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Renormalization in quantum gravity: Asymptotic Safety

Standard QFT measurements and why they fail in gravity

Roadmap

Counting modes instead of momenta

Relational perspective on the RG



Observables in QFT: Correlators
Correlators measure how fluctuations in one quantity relate to another

Power spectrum of 
primordial fluctuations Gravitational waves

Gn(x1, . . . , xn) =
⌦
�(x1) · · ·�(xn)

↵
g

<latexit sha1_base64="jdve1SA0/z+kEvGsmeSwMAzp2To="></latexit>

They connect theory to data.

E.g. 2-point: how a fluctuation “here” is linked to one “there”
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Why renormalization?

Renata Ferrero - Coarse graining relationally in quantum gravity

Renormalization is the procedure that absorbs these infinities into a 
finite set of physical parameters, such as masses and couplings. 

In quantum field theory, calculations often produce infinities. 

After renormalization, predictions are finite 
and can be compared with experiments.
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The Renormalization Group

RG = systematic way to relate small-scale description to large-scale one

Correlators change with resolution → scaling of couplings/observables 

�(n)[�(x1), ...,�(xn)] ⌘
�n�

��(x1) · · · ��(xn)

<latexit sha1_base64="W7Z4oG8khW8oA98vxiio0SHwyws="></latexit>

Scaling of renormalized correlators 

�(2)[�(x1)�(x2)] ⇠
1

|x1 � x2|↵

<latexit sha1_base64="ZVmClV9JIT5YKvEAKYRtpuVg+pM="></latexit>

E.g. 

RG Correlators 
Effective 
action

Deeper lesson: physical parameters depend on the scale at which we probe the system.

Renata Ferrero - Coarse graining relationally in quantum gravity

A
sy

m
pt

ot
ic

 S
af

et
y

Re
la

tio
na

l o
bs

er
va

bl
es

RG
 fo

r Q
G

Q
FT

 c
or

re
la

to
rs

RG
 fo

r Q
G

C
ou

nt
in

g 
m

od
es

Re
la

tio
na

l

[Kadanoff, Wilson, Wegner]

Scaling exponents = 
universality



integrate out 
degrees of 
freedom

From RG to coarse graining

Coarse graining: physical picture behind the RG

Low 
resolution 

Effective 
description

Fixed point          scale invariance   

Renata Ferrero - Coarse graining relationally in quantum gravity

High 
resolution 



Fields on a fixed flat 

spacetime (background)

Local operators are inserted 

at specific coordinates

Observables are expectation 

values / correlators

Externally prescribed RG, 
probe scale

External coordinates, 

rulers and clocks

O(x)

<latexit sha1_base64="BscOHjUI3cUuTEMSUSYvf+CDovU=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESGFJrJREJQRNHQEiTykxIrOl01yyvls3a1RIiu/QAsVHaLldyj4F2zjAhKmGs3samfHC6UwaNuf1srq2vrGZmGruL2zu7dfOjhsmSDSHJo8kIHueMyAFAqaKFBCJ9TAfE9C25vcpH77EbQRgXrAWQiuz0ZKDAVnmEp3lelZv1S2q3YGukycnJRJjka/9NUbBDzyQSGXzJiuY4foxkyj4BLmxV5kIGR8wkbQTahiPhg3zrLO6WlkGAY0BE2FpJkIvzdi5hsz871k0mc4NoteKv7ndSMcXrmxUGGEoHh6CIWE7JDhWiQlAB0IDYgsTQ5UKMqZZoigBWWcJ2KUtFJM+nAWv18mrfOqU6te3NfK9eu8mQI5JiekQhxySerkljRIk3AyJk/kmbxYU+vVerPef0ZXrHzniPyB9fEN8xiSRw==</latexit>

Standard QFT
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Fields on a fixed flat 

spacetime (background)

Local operators are inserted 

at specific coordinates

Observables are expectation 

values / correlators

Externally prescribed RG, 
probe scale

External coordinates, 

rulers and clocks

O(x)
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Standard QFT

The metric itself is a 

quantum field

Coordinates have no 
physical meaning

Point “x” has no 

significance

Coordinate-

dependent 

correlators have no 

physical meaning

RG scale?

Quantum Gravity



Observables are expectation 

values / correlators

Coordinate-

dependent 

correlators have no 

physical meaning

Problem set 1

Express correlations in relation to fields, remain meaningful when spacetime dynamical:

Gn(x1, . . . , xn) =
⌦
�(x1) · · ·�(xn)

↵
g

<latexit sha1_base64="jdve1SA0/z+kEvGsmeSwMAzp2To="></latexit>

Gn(�1, . . . ,�n) =
⌦
O�(�1) · · · O�(�n)

↵

<latexit sha1_base64="Bu/vmFe2OZFvaAJdclBAgOv8JHY="></latexit>

 manifestly diffeomorphism invariant; 
 reduce to standard correlators when frame fixed;

⋅
⋅

 operational meaning: “what detectors see when  
  their clocks/rods read ”
⋅

χi

Include/identify a set of four reference fields 

Xµ(x) = �µ ) x = x(�)

<latexit sha1_base64="VQaTe7/159joUeet7ALiKVCRC5Q="></latexit>

O�(�) := �
�
x(�)

�

<latexit sha1_base64="UA08jMPGDiRy/SLOir3QUBwyX6w=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEK8xF1RFEEQvXgzglEhG0Lv2CaNsw9mekVZ8hl+gl/hVU/exIsH/8XdJAdfdaqp6qanKkg0WXbdD2dkdGx8YnJqujQzOze/UF5cOrdxahQ2VKxjcxmARU0RNphY42ViEMJA40Vwc1T4F7doLMXRGd8n2AqhE9E1KeBcapc3/BC4q0BnJ722n3Sp6qsurcu9fVm8/IA61buBVvD1drni1tw+5F/iDUlFDFFvlz/9q1ilIUasNFjb9NyEWxkYJqWxV/JTiwmoG+hgM6cRhGhbWT9YT66lFjiWCRpJWvZF/L6RQWjtfRjkk0UM+9srxP+8ZsrXu62MoiRljFRxiElj/5BVhvLGUF6RQWYofo6SIqnAADMakqBULqZ5haW8D+93+r/kfLPmbdW2T7cqB4fDZqbEilgVVeGJHXEgjkVdNIQSD+JJPIsX59F5dd6c98HoiDPcWRY/4Hx+ASaPo4I=</latexit>

Relational observable



How do we construct the path integral for relational observables?
Derive the generating functional for relational observables

Use Hamiltonian phase 
space path integral

Treat frame as classical 
(reduced phase space) 

4 scalars + Gaussian dust

Relational effective action 
without gauge fixing 

All the results will depend on the choice of the frame?

A

[RF, Thiemann, 2404.18224 (2024) and 2503.22474 
(2025), RF, 2507.14296 (2025)]
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Problem set 1

Express correlations in relation to fields, remain meaningful when spacetime dynamical:

Gn(x1, . . . , xn) =
⌦
�(x1) · · ·�(xn)

↵
g

<latexit sha1_base64="jdve1SA0/z+kEvGsmeSwMAzp2To="></latexit>

Gn(�1, . . . ,�n) =
⌦
O�(�1) · · · O�(�n)

↵

<latexit sha1_base64="Bu/vmFe2OZFvaAJdclBAgOv8JHY="></latexit>

Include the frame in the 
path integral

Integrate over relational 
observables only

B

[Aguilar-Gutierrez, RF, Höhn, Marchetti, 2607.xxxxx]

See Luca’s talk 

tomorrow!



Externally prescribed RG, 
probe scale RG scale?

Problem set 2

Output: scale-dependent relational correlators.

relational correlators fall off with a 
relational distance between physical 

events defined by our clocks and rods 

�(2)
⇥
O�(�1)O�(�2)

⇤
⇠

1

|�1 � �2|
↵

<latexit sha1_base64="ixUKyZ7d29LfLZiDPVmmJLMFTJs="></latexit>

     RG in quantum gravity: we coarse-grain relationally (using clocks/rods): 

G(k)
n (�1, . . . ,�n) from �k[g,�, X]

<latexit sha1_base64="e0CEmwR+v2DCEo7dREwxc91ZWFc="></latexit>

 physical meaning of RG scale⋅  physical prescription for coarse graining⋅

Main topic of 

this talk!



Renormalization in quantum gravity



Gravity is perturbative non-renormalizable
[Goroff and Sagnotti (1985)]



Weinberg’s conjecture: There exists a nonperturbative dynamical mechanism which 
renders physical scattering amplitudes finite and computable at energy scales exceeding 
the Planck scale: a nontrivial UV fixed point.
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Renormalization in quantum gravity
Tool: Functional Renormalization Group 

                       in the spirit of the Wilsonian renormalization, 
 nonperturbative                                         

the quantum fluctuations 
in the path integral can 

be integrated out 
progressively 

k@k�k[�] = Complicated known functional of �k[�]

<latexit sha1_base64="jrx3y/rOYCvoYoO1Ty0vyDztqns="></latexit>

RG scale = 
resolution 

scale

Asymptotic Safety: look for non-Gaussian UV fixed point of this flow. 
Quantum gravity predictive at arbitrary scales

lim
k!0

�k ! �

<latexit sha1_base64="OO4IK6AcQ6ONOr1xkflal8y2B6k=">AAACFnicbVC7TsNAEDyHd3gFKGlOiZCoIhsFQYmggBIkEiLFVrS+LHDKnW3drZGQlZ5P4CtooaJDtLQU/At24gIIU83O7mp2J0yUtOS6n05lZnZufmFxqbq8srq2XtvY7Ng4NQLbIlax6YZgUckI2yRJYTcxCDpUeBUOT4r+1R0aK+Poku4TDDTcRPJaCqBc6tfqvpK6nw25TzF3R9w/Ba2hP6nLotZwm+4YfJp4JWmwEuf92pc/iEWqMSKhwNqe5yYUZGBICoWjqp9aTEAM4QZ7OY1Aow2y8S8jvpNayK0TNFwqPhbx50YG2tp7HeaTGujW/u0V4n+9XkrXh0EmoyQljERhRFLh2MgKI/OQkA+kQSIoLkcuIy7AABEayUGIXEzz1Kp5Ht7f76dJZ6/ptZr7F63G0XGZzCLbZnW2yzx2wI7YGTtnbSbYA3tiz+zFeXRenTfnfTJaccqdLfYLzsc3fTyegg==</latexit>

lim
k!1

�k ! S

<latexit sha1_base64="MA+sLDQRFq5+1YB5BQtKf9VKOnY=">AAACFnicbVC7TsNAEDzzDOEVoKQ5ESFRRTYCQRlBAWUQBCLFkbW+bOCUu7N1t0aKrPR8Al9BCxUdoqWl4F9wQgpeU41mdjW7E6dKOvL9d29qemZ2br60UF5cWl5ZraytX7okswKbIlGJbcXgUEmDTZKksJVaBB0rvIr7xyP/6hatk4m5oEGKHQ3XRvakACqkqLIVKqmjvM9DSngoTY8GQx6egNYQfYnnUaXq1/wx+F8STEiVTdCIKh9hNxGZRkNCgXPtwE+pk4MlKRQOy2HmMAXRh2tsF9SARtfJx78M+XbmoEhN0XKp+FjE7xs5aOcGOi4mNdCN++2NxP+8dka9w04uTZoRGjEKIqlwHOSElUVJyLvSIhGMLkcuDRdggQit5CBEIWZFa+Wij+D393/J5W4t2Kvtn+1V60eTZkpsk22xHRawA1Znp6zBmkywO/bAHtmTd+89ey/e69folDfZ2WA/4L19Ai3gnuw=</latexit>

IR UV

p2 = ∞p2 = 0 k2

Use it as a machinery to 
compute the 

renormalized effective action  
scaling of correlators

→

[Wetterich (1992)]

[Reuter (1996)]

[Wetterich, Reuter, Percacci, Pawlowski, Saueressig, Eichhorn, Bonanno, and many more]

Renata Ferrero - Coarse graining relationally in quantum gravity

A
sy

m
pt

ot
ic

 S
af

et
y

Re
la

tio
na

l o
bs

er
va

bl
es

RG
 fo

r Q
G

Q
FT

 c
or

re
la

to
rs

RG
 fo

r Q
G

C
ou

nt
in

g 
m

od
es

Re
la

tio
na

l



Renormalization in quantum gravity
Regulator/Cutoff function      integrates out modes above the scale kRk(⇤)

<latexit sha1_base64="uQmp76qiI6v+0k5XvjAII8sGzo0=">AAACLXicbVC7TsNAEDyHVwivACXNiQgpNJGNQECHQkMJiJBIcRStjyWccn7obo1Alr+FT+AraKGiQAJafgPbpICEqUYzuze340VKGrLtN6s0NT0zO1eerywsLi2vVFfXLk0Ya4EtEapQdzwwqGSALZKksBNpBN9T2PaGx7nfvkVtZBhc0H2EPR8GgbyWAiiT+tVD1we6EaCS87SfuIR3VDyaeCrGNBmmaX1CdJvhXbrdr9bshl2ATxJnRGpshNN+9cO9CkXsY0BCgTFdx46ol4AmKRSmFTc2GIEYwgC7GQ3AR9NLiuCUb8UGKOQRai4VL0T8vZGAb8y972WT+UFm3MvF/7xuTNcHvUQGUUwYiDyIpMIiyAgts+6QX0mNRJD/HLkMuAANRKglByEyMc7KrGR9OOPXT5LLnYaz29g7260dNUfNlNkG22R15rB9dsRO2ClrMcEe2BN7Zi/Wo/VqvVufP6Mla7Szzv7A+voGHQ6rOg==</latexit>
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Renormalization in quantum gravity: open problems

Which are the modes to coarse grain upon? What is IR/UV?

In quantum gravity, what is k?

In curved, dynamical 
spacetime no well 

defined notion

Renata Ferrero - Coarse graining relationally in quantum gravity
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What is UV/IR?

RG scale is not an absolute, external scale

needs to compare/relate with another scale to define what is IR/UV

compare mode wavelength with system size

… with the complication that the system is also dynamical in quantum gravity!

[Bonanno, RF, Oglialoro, 2606.04085 (2026)); RF, Reuter 2203.08003 (2022)]
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What if instead of cutting by external wavelength, 
cut by the number of resolvable modes/degrees of freedom?

Operational intuition



The backreaction of the scalar field on the metric is encoded in the effective action. 

At one loop

Variation of the EA wrt the metric yields semiclassical Einstein equations

Rµ⌫ � 1

2
Rgµ⌫ + ⇤Bgµ⌫ = 8⇡GhTµ⌫i

<latexit sha1_base64="xhX4lGNDjVZEjapb7JtGAHxgKRU="></latexit>

�(g,�) = SH(g) + Sm(g,�) +
1

2
Tr log(⇤/µ2)

<latexit sha1_base64="4RQjvS/Z9KaW9KljeusvG7jSJq8="></latexit>

Consider a free scalar field coupled to gravity SH(g) =
1

16⇡G

Z
d4x

p
g [2⇤�R] ,

<latexit sha1_base64="1012khaJuKcT7TKaGlmL2yOsE5o="></latexit>

Sm(�; g) =

Z
d4x

p
g
1

2
(@�)2

<latexit sha1_base64="7mBUc3OLIkKwVqjzGfku+1bMkbI="></latexit>

Counting modes instead of momenta
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[RF, Naso, Percacci 2503.17203 (2025), RF, Percacci 2404.12357 (2024), Becker, Reuter 2021, Banjeree, Becker, RF 2302.03547 (2023)]



Let us work on a dynamical sphere
the radius is dynamical
it makes the use of a dimensionless cutoff particularly natural!

S4

<latexit sha1_base64="Vr6Ht0m4yOOMIYSy1jwUwejPYnE=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJREJSRaCiDQh5SYqL1ZRNOOT90twZFVj6BFio6RMv3UPAv2MEFJEw1mtnVzo4XKWnItj+twsrq2vpGcbO0tb2zu1feP2ibMNYCWyJUoe56YFDJAFskSWE30gi+p7DjTa4yv/OA2sgwuKVphK4P40COpABKpWbzrjYoV+yqPQdfJk5OKixHY1D+6g9DEfsYkFBgTM+xI3IT0CSFwlmpHxuMQExgjL2UBuCjcZN51Bk/iQ1QyCPUXCo+F/H3RgK+MVPfSyd9oHuz6GXif14vptGlm8ggigkDkR0iqXB+yAgt0w6QD6VGIsiSI5cBF6CBCLXkIEQqxmkppbQPZ/H7ZdI+qzq16vlNrVKv580U2RE7ZqfMYReszq5Zg7WYYGP2xJ7Zi/VovVpv1vvPaMHKdw7ZH1gf331dkgg=</latexit>

the operation Tr in the definition of the EA can be written 
explicitly as a sum over all eigenstates of the Laplacian

�` =
R

12
`(`+ 3) , m` =

1

6
(`+ 1)(`+ 2)(2`+ 3) , ` = 1, 2 . . .

<latexit sha1_base64="V9ZvDoDYJQE6QKYcHXSENsViPPU="></latexit>

We regulate the sum by putting an upper bound  on the quantum number N ℓ
Dimensionless cutoff: N-cutoff

=
1

2

NX

`=1

m` log

✓
R

12µ2
`(`+ 3)

◆

<latexit sha1_base64="swFIK2FTxgQ6zm1HStd01aaSI1I="></latexit>

1

2
TrN log(⇤/µ2) =

1

2

NX

`=1

m` log

✓
�` + E

µ2

◆
.

<latexit sha1_base64="KaynDsI2zF/g3ksm/UTEWvscOf4="></latexit>

angular momentum
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Self-consistency ties geometry to resolution



Self-consistent on-shellness 24⇡

GR3
(�R+ 4⇤) =

1

24R
N(N + 4)(N2 + 4N + 7) =:

1

12R
f(N)

<latexit sha1_base64="osPuXSK+pglCFlq0kMV2ff2D3ec="></latexit>

the radius (Ricci scalar) 
is dynamical

! 0 when N ! 1

<latexit sha1_base64="a9tdv89a2AXHUEOMZKnKtCJBYbA=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBYhV2JaBmwsZII5gFJCLOTm2TI7Owyc1cNS1o/wa+w1cpObO0t/Bcn6xaaeIrhcM69nLnHj6Qw6LqfTm5peWV1Lb9e2Njc2t4p7u41TBhrDnUeylC3fGZACgV1FCihFWlggS+h6Y8vZn7zFrQRobrBSQTdgA2VGAjO0Eq9Iu1gSF37wj0m9G4Eik7pVap2hBrgpFcsuWU3BV0kXkZKJEOtV/zq9EMeB6CQS2ZM23Mj7CZMo+ASpoVObCBifMyG0LZUsQBMN0kvmdKj2DAbHYGmQtJUhN8bCQuMmQS+nQwYjsy8NxP/89oxDs67iVBRjKD4LAiFhDTIcC1sRUD7QgMim/0cqFCUM80QQQvKOLdibDsr2D68+esXSeOk7FXKp9eVUrWaNZMnB+SQHBOPnJEquSQ1UiecPJAn8kxenEfn1Xlz3n9Gc062s0/+wPn4BtpQnaM=</latexit>

R =
24⇡

Gf(N)

 
�1±

r
1 +

G⇤f(N)

3⇡

!
⇠ 1

N2

<latexit sha1_base64="cqxS5JIyzmRDb2nGLa7Fs5ywgyI="></latexit>

The curvature of spacetime decreases when more quantum modes are 
included in the calculation!

Including more quantum modes changes the geometry itself.

UV/IR mixing!
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Self-consistency ties geometry to resolution



 
 

A spectrum tells us which modes are available in the geometry; it does not yet tell us which 
modes can be physically resolved by a given set of clocks, rods, or detectors.

This suggests to use the dynamical spectrum as an operational ordering principle…



The relational perspective on the RG



Relational coarse graining

How do we define a relational cutoff?
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1. Regularize the spectrum of relational observables Rk(⇤)

<latexit sha1_base64="HPl8yHbPqxxzid1l8jlq3mX3R5M=">AAACLnicbVC7TsNAEDzzDOEVoKQ5ESFBE9koCESFoKEMiBCkOIrWlwVOOT90t0agk/+FT+AraKFCokC0fAa2SQGBqUYzuze3EyRKGnLdN2dicmp6ZrYyV51fWFxarq2sXpg41QLbIlaxvgzAoJIRtkmSwstEI4SBwk4wPC78zi1qI+PonO4T7IVwHckrKYByqV878EOgGwHKnmV96xPeUfmoDRSIYWaHWca3fsgaB5n1j+K7bLtfq7sNtwT/S7wRqbMRWv3auz+IRRpiREKBMV3PTahnQZMUCrOqnxpM8lS4xm5OIwjR9GyZm/HN1ADFPEHNpeKliD83LITG3IdBPllcZMa9QvzP66Z0td+zMkpSwkgUQSQVlkFGaJmXh3wgNRJB8XPkMuICNBChlhyEyMU0b7Oa9+GNX/+XXOw0vGZj97RZPzwaNVNh62yDbTGP7bFDdsJarM0Ee2BP7Jm9OI/Oq/PufHyPTjijnTX2C87nF12jq0w=</latexit>

2. Relate the resolution to the reference frame Rk(⇤)
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Relational coarse graining

Choose a physical region using 
reference fields:

Its physical volume is an observable

Concrete implementation: volume resolution
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Relational coarse graining

The cutoff counts the 
modes resolvable inside a 

physical region.
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[RF, Han, Liu, including concrete application to LTB reduced model, work in progress]

□rel



Relational coarse graining

Regulator is in general frame dependent?
Different physical coarse graining prescriptions

Observables and regulator 
must change together?

[Aguilar-Gutierrez, RF, Höhn, Marchetti, wip]
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Using the relational 
path integral + 

relational regularization 
prescription we can 

study how things 
change



Relational coarse graining as a common language

Relational coarse graining 
RG scale = physical resolution

Quantum Gravity 
Background independent 

notion of scale

Quantum foundations 
Observers and QRFs

kUVkIR

Asymptotic Safety 
Physical meaning of flow

Discrete geometry 
Spectra, mode counting, 

minimal length

|ψ⟩

Quantum information 
Finite distinguishability, 
operational resolution

Lin-Qing, Kasia

Luca, Josh, 

Thomas

Flaminia, Viktoria

Mehdi, Daniele



Thank you for your attention 

Conclusion and outlook

Renata Ferrero - Coarse graining relationally in quantum gravity

In ordinary QFT, coarse graining is defined with respect to an external scale.

In quantum gravity, the scale itself must acquire physical meaning.

Relational observables address where physics is localized.

Relational coarse graining addresses at what resolution it is observed.

RG flow can be viewed as the change of accessible information with resolution.

Connection with canonical models

Outlook: Study the dependence of flow on the reference frame: universality?

Applications: cosmology, …

Renormalization of different “quantum reference fields”


