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Asymptotically Safe Quantum Gravity

Weinberg (’76): The predictive power of Quantum Gravity at 
high energies is restored by quantum scale invariance. 
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Regularising Quantum Gravity I
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Scale Change

ΔSk = ∫ φ ⋅ Rk ⋅ φ

cutoff acts as k-dependent mass



Regularising Quantum Gravity II
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k∂k Γk [ϕ] = 1
2 Tr[Gk [ϕ] k∂k Rk]
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Scale Change



Symmetries

ḡab → ḡab , hab → hab + ℒV (ḡab + hab)

hab → hab , ḡab → ḡab + ℒV (ḡab + hab)

g (ḡ + δḡ, h + δh) != g (ḡ, h)

gab = ḡab + hab

Linear split

(physical) Quantum Diffeomorphism Invariance

(artificial) Background Diffeomorphism Invariance

Background Independence

5



Broken Symmetries

ḡab → ḡab , hab → hab + ℒV (ḡab + hab)

hab → hab , ḡab → ḡab + ℒV (ḡab + hab)

g (ḡ + δḡ, h + δh) != g (ḡ, h)

gab = ḡab + hab

Linear split

(physical) Quantum Diffeomorphism Invariance

(artificial) Background Diffeomorphism Invariance

Background Independence

by regulator

by regulator
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Background-Field Approximation

7

Γk = Γk [ḡ, h]

- breaking of gauge-invariance at finite cutoff



Background-Field Approximation
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Γk = Γk [ḡ, h]

- breaking of gauge-invariance at finite cutoff

- what next?



Background-Field Approximation
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Γk = Γk [ḡ, h]

- breaking of gauge-invariance at finite cutoff

- the background-field approximation neglects this (ignores Ward-identities)

Flow[ḡ, h] = Flow[ḡ + h] + ΔFlow[ḡ, h]

neglected by background-field approximation  

- what next?



Motivation
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Γk = Γk [ḡ, h]

- breaking of gauge-invariance at finite cutoff

- a common approximation (background-field approximation) neglects this issue

- leads to a breaking of diffeomorphism-invariance even at k = 0



Motivation
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Γk = Γk [ḡ, h]

- breaking of gauge-invariance at finite cutoff

- a common approximation (background-field approximation) neglects this issue

- leads to a breaking of diffeomorphism-invariance even at k = 0

- goal: practically useful resolution of this problem
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Flowing Fields - Changing Parameterisation

g1 g2

g3

{g}i
···
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[Ihssen & Pawlowski, 2409.13679]

[Ihssen & Pawlowski, 2503.22638]
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Generalised Flow Equation

(k∂k + ·ϕ δ
δϕ ) Γk [ϕ] = 1

2 Tr[Gk [ϕ] (k∂k + 2 δ ·ϕ
δϕ ) Rk]

g1 g2

g3

{g}i
···

!

S
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ω

[Pawlowski, hep-th/0512261]
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Scale Change Reparameterisation
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A New Point Of View - Physics-Informed RG

(Γ[ϕ], ·ϕ)
- information stored in  and in the field reparameterisationΓ[ϕ]
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A New Point Of View - Physics-Informed RG

(Γ[ϕ], ·ϕ)
- information stored in  and in the field reparameterisationΓ[ϕ]

- neglecting the issue of breaking gauge-invariance can be seen as neglecting 

 relevant information in ·ϕ
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A New Point Of View - Physics-Informed RG

(Γ[ϕ], ·ϕ)
- information stored in  and in the field reparameterisationΓ[ϕ]

- neglecting the issue of breaking gauge-invariance can be seen as neglecting 

 relevant information in ·ϕ

- we extract this contribution in a computationally feasible manner 
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How to go from One-Field to Two-Field Formulation

Flow[ḡ, h] = Flow[ḡ + h] + ΔFlow[ḡ, h]

- split flow into gauge invariant non-invariant contribution

- extract contribution from  ·ϕ

( δ
δḡ

− δ
δh ) [ ·Φ − terms in flow eq . ]= ( δ

δḡ
− δ

δh ) ΔFlow[ḡ, h]

[Ihssen & Pawlowski, 2503.22638]



From Two-Field To Single-Field Formulation

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]

Γk [ḡ, h]

2-field formulation

Single-Field Gauge-Invariant Formulation

Choose  such that:·ϕ

background-independent

diffeomorphism-invariant



From Two-Field To Single-Field Formulation

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]

Γk [ḡ, h] Γk [g]

2-field formulation 1-field formulation

background-independent

diffeomorphism-invariant

Single-Field Gauge-Invariant Formulation

·ϕ
⟹

Choose  such that:·ϕ

background-independent

diffeomorphism-invariant
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Flowing Fields - The Garbage Collector

g1 g2

g3

{g}i
···

!

S
ω

ω

[Ihssen & Pawlowski, 2409.13679]

[Ihssen & Pawlowski, 2503.22638]
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Determining The Correction Term

k∂k Γ[g] = 1
2 Tr(G k∂kR)[g] + F[g]

- correction term to standard flow equation

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]
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Determining The Correction Term

( δ
δh

− δ
δḡ )

h=0

Γ[ḡ, h] = δ
δg

F[g]
h=0

k∂k Γ[g] = 1
2 Tr(G k∂kR)[g] + F[g]

- correction term to standard flow equation

- determined by

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]
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Determining The Correction Term

k∂k Γ[g] = 1
2 Tr(G k∂kR)[g] + F[g]

- aims for a minimal solution, no more information of relevant operators in ·ϕ

- correction term to standard flow equation

- determined by

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]

( δ
δh

− δ
δḡ )

h=0

Γ[ḡ, h] = δ
δg

F[g]
h=0



Gauge-Invariant and Background-Independent Flow

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]

g = GN k−2

λ = Λ k2

Newton coupling

Cosmological constant

24

Einstein-Hilbert truncation

β1−field
g = βBFA

g + 16πg2F
gR

,

β1−field
λ = βBFA

λ + 16πgλF
gR

+ 8πgF
g

.



Gauge-Invariant and Background-Independent Flow

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]

g = GN k−2

λ = Λ k2

Newton coupling

Cosmological constant
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R(b)
k

Background Independence

One-parameter family of regulators:

Two-field formulation

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]26
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R(b)
k

Background Independence

One-parameter family of regulators:

Two-field formulation Single field formulation

[Ihssen, Knorr, Mezger, Pawlowski, PPS ’26, in preparation]27
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Take Home Message

g1 g2

g3

{g}i
···

!

S
ω

ω
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(i) A regularisation procedure breaks gauge invariance.

(iii) This is used to reinstates diffeomorphism- 

 Invariance & background independence.

(ii) Allow for a scale change and 

   field reparameterisation during the RG flow.



Outlook - Future Research Directions
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• resolution (?) of  singularityλ = 1/2
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Outlook - Future Research Directions
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• resolution (?) of  singularityλ = 1/2
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Outlook - Future Research Directions
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• resolution (?) of  singularity

• addition of matter dof’s, in particular fermions

• higher order truncations in derivative expansion  
how many relevant directions?

• higher order truncations for gauge-invariance (in )

• reconstruction of correlation functions

•

λ = 1/2

F

…
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