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Asymptotically Safe Quantum Gravity

o Large Evidence for UV Fixed Point,
almost entirely coming from FRG

e 3-4 relevant directions

« Near canonical scaling of 9V
eigenvalues

o Effective Universality
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e No one-loop fixed point
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Running Couplings in Quantum Gravity

« p-functions in 4d one-loop quantum gravity

/,td_=—2/1—g( +/1'42/1+A3/12 ) + 0 (g%
U
quad dlv)dw
d
ﬂﬁ =2g— g% (B, + ByA) + 0 (g°)

Power-law divergences are necessary to obtain Fixed Point!



Power-L
-Law Sensiti '
nsitive Dimensional Regularizati
ion

e How to id .
entify pow
er-law di
divergences in dimensional regul
gularization?
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Power-Law Sensitive Dimensional Regularization

« How to identity power-law divergences in dimensional regularization?

dp 1 d—1 1 d—2 d
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« Integrand on the left-hand side is quadratically divergentind = 4
« It also contains a logarithmic divergence (linear in mz)




Power-Law Sensitive Dimensional Regularization

« How to identity power-law divergences in dimensional regularization?

dp 1 d—1 1 d—2 d
[ﬂd/2p2+m2=Jdpp Jdep2+m2=m L 1_5

« Integrand on the left-hand side is quadratically divergentind = 4
« It also contains a logarithmic divergence (linear in mz)

« The right-hand side is divergentind = 2,4,6,...
« Power-law divergences lead to divergences in d < 4 veltman, 1981]



Power Divergence Subtraction:
Renormalize bare couplings to remove divergences ind < 4

[Weinberg, 1979]

[Jack and Jones, 1990]
[Al-Sarhi and Jack and Jones, 1990]
[Al-Sarhi and Jack and Jones, 1992]

[Kaplan et al, 1998]
[YK, 2024]



Renormalization

« One-loop renormalization leads to f-functions vk, 2024
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Renormalization

« One-loop renormalization leads to f-functions vk, 2024

dA 28 4
B, = p— = — 22+0g——gl+—2gA
du 3 3
/
qu?/d by ‘\logdiv (d=4)
dg 2.26 ., 26"
— y—=> = Dg— pR—, ]
Py =1 8Ty 8T

« No quartic d ivergences [Akhmedov, 2002] [Ossola and Sirlin, 2003]



Phase Diagram of One-Loop Gravity
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What about poles in higher Dimensions?

» Dimensional Regularization also gives rise to polesind > 4
« [wo classes of poles:
e Higher dimensional operators
o Higher powers of mass parameters

« Consider QCD with massive quark fields

Lo
L = _fgz FaHv Fﬁv Z [\Pri w\Pr . MO,r\Pr\I;r]
0 r=1

« Renormalize coupling by subtracting poles in d > 4 v« 202

1



Threshold Effects from Dimensional Regularization

« Subtracting all poles in d > 4 that are
proportional to the coupling results in

f - v _mr)
OZg = 3(47z)2 2.2, n!(2n + 4 — d)

r=1 n=0
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Threshold Effects from Dimensional Regularization

« Subtracting all poles in d > 4 that are
proportional to the coupling results in

) Ngp o0 _mr)
02y =
> 3(47z)2 ;,;) n!(2n + 4 — d)
 This gives the f-function

72 & 2
4 _ 2
d — 4a——C — —e ' —
Pa = ) 3 A47$ Z 3 47T

r=1

e Mass-Dependent Damping Terms!
[YK, 2026]
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Threshold Effects from Dimensional Regularization

. charm , bottom  top

« Subtracting all poles in d > 4 that are
proportional to the coupling results in

st _ ZF: i (-mf)’ a

5 3(4n) ~ ~ nl(2n+4—d)
e Ihis gives the p-function Pr
g p :

72 e 4 2 o2

d—4)a — —C — —e M —

'B ( ) 3 A47$ r; 3 4T
e Mass-Dependent Damping Terms!
[YK, 2026]
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Mass Dependent Renormalization Schemes

« Need mass dependent scheme that respects gauge symmetries
O In d|m—reg |nC|Ude pOleS in a” d|menS|OnS [Jack and Jones, 1990] [Kaplan and Savage and Wise, 1990]
YK, 2024][Falls and Ferrero, 2024][YK, 2026][Beretta and Codello, 2026]
. In gravity: Important contributions come from gravity ind = 2
o Gravity becomes topological ...

« Here we look for a scheme that is
e gauge invariance
o sensitive to power-law divergences
« relies only on gravityind = 4

14



[Harlander and YK and Kohnen and Werthenbach, 2026]

Ricci Flow

o Diffusion equation for the metric (Hamiton, 1982Pereiman, 2003][Perelman, 2006]

atg,uv(ta x) = _Zfz,uv(ta X) gyv(oa x) = g,uv(x)

« Covariant and smears out metric configurations
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Ricci Flow

o Diffusion equation for the metric (Hamiton, 1982Pereiman, 2003][Perelman, 2006]

atg,uv(ta x) = _Zfz,uv(ta X) gyv(oa x) = g,uv(x)

« Covariant and smears out metric configurations
strongly inspired by gradient flow in QCD!

. . . [LUscher, 2010]
« We assume vanishing cosmological constant [Lischer and Weisz, 2011]

» Expand around flat space g, =0,,+ h,,
0., (t,x) = O*h,,,(t,x) + ...
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[Harlander and YK and Kohnen and Werthenbach, 2026]

Ricci Flow

o Diffusion equation for the metric (Hamiton, 1982Pereiman, 2003][Perelman, 2006]

atgﬂv(ta X) = _Zjé,uv(t: X) gyv(oa .X') : g,uv(x)

« Covariant and smears out metric configurations
strongly inspired by gradient flow in QCD!

. . . [LUscher, 2010]
« We assume vanishing cosmological constant [Lischer and Weisz, 2011]

» Expand around flat space g, =0,,+ h,,
0., (t,x) = O*h,,,(t,x) + ...

» Can we define a Ricci flow version of Newton’s coupling gpx?
« We will consider these correlators

(joniy{Jos
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[Harlander and YK and Kohnen and Werthenbach, 2026]

Feynman Diagram Description

o Introduce Lagrange multiplier [** to enforce Ricci flow

SHow h = JO dt J d“xL [9,h,, + 2R |

/o]

Lagrange multiplier Ricci flow
(tensor density)
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[Harlander and YK and Kohnen and Werthenbach, 2026]

Feynman Diagram Description

o Introduce Lagrange multiplier [** to enforce Ricci flow

SHow h = JO dt J d“xL [9,h,, + 2R |

/o]

Lagrange multiplier Ricci flow
(tensor density)

« New flow line and modified propagator

S t S v
AA‘ ® 2 :A e—(t+S)p2
(Lh) ~ 6(t — s)e =P (hh) ~

16



[Harlander and YK and Kohnen and Werthenbach, 2026]

Feynman Diagram Description

o Introduce Lagrange multiplier [** to enforce Ricci flow

SHow h = JO dt J d“xL [9,h,, + 2R |

/o]

Lagrange multiplier Ricci flow
(tensor density)

o« Many new vertices

\
P A
P AR
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[Harlander and YK and Kohnen and Werthenbach, 2026]

Renormalized Initial Condition

o All UV divergences can be removed by a renormalized initial condition

8,1, x) = g, (x) + 6g,,(x)
with
GN

5g,m/ : 4_71_ [Cle/w T C2R,uy]

18



[Harlander and YK and Kohnen and Werthenbach, 2026]

Renormalized Initial Condition

o All UV divergences can be removed by a renormalized initial condition

8,1, x) =g, (x) + 5g,,(x)

with
Gy
5g,m/ : 4_71_ [Cle/w T CZR,uy]
e NLO Result:
AMIS _ 107 1 81‘75:4071
] 2

30 e 30 ¢
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[Harlander and YK and Kohnen and Werthenbach, 2026]

Renormalized Initial Condition

o All UV divergences can be removed by a renormalized initial condition

8,1, x) =g, (x) + 5g,,(x)

with
Gy
5g,m/ a 4_71_ [Cle,m/ T CZR,uy]
e NLO Result:
6]\75:_1071 8]\7524071
1 30 € : 30 €

o This is sufficient to renormalize gauge invariant operators at NLO®

* (we ignore BRST exact operators here) 18



Computational Setup

kR

e Toolchain developed for QCD gradient flow rarzetal 20191

Kira/Firefly

QGRAF tapir/exp FORM

- > Harlander et al, 1997] | ™ —_—
[Noguiera, 1993]

[Usovitch et al, 2017]

[Vermaseren, 2000] [Klappert et al, 2019]

[Gerlach et al, 2022]
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[Harlander and YK and Kohnen and Werthenbach, 2026]

MS Results

. After Renormalization, we obtain finite results for operators in MS

<\/§>MS=1 BGNll : GN (SIut+9lné : 1231)]

4t 4t 3 120

o MS 3GN Gn 4 931
o R = 1A (51 +9In = 4 )]
<\/§ > J; [ omt \ T T T 00

20
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MS Results

. After Renormalization, we obtain finite results for operators in MS

<\/§>MS=1 BGNll : GN (SIut+9lné : 1231)]

4t 4t 3 120
o MS 3GN Gn 4 931
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MS Results

. After Renormalization, we obtain finite results for operators in MS

<\/§>MS=1 BGNll : GN (SIut+9lné : 1231)]
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o MS 3GN Gn 4 931

o R = 14 (51 +91n = A )]
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gauge parameter independent!
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[Harlander and YK and Kohnen and Werthenbach, 2026]

MS Results

. After Renormalization, we obtain finite results for operators in MS

<\/§>MS=1 BGNll : GN (SIut+9lné : 1231)]

4t 4t 3 120
o MS 3GN Gn 4 931

o R = 14 (51 +91n = A )]
<\/§ > 4712 [ ot \~ H 3 120

gauge parameter independent!

o Result is y-dependent
o Originates from field redefinitions used to remove UV divergences

 Problematic to define Ricci flow coupling

20



[Harlander and YK and Kohnen and Werthenbach, 2026]

Fixed Volume Scheme

e U-dependence can be fixed by performing non-minimal subtraction

Gy .
08w = 7RG+ Ry P =-—mm 4 0% =+ 0(e")

21



[Harlander and YK and Kohnen and Werthenbach, 2026]

Fixed Volume Scheme

e U-dependence can be fixed by performing non-minimal subtraction

Gy 107 1 4
O = 7 — [c|Rg,, + &R, ] M= - —— 4 0% &= oot 6(e0)

. Use O(&") terms to fix <\/§> to LO value:

* In spirit similar to the ringed scheme of flowed quarks in gradient flow

Makino and Suzuki, 2014 A
| | (\/§ ) =1 -

4t

STl

<\/§R> A2 [1 At

21



[Harlander and YK and Kohnen and Werthenbach, 2026]

Ricci Flow Coupling

« We define Ricci flow coupling as SEEEEEEE—————, :

0.15

! ~ f

gRF: _3_<‘\/§R> 0.10

’ t=ply? |

= Prr = 28pi(1 — Svgrp) g

 Right sign to get a fixed point! 0.00 |
—0.05
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0.15

! ~ f

gRF: _3_<‘\/§R> 0.10

’ t=ply? |

= Prr = 28pi(1 — Svgrp) g

 Right sign to get a fixed point! 0.00 |
—0.05

. Is gz = 1/(5v) perturbative?

o i< 1lifv>1/5
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[Harlander and YK and Kohnen and Werthenbach, 2026]

Ricci Flow Coupling

« We define Ricci flow coupling as s __.
Z- A = E
gRF: _3_<‘\/§R> 0.10
: t=ply> |
> frr = 28r(1 = 508pr) Vo S
 Right sign to get a fixed point! 0.00 |
—0.05

. Is gz = 1/(5v) perturbative?

o 8pp < 1lifv>1/5 Gy

= 3v + 150%g5 - + -+
4yt SRF °RF

22



Summary and Outlook

« Mass-Dependent Renormalization Schemes are highly beneficial
o UV Fixed Points, Threshold effects, etc

« [wo covariant ways to find UV Fixed Point of Quantum Gravity
» Subtracting polesind < 4

. Covariant Ricci Flow d,g,, = — 2R,

o Can Perturbativity be confirmed at NNLO?
e Ricci Flow in EDT/CDT

23



Thanks for your attention!






Gauge fixed Ricci Flow

e In practice, it is highly beneficial to introduce a gauge-fixed Ricci flow

Lischer, 2010]

« Done by using a flow-time dependent gauge transformation == 2 "5, o

2,(t,X) > 2,(t,X) + V&, (t,x)

A O
with 0.8 = TOFﬂ
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Gauge fixed Ricci Flow

e In practice, it is highly beneficial to introduce a gauge-fixed Ricci flow

Lischer, 2010]

« Done by using a flow-time dependent gauge transformation == 2 "5, o

2,(t,X) > 2,(t,X) + V&, (t,x)

A O
with 0.8 = TOFﬂ

« Gauge-invariant objects are invariant!

(0, @) d ) R ) A )
SHow h = J;) dtJ d”x LHY [athw + ZR,uv_O(Ov(,qu)]

A N

Lagrange multiplier  Ricci flow gauge-fixing
(tensor density)
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BRST Invariance

e BRST transformations

8 (hy) =V,C,+V,C,
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BRST Invariance

e BRST transformations

8 (hy) =V,C,+V,C,
5 (Cu) = — VG

3(C") = _Zgmp
o
o Flowed ghost fields

— CH
=0 = C

9,CH = ¢H

27



BRST Invariance

e BRST transformations

8 (hy) =V,C,+V,C,

3 (Cu) = - V6

o Flowed ghost fields

A

7| BT
C t:O—C

o Flowed anti-ghosts not necessary!

27



BRST Invariance

o Ricci flow action is supplemented by flowed ghost fields

Sﬂow,h - JO dt J ddx I [ _0(0@(,”13‘/)]

(0, @)

d 2 A Qo [ 2,2 - A A A 5ﬁﬂAA
dt J d xDﬂ[atC“ - —(FPVPC” — CPYPH 4 2 vpc(,)].

Sow,C = J 9 A
0h pe

0

« BRST transformations of Lagrange multipliers
B(L) = (9,CP)LI + (P L — 2(7PCIEY,.
N ) P 1 - ~ N 7 SO T 5 TP
Q(Dﬂ) — o ZFPGLHU — Dﬂ(apcp) — DPVHCP + CPVPDH +2V,L0 .
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BRST Invariance

o Ricci flow action is supplemented by flowed ghost fields

Sﬂow,h - JO dt J ddx I [ _0(0@(,”13‘/)]

o0 ) . o D, ) . .
dt J dde,,[atCﬂ - =2 (FPVPC” — CPYFF 42

SﬂOW,C i J 5

0

3(Sfow,h + Sow,c) = 0

Total flow action is BRST invariant!

SFH

5h e

76|
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Flowed Ghosts are Irrelevant

(0, @)

A A 94 A A A A A A
SHow C = J dt J ddeu[atC“ — ?0 (vapc:ﬂ — CPY FH 42

0

SFH .

A

oh

ol
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Flowed Ghosts are Irrelevant

(0, @)

SFH

A

.

« We are not interested in correlators that have external ghosts

A A 04 A A A A A A
dt J ddeu[atC“ _ 2 (vapcw — CPY FH 42
2

SﬂOW,C : J
0

76|
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Flowed Ghosts are Irrelevant

(0, @)

SFH

A

.

« We are not interested in correlators that have external ghosts
o Flowed ghosts can only arise from flowed vertices...
...and can only connect to other flowed vertices

A A 94 A A A A A A
SHow C = J dt J ddeu[atC“ — ?0 (vapcw — CPY FH 42

0

76|
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Flowed Ghosts are Irrelevant

SFH .

. 5 o
- L dt J d9x D [atC“ _ —(va O — CPY JFH + 2

2 5h

« We are not interested in correlators that have external ghosts
o Flowed ghosts can only arise from flowed vertices...
...and can only connect to other flowed vertices

XK

A

e
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Flowed Ghosts are Irrelevant

SFH .

. 5 o
- L dt J d9x D [atC“ _ —(va O — CPY JFH + 2

2 5h

« We are not interested in correlators that have external ghosts
o Flowed ghosts can only arise from flowed vertices...
...and can only connect to other flowed vertices

> < ds1d52 (s, — 51)0(s; — $,) =

A

e
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Flowed Ghosts are Irrelevant

SFH .

. 5 o
- L dt J d9x D [atC” _ —(va O — CPY JFH + 2

2 5h

« We are not interested in correlators that have external ghosts
o Flowed ghosts can only arise from flowed vertices...
...and can only connect to other flowed vertices

> < ds1d52 (s, — 5)0(s; — §,) =

o Resulting flow line loops vanish

A

e
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