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Kallen-Lehmann spectral representation

In GR, only the spin-2 propagates, with 2 dofs
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Fluctuation graviton What is a quantum graviton?
Natural to study this with a spectral representation



Kallen-Lehmann spectral representation

Fluctuation graviton

Defines the
propagator for all
time and space-like
momenta
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In GR, only the spin-2 propagates, with 2 dofs
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What is a quantum graviton?
Natural to study this with a spectral representation
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Real time correlation functions

Real time correlation functions are necessary to compute quantum gravity
observables and test unitarity
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Challenges

(1) Gravity is perturbatively non-renormalisable

(2) Need non-perturbative Lorentzian framework




(1) RG fixed points in gravity Lose predictivity
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Naive perturbation 1 loop divergences: V95 ; VIR, VIR R, VIR
theory fails in d=4 2 loop divergences: ~ /gC




(1) RG fixed points in gravity

Naive perturbation
theory fails in d=4

Asymptotic Interacting
Safety fixed point
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AS can make gravity
predictive and UV finite

Lose predictivity

1 loop divergences: ~ /g, ~ \/gR,
2 loop divergences: ~ /gC°

~ \/gRuVR'LW? ~ \/§R2

Historical hints from perturbation theory in

d=2+eps:

69259

9 [Gastmans et al '78]
Bg [Christensen, Duff 78]
[Weinberg '79]
[Kawai et al '90]



(1) RG fixed points in gravity Lose predictivity

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

Naive perturbation

: 3
theory fails in d=4 2 loop divergences:  ~ \/gC
Asymptotic Interacting Historical hints from perturbation theory in
Safety fixed point d=2+eps:
9 [Gqstmans et al ’7,8]
B =eg9+ By~ iy
Uv [Kawai et al '90]
= What about d=4? Can we take
s e >0

B <0 g — 2
IR

O-' ! !
1073 1 103
log(k/A)
AS can make gravity
predictive and UV finite Use non-perturbative methods

Can try different renormalisation schemes (c.f.
talks by Yannick and Renata), or...




(1) Asymptotic safety in gravity

First FRG steps:
studying the Einstein-
Hilbert truncation

[Reuter '96] [Souma "99]
|Reuter, Lauscher '01] [Litim '03]

Fluctuation graviton
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(1) Asymptotic safety in gravity
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Perturbative studies Non-perturbative studies

FRG exte“ded [Lauscher, Reuter '02] [Codello, Percacci '05] [Codello, Percacci, Rahmede '08]
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[Kluth, "24] Spectral FRG [Fehre, Litim, Pawlowski, Reichert '21][Braun, et al '22]
[Falls, Ferrero, '24] _
Algebra": QFT [d'Angelo, Rejzner '23][d’Angelo '24]

Talks by Yannick By now good evidence of a fixed point in d=4

and Renata



(1) Asymptotic safety in gravity

First FRG steps:
studying the Einstein- o
Hilbert truncation = Guv +hu e
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Perturbative studies Non-perturbative studies

FRG exte“ded [Lauscher, Reuter '02] [Codello, Percacci '05] [Codello, Percacci, Rahmede '08]
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Spectral FRG is a Lorentzian framework: access to real time quantities




(2) Regulators in Euclidean FRG

The regulator implements the Wilsonian integrating out of momentum shells

Ry, = Zik*ri(x) e.g-
Im(p?) ‘ P
Modifies the Re(p?)
two-point
function
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Wick rotation X

Want a regulator which allows analytic continuations for k>0




(2) Callan-Symanzik Regulator

Can define a KL spectral representation with a Callan-

Lorentz symaHZik CUtOff

invariance

Ros = Z1.k?

[Braun, et al '22]

Regulated two-
point function

-
~
-~
-
~
~
..
~

Wick rotation

Can analytically continue to Lorentzian signature at k>0




(2) Callan-Symanzik Regulator

Can define a KL spectral representation with a Callan-
Lorentz Symanzik cutoff

Give up finiteness: |
AII loop momenta contrlbute
- above cutoff k

Rog = Zka

Spectral flow equation [rehre Litim, Pawlowski, Reichert 21][Braun, et al 22]

UV divergences renormalised at every RG step using
dimensional regularisation around d=4




Successful implementation in gravity | e tim avousi fecen o

The Transverse Traceless (TT) fluctuation graviton mode has a spectral function!
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Successful implementation in gravity | e tim avousi fecen o

The Transverse Traceless (TT) fluctuation graviton mode has a spectral function!

101 - X T TTT]
Positive definite!
Gives access to timelike and 3 100 |
‘_1 -
spacelike propagator < N ST
< | ~Inp? o T
Matches EFT up to 90% accuracy —
in the IR "= Gnn =1/
10—1 | Lo | | | |_| | AN | | |1
102 10—1 109 101 102

1 1 __(0s
Guveo X — (Pﬁ)@ -3 ,SOV&), 1 gauge depeﬂdent) What about the scalar mode?




Including the scalar graviton mode

[(hh)pvpo [I‘,(I,hg )H‘%VT’O J]—I— F(()hh)Hg “P% 1 ocauge and ghost modes

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




Including the scalar graviton mode

[(hh)pvpo [I‘,(I,hg )H‘%VT’O J]—I— F(()hh)Hg “P% 1 ocauge and ghost modes

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

Coupled renormalisation group flows for the TT and scalar modes
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Red lines: scalar mode propagator Black lines: Full propagator

Blue lines: TT mode propagator Dashed lines: ghost propagator



Including the scalar graviton mode

[(hh)pvpo [I‘,(I,hg )H‘%VTP U]—I— Féhh)Hg “P% 1 ocauge and ghost modes

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

Coupled renormalisation group flows for the TT and scalar modes

(hh) B , B (hh)
8tFTT,k p— 2 l{\ /,} - 2=.\ /*=_ 8tSCt,TT,k
(hh) D , B (hh)
8tFO’k p— li\ /» - 2:::\ #==_ 8tSCt,0,k
= = =NgL == -7
Red lines: scalar mode propagator Black lines: Full propagator
Blue lines: TT mode propagator Dashed lines: ghost propagator

How do we solve these flows?




UV-IR trajectory — 9
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UV-IR trajectory [— ¢
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Lorentzian signature fixed point. 10t | :Z;T
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Do the scalar and TT modes have spectral functions?
What are their properties?




Coupled spectral functions

| o 101
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A positive definite solution still
exists for the TT mode!

It agrees qualitatively with previous findings

|[Bonanno, Denz, Pawlowski, Reichert '21]

[Fehre, Litim, Pawlowski, Reichert '21]
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Coupled spectral functions
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Comparable to

[Bonanno, Denz, Pawlowski, Reichert '21]

[Fehre, Litim, Pawlowski, Reichert '21]

IR: matches EFT coefficient (90%)

UV: Spectral functions are not
normalisable



Coupled spectral functions
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Comparable to

[Bonanno, Denz, Pawlowski, Reichert '21]

[Fehre, Litim, Pawlowski, Reichert '21]

IR: matches EFT coefficient (90%)

UV: Spectral functions are not
normalisable

Dashed line: negative
Scalar spectral function has a change of sign
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Scalar spectral
function has
spectral
properties of an
off-shell mode




Form factors

Our framework allows for first principles computation of non-perturbative form factors
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Form factors

Our framework allows for first principles computation of non-perturbative form factors
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They are directly related to the spectral function

For all spectral functions in the talk:
Finite couplings which introduce no new poles in the propagators



Form factors

Our framework allows for first principles computation of non-perturbative form factors

R
sz() /d4w\/§(16WGN | RfR( )R_I_OI[LI/,OO'fC( )CMV'OU‘F"‘) _|_Sgh_|_ng

They are directly related to the spectral function

4 )

—1
fe.r(P?) = (#GNp4 /O dwprT,o(c;)) 1

For all spectral functions in the talk:
Finite couplings which introduce no new poles in the propagators

Quantum black holes [Pawlowski, Trankle '23]
Applications:

Unitarity and scattering (<o Ripken Saueressig 22]




Improved TT spectral function

Extend approximation to match EFT to 100% accuracy in the IR

[Fehre, Litim, Pawlowski, Reichert '21] [Assant, Litim, Reichert, in prep]




Improved TT spectral function

Extend approximation to match EFT to 100% accuracy in the IR
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Improved TT spectral function

Extend approximation to match EFT to 100% accuracy in the IR
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—— IR improved prTT

10—4 | 1111l 1111l )| | 11111
1071 10° 10? 107

A [Mpl:

Solution exists and is still
positive definite

UV: New approximation has
a large effect on the
asymptotic scaling




On-shell improved spectral functions

Previously, dim reg renormalisation conditions

oL " (p=0)=0 and 0,0,.T"(p=0)=0

Now
N (hh)szz | m@:O and 1! ! <“h>@p2: | m@:o




On-shell improved spectral functions

Delta peak parameter

Previously, dim reg renormalisation conditions flows are trivial
oL " (p=0)=0 and 0,0,.T"(p=0)=0 tn (k) = 0
Now Zn(k)=11 Th(k)=0
1M 2 =1 m?)=0 and !!p! M(p?=1m?)=0

Decouple TT and
scalar modes

Simplify computations!
Useful for scattering




On-shell improved spectral functions

Previously, dim reg renormalisation conditions

1M 2 =1 m?)=0 and !!p! M(p?=1m?)=0

10' 12

oL " (p=0)=0 and 0,0,.T"(p=0)=0

Now

Positive definite TT mode
spectral function

1T

— |l ol

n In(|)' 3!! 2

101 100 100 1 10° 10* 10 1P 10

| [Mpl]

Delta peak parameter
flows are trivial

U (k) =0
Zh(k) =1 !h(k):O

Decouple TT and
scalar modes

Simplify computations!
Useful for scattering

IR: matches EFT coefficient with
100% accuracy

UV: Spectral functions are
normalisable
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(1) Coupled to the scalar graviton mode
(2) Included the feedback of the continuum into the propagator

(3) On-shell renormalisation scheme simplifies flows while capturing the
physics of the two-point function
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Conclusion

[Fehre, Litim, Pawlowski, Reichert '21]

Extended the computation of the TT spectral function in three ways:

(1) Coupled to the scalar graviton mode
(2) Included the feedback of the continuum into the propagator

(3) On-shell renormalisation scheme simplifies flows while capturing the
physics of the two-point function

For (1,2,3):

Found a Lorentzian signature fixed point in d=4
TT graviton mode has a positive definite spectral function

Scalar graviton mode is off-shell (change of sign)

Quantum propagators: same pole structure as GR although the quantum
effective action includes curvature squared terms



Backup slide - mass flows

Distinguish the TT and scalar mass parameters

Exemplary part of the TT two-point function flow from the self-energy diagram

@ Complex flow, except if UTT = U0

31

(e ) P @27 ") 7—209(1"' Urr ) + 7—209(1"' Ho) + ...

Solution to this flow is a complex
cosmological constant

Delta peak becomes complex
conjugated!




