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Asymptotically Safe Quantum Gravity

2

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

• 3-4 relevant directions 

• Near canonical scaling of 
eigenvalues 

• Effective Universality

[Reuter, 1996]

[Falls and Litim and Schröder, 2018]
[Falls et al, 2014]

[YK and Litim, 2020]
[Codello and Percacci and Rahmede, 2008] [Ohta and Percacci and Vacca, 2015][Dietz and Morris, 2013][Machado and Saueressig, 2008]

[Demmel and Saueressig and Zanusso, 2015] [Eichhorn et al, 2018] [Eichhorn et al, 2019]
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can we see Asymptotic Safety without FRG?
[Eichhorn et al, 2018] [Eichhorn et al, 2019]
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Power-law divergences are necessary to obtain Fixed Point!
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• How to identify power-law divergences in dimensional regularization? 
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Power-Law Sensitive Dimensional Regularization

7

• How to identify power-law divergences in dimensional regularization? 
 
           

• Integrand on the left-hand side is quadratically divergent in d = 4
• It also contains a logarithmic divergence (linear in )m2

• The right-hand side is divergent in d = 2,4,6,…
• Power-law divergences lead to divergences in d < 4 [Veltman, 1981]

∫
ddp
πd/2

1
p2 + m2

= ∫ dp pd−1 ∫ dΩd
1

p2 + m2
= md−2Γ (1 −

d
2 )



Power Divergence Subtraction: 
Renormalize bare couplings to remove divergences in d ≤ 4

[Kaplan et al, 1998]

[Weinberg, 1979]
[Jack and Jones, 1990]

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

[YK, 2024]
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• One-loop renormalization leads to -functions 
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• No quartic divergences 

[YK, 2024]

quart div (d = 0)

quad div (d = 2) log div (d = 4)

[Akhmedov, 2002] [Ossola and Sirlin, 2003]



Phase Diagram of One-Loop Gravity
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• One-loop fixed point exists 

• Critical exponents similar to 
FRG 

•  is a fixed point of the 
RG flow
λ = 0
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• Dimensional Regularization also gives rise to poles in d > 4
• Two classes of poles:

• Higher dimensional operators
• Higher powers of mass parameters

• Consider QCD with massive quark fields
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What about poles in higher Dimensions?

11

• Dimensional Regularization also gives rise to poles in d > 4
• Two classes of poles:

• Higher dimensional operators
• Higher powers of mass parameters

• Consider QCD with massive quark fields

• Renormalize coupling by subtracting poles in d ≥ 4

<latexit sha1_base64="6iAaDwRr/kw+4rH9LeovRZdWT9M="></latexit>ℒ = − 14𝑔20 𝐹 𝑎𝜇𝜈𝐹 𝑎𝜇𝜈 + 𝑛𝐹∑𝑟=1 [Ψ̄𝑟𝑖 /𝐷Ψ𝑟 − 𝑀0,𝑟Ψ̄𝑟Ψ𝑟]
[YK, 2026]
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• Subtracting all poles in  that are 
proportional to the coupling results in

d ≥ 4
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• Mass-Dependent Damping Terms!
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Mass Dependent Renormalization Schemes

14

• Need mass dependent scheme that respects gauge symmetries
• In dim-reg: include poles in all dimensions

• In gravity: Important contributions come from gravity in d = 2
• Gravity becomes topological …

• Here we look for a scheme that is
• gauge invariance
• sensitive to power-law divergences
• relies only on gravity in d = 4

[YK, 2024]  [YK, 2026] [Falls and Ferrero, 2024]  [Beretta and Codello, 2026]
[Jack and Jones, 1990] [Kaplan and Savage and Wise, 1990]



Ricci Flow
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• Diffusion equation for the metric

• Covariant and smears out metric configurations 
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Ricci Flow
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• Diffusion equation for the metric

• Covariant and smears out metric configurations 

• We assume vanishing cosmological constant
• Expand around flat space  ̂gμν = δμν + ĥμν
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Ricci Flow

15

• Diffusion equation for the metric

• Covariant and smears out metric configurations 

• We assume vanishing cosmological constant
• Expand around flat space  ̂gμν = δμν + ĥμν

• Can we define a Ricci flow version of Newton’s coupling ?gRF
• We will consider these correlators 
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⟨∫ ddx ̂g⟩ ⟨∫ ddx ̂gR̂⟩

∂tĥμν(t, x) = ∂2ĥμν(t, x) + …

[Hamilton, 1982] [Perelman, 2003] [Perelman, 2006]

strongly inspired by gradient flow in QCD!
[Lüscher, 2010]
[Lüscher and Weisz, 2011]

[Harlander and YK and Kohnen and Werthenbach, 2026]



Feynman Diagram Description

16

• Introduce Lagrange multiplier  to enforce Ricci flowL̂μν

Lagrange multiplier 
(tensor density)

Ricci flow

<latexit sha1_base64="mAIpfDdcqU8W7NGro5LQbNcskwE="></latexit>𝑆flow,ℎ = ∫∞0 d𝑡 ∫d𝑑𝑥 𝐿̂𝜇𝜈 [𝜕𝑡ℎ̂𝜇𝜈 + 2𝑅̂𝜇𝜈]

[Harlander and YK and Kohnen and Werthenbach, 2026]



Feynman Diagram Description

16

• Introduce Lagrange multiplier  to enforce Ricci flowL̂μν

• New flow line and modified propagator

Lagrange multiplier 
(tensor density)

Ricci flow

<latexit sha1_base64="mAIpfDdcqU8W7NGro5LQbNcskwE="></latexit>𝑆flow,ℎ = ∫∞0 d𝑡 ∫d𝑑𝑥 𝐿̂𝜇𝜈 [𝜕𝑡ℎ̂𝜇𝜈 + 2𝑅̂𝜇𝜈]

⟨L̂ĥ⟩ ∼ θ(t − s)e−(t−s)p2 ⟨ĥĥ⟩ ∼
e−(t+s)p2

p2

[Harlander and YK and Kohnen and Werthenbach, 2026]



Feynman Diagram Description

17

• Introduce Lagrange multiplier  to enforce Ricci flow 

• Many new vertices

L̂μν

Lagrange multiplier 
(tensor density)

Ricci flow

<latexit sha1_base64="mAIpfDdcqU8W7NGro5LQbNcskwE="></latexit>𝑆flow,ℎ = ∫∞0 d𝑡 ∫d𝑑𝑥 𝐿̂𝜇𝜈 [𝜕𝑡ℎ̂𝜇𝜈 + 2𝑅̂𝜇𝜈]

+…

[Harlander and YK and Kohnen and Werthenbach, 2026]
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• All UV divergences can be removed by a renormalized initial condition 
 
 
with

̂gμν(t, x) = gμν(x) + δgμν(x)

δgμν =
GN

4π [c1Rgμν + c2Rμν]

[Harlander and YK and Kohnen and Werthenbach, 2026]
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• NLO Result:
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Renormalized Initial Condition

18

• All UV divergences can be removed by a renormalized initial condition 
 
 
with

• NLO Result:

• This is sufficient to renormalize gauge invariant operators at NLO*

̂gμν(t, x) = gμν(x) + δgμν(x)

δgμν =
GN

4π [c1Rgμν + c2Rμν]

̂cMS
1 = −

107
30

1
ϵ

̂cMS
2 =

407
30

1
ϵ

* (we ignore BRST exact operators here)

[Harlander and YK and Kohnen and Werthenbach, 2026]



Computational Setup
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QGRAF
[Noguiera, 1993]

tapir/exp
[Harlander et al, 1997]
[Gerlach et al, 2022]

FORM
[Vermaseren, 2000]

Kira/Firefly
[Usovitch et al, 2017]
[Klappert et al, 2019]

• Toolchain developed for QCD gradient flow [Artz et al, 2019]
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• After Renormalization, we obtain finite results for operators in MS
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[Harlander and YK and Kohnen and Werthenbach, 2026]
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• After Renormalization, we obtain finite results for operators in MS
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• After Renormalization, we obtain finite results for operators in MS

• Result is -dependentμ
gauge parameter independent!
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• After Renormalization, we obtain finite results for operators in MS

• Result is -dependentμ
• Originates from field redefinitions used to remove UV divergences
• Problematic to define Ricci flow coupling

gauge parameter independent!
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• -dependence can be fixed by performing non-minimal subtractionμ

δgμν =
GN

4π [c1Rgμν + c2Rμν] ̂cMS
1 = −

107
30

1
ϵ

+ 𝒪(ε0) ̂cMS
2 =

407
30

1
ϵ

+ 𝒪(ε0)

[Harlander and YK and Kohnen and Werthenbach, 2026]



Fixed Volume Scheme

21

• -dependence can be fixed by performing non-minimal subtractionμ

• Use  terms to fix  to LO value:𝒪(ε0) ⟨ ̂g⟩
• In spirit similar to the ringed scheme of flowed quarks in gradient flow 

QCD

δgμν =
GN

4π [c1Rgμν + c2Rμν] ̂cMS
1 = −

107
30

1
ϵ

+ 𝒪(ε0) ̂cMS
2 =

407
30

1
ϵ

+ 𝒪(ε0)

⟨ ̂g⟩FVS = 1 −
3GN

4πt

⟨ ̂gR̂⟩FVS = −
3GN

4πt2 [1 −
5GN

4πt ] + …

[Makino and Suzuki, 2014]

[Harlander and YK and Kohnen and Werthenbach, 2026]



Ricci Flow Coupling
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• We define Ricci flow coupling as

• Right sign to get a fixed point!

gRF = −
t

3ν ⟨ ̂gR̂⟩
t=ρ/μ2

⇒ βRF = 2gRF(1 − 5νgRF)

0.00 0.05 0.10 0.15 0.20

-0.05

0.00

0.05

0.10

0.15

[Harlander and YK and Kohnen and Werthenbach, 2026]
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• Is  perturbative?g*RF = 1/(5ν)

•  if g*RF < 1 ν > 1/5

gRF = −
t
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[Harlander and YK and Kohnen and Werthenbach, 2026]



Summary and Outlook

23

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

• Two covariant ways to find UV Fixed Point of Quantum Gravity 
• Subtracting poles in  
• Covariant Ricci Flow  

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

d ≤ 4
∂t ̂gμν = − 2R̂μν



Thanks for your attention!
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Gauge fixed Ricci Flow

26

• In practice, it is highly beneficial to introduce a gauge-fixed Ricci flow
• Done by using a flow-time dependent gauge transformation 

 
 
with ∂t

̂ξμ =
α0

2
̂Fμ

̂gμν(t, x) → ̂gμν(t, x) + ∇̂(μ
̂ξν)(t, x)

[Lüscher, 2010]
[Lüscher and Weisz, 2011]
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Lagrange multiplier 

(tensor density)
Ricci flow gauge-fixing

[Lüscher, 2010]
[Lüscher and Weisz, 2011]



BRST Invariance
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• BRST transformations
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• BRST transformations

• Flowed ghost fields
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• BRST transformations

• Flowed ghost fields

• Flowed anti-ghosts not necessary!
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• BRST transformations of Lagrange multipliers
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• Ricci flow action is supplemented by flowed ghost fields 
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<latexit sha1_base64="ImSbwNIJJdqW9Jbwl0ZgcWKrVIM="></latexit>𝔰(𝑆flow,ℎ + 𝑆flow,𝐶) = 0
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Total flow action is BRST invariant!
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• We are not interested in correlators that have external ghosts
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• We are not interested in correlators that have external ghosts
• Flowed ghosts can only arise from flowed vertices… 

…and can only connect to other flowed vertices
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Flowed Ghosts are Irrelevant
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• We are not interested in correlators that have external ghosts
• Flowed ghosts can only arise from flowed vertices… 

…and can only connect to other flowed vertices

• Resulting flow line loops vanish
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