Title: From fluctuating gravitons to L orentzian quantum gravity
Speakers. Manuel Reichert

Series. Quantum Gravity

Date: April 11, 2024 - 2:30 PM

URL.: https://pirsa.org/24040086

Abstract: | will review recent progress in the asymptotic safety approach to quantum gravity. This includes the computation of
momentum-dependent graviton correlation functions, the structure of the Standard Model with asymptotically safe gravity, and the recent first
computation directly in space-times with Lorentzian signatures via the spectral function of the graviton. Overall, | will display the progress towards
the computation of the quantum effective action which encapsul ates effective field theory in the IR limit and the asymptotic safety regimein the UV
limit.
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Path integral for metric quantum gravity

e Assumptions

e Metric carries fundamental degrees of freedom

e Diffeomorphism invariance

e Path integral

/Dg,uv e—S[é'] or /Dg.#w eiS[g']
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Path integral for metric quantum gravity

Assumptions

e Metric carries fundamental degrees of freedom

e Diffeomorphism invariance

Path integral with gauge fixing, sources

Z[g,J] ~ f Dh,, o~ SIE+h]—Sgil2,h]— Senl&,h, 2,81+ [, VB I (x) Ay (%)

Metric split g,, = g, + h,. required by gauge fixing and regulator

Methods: Perturbation theory, lattice, functional methods, . ..
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Perturbative quantum gravity

Einstein-Hilbert gravity
1

Sepi= I67Gy /X\/ det gm,(2/\ - R(gpuu))

e Perturbatively non-renormalisable: [Gy] = —2

e Need |nf|n|t€|y many counter terms: No pI'EdICtIVIty ['t Hooft, Veltmann '74; Goroff, Sagnotti '85]

Higher-derivative action

1 W
Svp = Sen + /\/det Suv (ﬁ Cﬁupa — ﬁ R2>

e Perturbatively renormalisable: [w] = [A\] =0

e Non-unitary [Stelle '74]
1 1

1
G s ~J = ——-——
graviton P2 + p4/M|§| P2 Mgl _|_ p2

Pirsa: 24040086 Page 5/37



The functional renormalisation group

Non-perturbative renormalisation group equation [Wetterich '93]

1

1
koWl = = Tr | —g——
2 .

kOk Rk]

Ry, = regulator

Ik = scale-dependent effective action Peeni=i50

UV fixed point
Interpolation between

e bare action / UV FP
e quantum effective action I’

e Wilsonian integrating out of momentum modes

[Image: Gies '06]
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Asymptotically safe quantum gravity in d = 4

QG could be non-perturbatively renormalisable via an interacting UV FP [Weinberg '76]
Sen = torcy JxvE (2A—R)

g
A

0.8

0.2

N

[Reuter '96; Reuter, Saueressig '01]

A

[MR "20]
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Expansion in curvature invariants

R

o O e

R® RVZR  GpVECHP  C,SAC F7C, 2

RE RYIR  ClupovCRee

[Gies, Knorr, Lippoldt, Saueressig '16, Falls, Litim, Schréder '18; Knorr, Ripken, Saueressig '19; Kluth, Litim '20; Falls, Ohta,

Percacci '20; Knorr '21; Baldazzi, Falls, Kluth, Knorr '23; .. ]
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Fluctuation approach — expansion in momentum dependent graviton correlations

e Treat g and h independently, resolve fluctuation correlation functions

_ — 1 BB ... hss e
rk[gah]:ZF/ri t )[gao]'hal"'han
n=0

e Flat background g = ¢ allows for momentum-space techniques

a,r¥

[Christiansen, Knorr, Meibohm, Pawlowski, MR '15; Denz, Pawlowski, MR '16; Pawlowski, MR '20; '23; .. .]
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Controlling the diffeomorphism symmetry

e Background metric g, and fluctuation field h,, are treated independently

e Diffeomorphism symmetry is governed by non-trivial Ward identity

Wk =5 grk S gSreguIator s (g(sgf 5 = Sgh + ASregulatcﬁr)) =0

Wi~ #Mies = UV-FP +cit's

[Image: Gies '06]
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Avatars of couplings

/k — G3(p1, p2, p3)

-, |
'y (P1> P2: P3) e Momentum dependent couplings

=

e Related by symmetry identities

— Gy(p1, P2, P3)
( e Reduce to Gy + higher-order terms for k — 0

‘Pa)
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Matching to curvature invariants

Form factor action [Knorr, Ripken, Saueressig '22; ..]

2A— R
el = [ (3g + RROR + GupafcD)CHP 4. ) + Sy Sp

Fully determined by momentum dependence of propagator (g, = 7., + v/ Gn hy.)
[Knorr, Schiffer '21; Pawlowski, MR '23]

327 G B —167
p? + 321 Gnp* e (p?) hshs = b2 — 967 Gy p* fr(p?)

Ghyohee =

Three-point Newton coupling relates to Goroff-Sagnotti form factor

/ fC3(v17 VQ’ v3) Cp,b'pa Cpo-r:)\ Cn)\#y

X

Pirsa: 24040086 Page 13/37



Lorentzian computations
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Kallén-Lehmann spectral representation

plw?) = — Iim0 Im G(w? + i€)
e—

multi-particle continuum
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Classical graviton spectral function

Einstein-Hilbert action: Sgy = m /& (2A - R)

Flat Minkowski background: g, = 1, + huw

1
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Classical graviton spectral function

Higher-derivative action: Sup = Sen + [ /& (aR* + bCﬁVpCr

1

109 10! 107

—1/(p* + p'/M§)
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EFT graviton spectral function

One-loop effective action: TM.joop = SeH + [ /8 (c1RIN(O)R + 2 Cuvpo In(O)CH*P7) + . ..

Gauge-fixing Sge=1 [ F2 with F,=V"hu, —2EV, 0",

o ghh

[Pawlowski, MR '23]

pr(w?) ~ 6(w?) + const
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Spectral Renormalisation Group

Regulator R, = k?r,(x)

o r. = r(p?/k?) breaks causality o
oren

e r, = r.(p?/k?) breaks Lorentz invariance invariance

e r, = 1 provides no UV regularisation

4 Img? 4 Img?

O

(o2
e.g. ‘b\{’
Ri(p)=k?r(xz) @)
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Spectral Renormalisation Group

e Callan-Symanzik cutoff uniquely preserves causality and Lorentz invariance
Ri = Zy k*

Finite flow equation with counterterms

1
g o= ETV Gk OcRi — 8t5ct,k

Dimensional regularisation of UV divergences in d = 4 — ¢ possible
Finitely many counter terms if gravity is asymptotically safe

Similar flow as in [D'Angelo, Drago, Pinamonti, Rejzner '22; D'Angelo Rejzner '23; Banerjee, Niedermaier '22]
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Lorentzian setup

e Expansion about flat Minkowski background

Direct flow of p, with m? = k?(1+ p) and Z,, = Zy(p* = —m?)

1
Zy

[zms( — m?) + (N2 — 4m,2,)ﬁ,(A)]

Ph =

Use pj, in flow diagrams

oo

, dA? pp(A?)
8tphoc=©=+... with / Y

0

Approximation: neglect feedback from f, in diagrams

Flow of g = Gyk? from three-graviton vertex at p = 0
[Christiansen, Knorr, Meibohm, Pawlowski, MR ' 15; Denz, Pawlowski, MR '16]
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Lorentzian UV-IR trajectories

(g, mn, )|, = (1.06, 0.96, 0 =249 +317i

10°

102
[Fehre, Litim, Pawlowski, MR '21]
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Graviton spectral function

m=w Gy 1P

1072 = :
10° 102 105 11 Vs B 1 1ipH 10* 10° 10®

A [My] p [My]
[Fehre, Litim, Pawlowski, MR '21]
Massless graviton delta-peak with multi-graviton continuum
Non-normalisable spectral function [p,d\ = oo

No ghosts and no tachyons — no indications for unitarity violation

GOOCI agreement Wlth reCOI'IStI'UCtiOI'I results [Bonanno, Denz, Pawlowski, MR '21] >
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Towards graviton-mediated scattering cross-sections

Pirsa: 24040086

¢'mattcr

,...1.(.);l9 PR

V3 [GeV)

,...1..01&20 PR .x,.l,.0121 PR

[Pastor-Gutiérrez, Pawlowski, MR, Ruisi (in prep)]
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Summary

e Expansion of quantum effective action in graviton correlation functions
Restored diffeomorphism invariance at k =0
Momentum dependent correlation function link to curvature expansion
Direct Lorentzian computation of graviton spectral function with spectral fRG
Well-behaved spectral function without ghost or tachyonic instabilites

Key step towards scattering processes and unitarity

Thank you for your attention!
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