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Roadmap

Standard QFT measurements and why they fail in gravity

Counting modes instead of momenta
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Relational perspective on the RG

/N Ak



Observables in QFT: Correlators

Correlators measure how fluctuations in one quantity relate to another

Gn(x1,...,%5) = <¢($1) ' "¢($n)>

E.g. 2-point: how a tluctuation “here” is linked to one “there”

They connect theory to data.

Power spectrum of

orimordial fluctuations Gravitational waves
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Why renormalization?

QFT correlators

In quantum tield theory, calculations often produce infinities.

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

After renormalization, predictions are finite [\\
and can be compared with experiments. ~
/ \ W
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The Renormalization Group

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

[Kadanoff, Wilson, Wegner]
Correlators change with resolution = scaling of couplings/observables

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

Etfective

RG < . » Correlators
action

Scaling of renormalized correlators

0"’
0p(x1) -+ 0p(wy)

1
E.g. ) P(1)P(T2)] ~ 1 — 22|° -

Scaling exponents =

L [p(21), ey B20)] =

universality
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L ow
resolution

Effective
description

Fixed point

From RG to coarse graining

Coarse graining: physical picture behind the RG

— scale invariance
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Standard QFT
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Observables are expectation
*0O (y)>

values / correlators

Externally prescribed RG,

' ' probe scale

QFT correlators
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Standara QFT Quantum Gravity
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Relational observable Og(x) :=

Problem set 1

Observables are expectation

values / correlators
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, remain meaningful when spacetime dynamical: x

——

Gn(X1:---5Xn) = (Os(x1) - Op(Xn))

/

- manifestly dif

‘eomorphism invariant;

- reduce to standard correlators when frame fixed:

- operational meaning: “what detectors see when
their clocks/rods read y,"

geomelry
luctuates
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Problem set 1

Gn(z1,...,Tn) = <¢(95‘1) ' "¢($n)> — Grn(X1)-- s Xn) = <O¢(X1) ' "O¢(Xn)>

KExpress , remain meaningful when spacetime dynamica\:\

/

How do we construct the path integral for relational observables?

Derive the generating functional for relational observables

Treat frame as classical

(reduced phase space) e ot e
4 scalars + Gaussian dust P P S

without gauge fixing

Use Hamiltonian phase Relational eftective action

~

Include the frame in the Integrate over relational

path integral observables only
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Problem set 2 N\a\

o\ Y | i
"’.'/ \ . \\\“
%7 Externally prescribed RG,
i RG scale? |

probe scale

-------------------
..........................................................

%

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

K Gg{)(Xb?X’n) from Fk:[gv¢7X] J

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

Output: scale-dependent relational correlators.

1 relational correlators fall off with a

X1 — X2|®

IF®[04(x1) Op(x2)] ~

relational distance between physical
events defined by our clocks and rods



Renormalization in quantum gravity



Gravity is perturbative non-renormalizable



QFT correlators

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. Weinberg (1979)]

Reuvar vali zarion wovlss
mudh better Haan fuig!
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QFT correlators

. . 4 the quantum fluctuations
[Wetterich (1992)] Tool: Functional Renormalization Group = .
in the path integral can
in the spirit of the Wilsonian renormalization, be integrated out
nonperturbative progressively
o o oo oo o
C Q12 Qo _Q O O
RG scale = “~ T~ . . © o[c oo oo o
esolution kO, Iy |¢] = Complicated known functional of I'y|¢] s sl oo oo o
scale o olle clle oo o
o QI Coe ¢ O O
e Qo Ic g|Ioé ¢ © O
IR uv
Use it as a machinery to ‘ ‘ — e i 10
compute the ) ) ) 2
renormalized effective action — pr=0 &k p- =0 .fgj)
scaling of correlators %
ImI'y — T lim I'y, — S O
k—0 k— 00

Asymptotic Safety: look for non-Gaussian UV fixed point of this tlow.

Quantum gravity predictive at arbitrary scales [reuter (1994
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[Wetterich, Reuter, Percacci, Pawlowski, Saueressig, Eichhorn, Bonanno, and many more]
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Regulator/Cutoff function Rx(J) integrates out modes above the scale k

QFT correlators

1. Microscopic field 2. Integrate out modes > k 3. Effective field at scale k

,,/\/Vw modes > k

integrated out

—>

Counting modes

momentum |q|
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k modes < k retained modes > k integrated out J
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1. Microscopic field 2. Integrate out modes > k 3. Effective field at scale k

QFT correlators

J\/W modes > k

integrated out

—

\/_, In curved, dynamical

I
I
i spacetime no well it
1 . . U
| b imemeantum | defined notion S
k modes < k retained modes > k integrated out j 4%
-
>
O
O

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

In guantum gravity, what is k?
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What is UV/IR?

RG scale is not an absolute, external scale

QFT correlators

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

compare mode wavelength with system size

IR
x> L

Counting modes

... with the complication that the system is also dynamical in quantum gravity!
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[Bonanno, RF, Oglialoro, 2606.04085 (2026)); RF, Reuter 2203.08003 (2022)]
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Operational intuition

What if instead of cutting by external wavelength,
cut by the number of resolvable modes/degrees of freedom?



Counting modes instead of momenta

QFT correlators

Consider a free scalar field coupled to gravity Sa(g) = 16er /d4x\/§[2A ~R] |

Su(@i9) = [ d'21/55(00)°

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

1
At one loop [(g,¢) = Su(9) + Sm(g, ¢) + 5 Trlog(TI/ ")

Variation of the EA wrt the metric yields semiclassical Einstein equations

Counting modes

1
R, — §ng + Apg = 87G(T),,,)
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[RF, Naso, Percacci 2503.17203 (2025), RF, Percacci 2404.12357 (2024), Becker, Reuter 2021, Banjeree, Becker, RE 2302.03547 (2023)]
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Selt-consistency ties geometry to resolution

Let us work on a dynamical sphere g4

N

— the radius is dynamical
it makes the use of a dimensionless cutoff particularly naturall

R

1
angular momentum A= R+3), me= 6(€+ D(£+2)(20+3), (=1,2...

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

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

1 > 1 N )\g E 1 N R
iTerog( / ):§nglog ; :§nglog<12 2€(€+3))
/=1 H /=1 H
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Self-consistency ties geometry to resolution

QFT correlators

Self-consistent on-shellness 24m (—R + 4A) = LN(N +4)(N? + AN +7) = Lf(N)
the radius (Ricci scalar) GR 241 12R
is dynamical
"= 0 ( __\/1 ! GAf(N))Nl — 0 when N — oc
Gf(N) B 37 N2

Including more quantum modes changes the geometry itself.

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

UV/IR mixing!

Counting modes
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This suggests to use the dynamical spectrum as an operational ordering principle...

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.



The relational perspective on the RG



Relational coarse graining

QFT correlators

How do we define a relational cutoff?

1. Regularize the spectrum of relational observables Ri(L)
2. Relate the resolution to the reference frame R (L)

Counting modes
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Relational coarse graining

Concrete implementation: volume resolution

QFT correlators

Physical region and relational resolution

Region R defined
by clocks and rods \

Resolution from
physical volume

Choose a physical region using f ]
. ok o1/
reference fields: V =% Yobs
: : (inverse length scale)
'ts physical volume is an observable 4 J

P o (S s S < (D o N (S_— S_——

Larger volume

Vobs

(
I
I
I
I
I
. => smaller &y
I
I
|
\

Counting modes

(coarser resolution)

Physical volume
of R

Vobs :fRdd:l} \/}_Z

©
-
O
=
e
Q
o

Renata Ferrero - Coarse graining relationally in quantum gravity



Relational coarse graining

Relational spectrum and mode counting

QFT correlators

Eigenmodes of the relational operator

[
— Lot ¥n = €37 ¥y,

eiel N |
egel P T S Resolvable
- > modes
The cutoff counts the ° '

L 1 i
modes resolvable inside a o J AN

wavelength rel
: vz AN [ e

(integrated out)

hvsical reaion NGRS - | oS oo e Seaa=ae =S cutoff klzf %g
p y g * e'rel T@l t E
. evy1 VVVVVVV V'V 2
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[RE, Han, Liu, including concrete application to LTB reduced model, work in progress]

Renata Ferrero - Coarse graining relationally in quantum gravity



Relational coarse graining

QFT correlators

Regulator is in general frame dependent?

Different physical coarse graining prescriptions

Using the relational

path integral +

relational regularization
prescription we can
study how things
change

Counting modes

Observables and regulator

PR must change together?
ame physica
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[Aguilar-Gutierrez, RE, Hohn, Marchetti, wip]
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Relational coarse graining as a common language

uca. ')OS\\I
® / Quantum Grawty
. \a
s @“@;zzz‘:;?iiz@“d“ )
[ /
r Quantum information \ f Discrete geometry
Finite distinguishability, Spectra, mode counting,

K operational resolution J K \ K minimal length J
Relational coarse graining
RG scale = physical resolution \ o

e\~ -
kIR kU\;

i O Quantum foundations \ Asymptotic Safety

Observers and QRFs K Physical meaning of flow

\.’\r\—C).'\“g'\\(\aﬁ‘a J

N




Conclusion and outlook

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

In quantum gravity, the scale itselt 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.

Outlook: Study the dependence of flow on the reference frame: universality?
Renormalization of different “quantum reference tields”
Connection with canonical models
Applications: cosmology, ...

Thank you for your attention
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