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Abstract:

Higher-curvature gravity can offer UV completions of GR, but generically suffers from 4t
often spoiling unitarity, e.g. Stelle gravity. Recently it was noticed that Einsteinian
interactions match Einstein s spectrum at the linearised level, avoiding the dangero!
freedom. We investigate the renormalisation group flow of Einstein cubic gravity couplin
of the theory, showing that Einstein cubic gravity remains ghost-free in the quantum reg
causality directly, we make a Lorentzian computation of the asymptotically safe graviton
and scalar mode. We showed that beyond the requirement of using a causality-preservit
setting up differential equations for coupled spectral functions must satisfy additional c
BRST symmetry. We found three avenues to solve the coupled system of running Kalle
leading to 1-loop exact spectral functions which are compatible with causality and unita
direct asymptotically safe predictions to the full quantum propagators, the correspond
factors in the quantum effective action.
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Towards asymptotic safety as

(1) Introduction

ghost-free \
(2) Spectral functions of

graviton transverse-

Unltary >  traceless and scalar
modes

(3) Predicting the coupling
between scalar dark matter

UV completion of gravity and photons/gluons
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. = 1
(1) UV completion of gravity SEH = /m e (2A - R) Lose predictivity
1 loop divergences: ~ /g, ~ /gR, ~ /R, R", 6 ~ /gR’

Naive perturbation

- 3
theory fails in d=4 2 loop divergences: ~ /gC

UV complete QFT ‘ . couplings reach UV fixed point under T
Renormalization Group running

Asymptotic Freedom:
reach free fixed point

Fixed point condition
IR Flow stops

e.g. QCD
By = kOpu(k) = Oyu(k)

Scale invariance

[Gross, Wilzcek '73]
[Politzer 73]

uv

103
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" . 1
(1) UV completion of gravity Stn = / e AR Lose predictivity
1 loop divergences: ~ /g, ~ /R, ~ \/gR.,R", ~ /gR’

Naive perturbation

. 3
theory fails in d=4 2 loop divergences: ~ /gC

UV complete QFT ‘ . couplings reach UV fixed point under T—
Renormalization Group running ‘

Asymptotic Freedom: Asymptotic Safety:
reach free fixed point reach interacting fixed point

[Weinberg '79]

IR _ e.g. Large-N 3d
e.g. QCD Gross-Neveu AS can make

. ; [Rosenstein,Park, i
[Gross, Wilzcek '73] Warr, '89] gravity

[Politzer 73] [Cresswell-Hogg, predictive
Litim, 22 .g Litim-

itim ] e 9- Litim and UV
uv IR Sannino model

[Litim, Sannino, '14]

complete

103 1 103
log(k/A)
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(1) UV completion of gravity SEH = /I 1671'1GN (2A — R) Lose predictivity

Naive perturbation

1 loop divergences: ~ /g, ~ ./gR, ~ . /gR,, R", ~ \/§R2

. 3
theory fails in d=4 2 loop divergences: ~ /gC

Asymptotic Safety in gravity

gN"t
uv

IR
0-. f
1073 1

log(k/A)
AS can make gravity
predictive and UV complete
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Hints from perturbation theory in d=2+eps:

[Gastmans et al '78]

2
ath — 59N + BgN [Christensen, Duff '78]
N~ N~ [Weinberg '79]

dimension one-loop [Kawai et al '90]

Use non-perturbative methods

Lattice methods (CDT/EDT)

Functional Renormalisation Group:

[Lauscher, Reuter '02] [Codello, Percacci '05] [Codello, Percacci, Rahmede '08]
- [Machado, Saueressig '09] [Niedermaier '09] [Benedetti, Caravelli '12] [Dietz, Morris "12]
EUCIldean [Falls, Litim, Nikolakopculos, Rahmede '13,'14] [Falls, King, Litim, Nikolakopoulos,
Rahmede '18] [Kluth, Litim '20] [Kluth, Litim '22]..

[Fehre, Litim, Pawlowski, Reichert '21][Braun,

Recently, Lorentzian < al 22][Pawlowski, Reichert, Wessely '25]
[d’Angelo, Rejzner "23][d’Angelo '24]
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Introduction to functional RG Functional identity for
Quantum effective action

Wilsonian RG

Integrate momentum shells

2 UV finite

and local

[Gies, '06]

Modes
unchanged

2 2\ 1.2 Modes frozen/
Ri(p” < ko) ~ ko suppressed

Re(p? > k2) ~ 0
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Introduction to functional RG

Wilsonian RG

Integrate momentum shells

E
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Functional identity for
Quantum effective action

1 i

Evolution in theory space

Fk::!l = Sbare

[Gies, '08]
e @
® — o=
[ ]

L ]

Work with running couplings
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(2) Spectral Functions of
Lorentzian Quantum Gravity

with Daniel Litim, Manuel Reichert
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(2) Healthy and unitarity quantum gravity

(i) Healthy quantum theory has no ghosts or tachyons.
True in GR

Gt o< [Grrlp )HEEP,,J Q (p2)11wa. + gauge

SEx =

167Gy

Guv = Muv +

/;; Vv9(2A.. — R)

o

Fluctuation graviton

(ii) A unitary theory has bounded scattering amplitudes at high-energies

e.g. fully 1Pl ressumed scattering

)‘haw s

gh h

Perturbative GR amplitude
breaks Froissart bounds

Is quantum gravity healthy and unitary? To answer we need:

Real-time/Lorentzian correlation functions
Propagator pole structure (particle spectrum)
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(2) Graviton spectral function

Spectral function: access to real time correlators, and propagator pole structure

1
PTT/O()\) — — [2

mass peak

Spectral representation
defines propagator for all
time and space-like momenta

[ XdA prTe(A)
QTT/G(po)—fO = 2

Challenges

Need non-perturbative Lorentzian framework
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(2) Regulators in the Functional Renormalisation Group

The regulator implements the Wilsonian integrating out of momentum shells

SR ( 1o 1) o(1 — 1)

xr ,
[Litim '00]

1
Oy, = §T1“ GOy Ry [Rk X k2 Tk (.CC)] e.g-

Tewpll) =€ "

Im(p?) A Im(p®) 4

Modifies the
two-point , >

function .
Wick rotation x

Want a regulator which allows analytic continuations for k>0
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(2) Callan-Symanzik Regulator

Callan-Symanzik regulator preserves causality

Ry, o k?

Lorentz
invariance

[Braun, et al '22]

Regulated two-
point function
/ Wick rotation

Can analytically continue to Lorentzian signature at k>0

Pirsa: 26030085 Page 13/35



(2) Callan-Symanzik Regulator

Give up finiteness
All loop momenta contribute above cutoff k

*'{ RkOCkQ]

To guarantee finite UV

1
81; Pk —_— Trgk 875 Rk [ 875 SCt kJ Reiigrr? 2L1I 'f&i‘fﬁ?ﬁkbz}

UV divergences renormalised at every RG step using
BPHZ renormalisation in d=4
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(2) Including the scalar graviton mode

The two-point function tensor decomposition

F(2),,uz/po' _
327 \

[Fehre, Litim, Pawlowski, [Pawlowski, Reichert,
Reichert '21] Wessely, 2025]

1 ([F(Z) Huvpa] ZF(Q)HWM —|—gauge)

Recall RG flow

1 -1
Iy = §T1" latRk; (F?) + Rk) } With off-shell mass parameters
mTT/O(Acc: l’v’)

(2) 5 5 and anomalous dimensions
I‘TT/O + Ryprj0 = Zrryo(p)(p” + mTT/O) et o — —0% ln(ZTT/O)
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(2) Symmetry constraints

Existence of Killén-Lehmann representations for k>0 depends on
diffeomorphism symmetry constraints

Generalised KL Standard KL

2 2 : o
—dm —m 0 —dm? —m?
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Generalised KL Standard KL

(2) Preserving symmetry -
p = 0 renormalisation Fix ap = mrt =my T | o q
—>

Generalise [Fohe Liim, Pawlowski, Reichert '21] Fix bp = ntT =m0

Standard KL P

O ols” = 0) = v
00> I‘fﬁ% /0 (p*) = brr/0

p2=0 Only fixag = mt1T =My

Generalised KL

|'On-shell Irenormalisation

Naturally sets
Epsz ——} T/Oj _0 y - —
mrr =mg =k SImpllfleS
8,0, T T =g =10 computations

TT/0
Standard KL

(2)
atFTT/O

Renormalise on the graviton
mass pole
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Coupled transverse-traceless mode spectral functions

Finally: set up differential equation for spectral functions

prT/0(A) = 2Im [gTT/O‘Wick]

8tPTT/O()\) = —2Im [g%'r/o (8‘5F’(I?%/0 + 8tRTT/0) ]
Wick

Coupled RG flows two-point correlators

PN PN
arg) = (Ot =Wt ==t ="

f/®\\ A

Blue lines: TT mode

. Dashed black lines: ghost
Red lines: scalar + vector mode 9
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Spectral functions in on-shell renormalisation

The graviton is massless

Spectral functions have the standard delta peak and continuum starting at the origin

3

i particle

quantum
pole

gravity

_effective

quantum
gravity
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Fixed points, UV-IR connecting trajectories

p = 0 renormalisation

10?

10!

10°

On-shell
renormalisation

101

10-2

fa-=t 10°
k [Mp]

mo = M1

Mo # NTT

Standard KL for k>0 Generalised KL for k>0
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Standard KL for k>0
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Coupled spectral functions

oF
~
=
P‘
=
Q
H
HE
N

IR: matches EFT exactly

p=0
p=0,nrT # N0

on-shell

~1In(A2) 722-2
~In(A2) 7222

i

~ 1”(,\3) -

101 102 103 104

A [Mp]]

Z%RWP0|U/ gﬁ

UV: Normalisable spectral functions

10° p=0
p=0,nrT # M0

on-shell

103
~ In(A2) "2~2

~ A72+ﬂ6
10—
~ In(A2) ~3x-2

102

102 103 104 10°

A [Mp]

10~  10° 101

All spectral functions are positive

Transverse-traceless mode carries
on-shell dofs

All spectral functions change sign

Physical scalar mode carries
off-shell dofs
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Coupled spectral functions

IR: matches EFT exactly UV: Normalisable spectral functions

10°
p=20,nrT # M0 ! p=20, nr1 # M0

on-shell

10°

on-shell

10-3 103

=1,

Nln()\’z)iz)\_z Nln()\z) A 2

~ In(22) 7222 ~ A28
) 106

ZéR lpol [1/ 31]

oF
~
=
H
=
Q
H
HE
N

106 e s
~nfA?) 752

~ 1]1(/\2)7". g 10—9

10~°
1072 101 10° 101 102 103 104 101 100 10! 102 103 104 10°

A [Mp)] A [Mp]

Recall

[ AdAprr()
gTT/O(pO) _A T A2+pg

Propagator pole structure: no additional modes

Compatible with healthy theory
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