65 (2002) 065016, https://doi.
org/10.1103/PhysRevD.65.065016, arXiv:hep-th/0110054.

[96] xAct: efficient tensor computer algebra for Mathematica, http://xact.es/index.
html.

[97] D. Brizuela, ].M. Martin-Garcia, G.A. Mena Marugan, xPert: computer alge-
bra for metric perturbation theory, Gen. Relativ. Gravit. 41 (2009) 2415-2431,
https://doi.org/10.1007/s10714-009-0773-2, arXiv:0807.0824.

[98] J.M. Martin-Garcia, xPerm: fast index canonicalization for tensor computer al-
gebra, Comput. Phys. Commun. 179 (2008) 597-603, https://doi.org/10.1016/
j.cpc.2008.05.009, arXiv:0803.0862.

[99] J.M. Martin-Garcia, R. Portugal, LR.U. Manssur, The Invar tensor package, Com-
put. Phys. Commun. 177 (2007) 640-648, https://doi.org/10.1016/j.cpc.2007.
05.015, arXiv:0704.1756.

[100] J.M. Martin-Garcia, D. Yllanes, R. Portugal, The Invar tensor package: differ-
ential invariants of Riemann, Comput. Phys. Commun. 179 (2008) 586-590,
https://doi.org/10.1016/j.cpc.2008.04.018, arXiv:0802.1274.

[101] T. Nutma, xTras: a field-theory inspired xAct package for Mathematica, Com-
put. Phys. Commun. 185 (2014) 1719-1738, https://doi.org/10.1016/j.cpc.
2014.02.006, arXiv:1308.3493.

[102] D.V. Vassilevich, Heat kernel expansion: user's manual, Phys. Rep. 388
(2003) 279-360, https://doi.org/10.1016/j.physrep.2003.09.002, arXiv:hep-th/
0306138.

[103] K. Groh, F. Saueressig, O. Zanusso, Off-diagonal heat-kernel expansion and its
application to fields with differential constraints, arXiv:1112.4856.

[104] D. Nesterov, S.N. Solodukhin, Gravitational effective action and entanglement
entropy in UV modified theories with and without Lorentz symmetry, Nucl.
Phys. B 842 (2011) 141-171, https://doi.org/10.1016/j.nuclphysb.2010.08.006,
arXiv:1007.1246.

[105] G. D’Odorico, J.-W. Goossens, F. Saueressig, Covariant computation of effective
actions in Hofava-Lifshitz gravity, J. High Energy Phys. 10 (2015) 126, https://
doi.org/10.1007/JHEP10(2015)126, arXiv:1508.00590.

[106] A.O. Barvinsky, D. Blas, M. Herrero-Valea, D.V. Nesterov, G. Pérez-Nadal, C.F.
Steinwachs, Heat kernel methods for Lifshitz theories, ]J. High Energy Phys. 06
(2017) 063, https://doi.org/10.1007/JHEP06(2017)063, arXiv:1703.04747.

[107] D.F. Litim, Optimized renormalization group flows, Phys. Rev. D 64 (2001)
105007, https://doi.org/10.1103/PhysRevD.64.105007, arXiv:hep-th/0103195.

[108] D.F. Litim, Critical exponents from optimized renormalization group flows,
Nucl. Phys. B 631 (2002) 128-158, https://doi.org/10.1016/S0550-3213(02)
00186-4, arXiv:hep-th/0203006.

[109] J. Bellorin, A. Restuccia, On the consistency of the Horava theory, Int. ]J.
Mod. Phys. D 21 (2012) 1250029, https://doi.org/10.1142/S021827182500290,
arXiv:1004.0055.

[110] R. Loll, L. Pires, Role of the extra coupling in the kinetic term in Hofava-
Lifshitz gravity, Phys. Rev. D 90 (12) (2014) 124050, https://doi.org/10.1103/
PhysRevD.90.124050, arXiv:1407.1259.

[111] R. Loll, L. Pires, Spherically symmetric solutions of the A-R model, Phys. Rev.
D 96 (4) (2017) 044030, https://doi.org/10.1103/PhysRevD.96.044030, arXiv:
1702.08362.

[112] L. Pires, The initial value formulation of the A-R model, arXiv:1809.03436.

[113] M. Reuter, H. Weyer, Quantum gravity at astrophysical distances?, J. Cosmol.
Astropart. Phys. 0412 (2004) 001, https://doi.org/10.1088/1475-7516/2004/12/
001, arXiv:hep-th/0410119.


https://doi.org/10.1016/j.aop.2018.07.017
https://doi.org/10.1103/PhysRevD.97.085017
https://doi.org/10.1088/1475-7516/2018/12/004
https://doi.org/10.1016/j.physletb.2018.12.061
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib45696368686F726E3A32303138796479s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib45696368686F726E3A32303138796479s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib5265757465723A313939367562s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib5265757465723A313939367562s1
https://doi.org/10.1016/j.aop.2007.01.007
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib50657263616363693A32303037737As1
https://doi.org/10.1016/j.aop.2014.07.027
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib45696368686F726E5265766965773138s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib45696368686F726E5265766965773138s1
https://doi.org/10.1016/j.physletb.2018.05.037
https://doi.org/10.1103/PhysRevLett.106.251302
https://doi.org/10.1007/JHEP03(2013)010
https://doi.org/10.1007/JHEP12(2013)017
https://doi.org/10.1103/PhysRevLett.113.171101
https://doi.org/10.1103/PhysRevD.95.086013
https://doi.org/10.1007/JHEP05(2017)093
https://doi.org/10.1140/epjc/s10052-017-5046-8
https://doi.org/10.1103/PhysRevD.91.044030
https://doi.org/10.1103/PhysRevD.92.104013
https://doi.org/10.1140/epjc/s10052-015-3410-0
https://doi.org/10.1016/j.physletb.2015.12.022
https://doi.org/10.1088/0264-9381/33/3/035001
https://doi.org/10.1103/PhysRevD.92.124057
https://doi.org/10.1103/PhysRevD.93.044049
https://doi.org/10.1103/PhysRevD.93.129904
https://doi.org/10.1007/JHEP06(2016)115
https://doi.org/10.1140/epjc/s10052-017-4619-x
https://doi.org/10.1103/PhysRevD.15.1494
https://link.aps.org/doi/10.1103/PhysRevD.15.1494
https://doi.org/10.1016/j.physletb.2013.11.025
https://doi.org/10.1103/PhysRevD.89.081701
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib43687269737469616E73656E3A32303136736A6Es1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib43687269737469616E73656E3A32303136736A6Es1
https://doi.org/10.1103/PhysRevD.65.065016
http://xact.es/index.html
https://doi.org/10.1007/s10714-009-0773-2
https://doi.org/10.1016/j.cpc.2008.05.009
https://doi.org/10.1016/j.cpc.2007.05.015
https://doi.org/10.1016/j.cpc.2008.04.018
https://doi.org/10.1016/j.cpc.2014.02.006
https://doi.org/10.1016/j.physrep.2003.09.002
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib47726F683A323031316477s1
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib47726F683A323031316477s1
https://doi.org/10.1016/j.nuclphysb.2010.08.006
https://doi.org/10.1007/JHEP10(2015)126
https://doi.org/10.1007/JHEP06(2017)063
https://doi.org/10.1103/PhysRevD.64.105007
https://doi.org/10.1016/S0550-3213(02)00186-4
https://doi.org/10.1142/S021827182500290
https://doi.org/10.1103/PhysRevD.90.124050
https://doi.org/10.1103/PhysRevD.96.044030
http://refhub.elsevier.com/S0370-2693(19)30197-2/bib50697265733A32303138737271s1
https://doi.org/10.1088/1475-7516/2004/12/001
https://doi.org/10.1016/j.aop.2018.07.017
https://doi.org/10.1016/j.physletb.2018.12.061
https://doi.org/10.1103/PhysRevLett.106.251302
https://doi.org/10.1007/JHEP03(2013)010
https://doi.org/10.1103/PhysRevLett.113.171101
https://doi.org/10.1103/PhysRevD.95.086013
https://doi.org/10.1007/JHEP05(2017)093
https://doi.org/10.1140/epjc/s10052-017-5046-8
https://doi.org/10.1103/PhysRevD.91.044030
https://doi.org/10.1016/j.physletb.2015.12.022
https://doi.org/10.1088/0264-9381/33/3/035001
https://doi.org/10.1007/JHEP06(2016)115
https://doi.org/10.1140/epjc/s10052-017-4619-x
https://link.aps.org/doi/10.1103/PhysRevD.15.1494
https://doi.org/10.1103/PhysRevD.65.065016
http://xact.es/index.html
https://doi.org/10.1016/j.cpc.2008.05.009
https://doi.org/10.1016/j.cpc.2007.05.015
https://doi.org/10.1016/j.cpc.2014.02.006
https://doi.org/10.1007/JHEP10(2015)126
https://doi.org/10.1016/S0550-3213(02)00186-4
https://doi.org/10.1103/PhysRevD.90.124050
https://doi.org/10.1088/1475-7516/2004/12/001

	Lorentz symmetry is relevant
	1 Introduction
	2 Functional renormalisation group
	3 Foliation setup
	3.1 Approximations

	4 Foliated renormalisation group equation
	5 Results
	6 Conclusions and outlook
	Acknowledgements
	References


