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Introduction

Perturbative QFT based on the Einstein-

Hilbert action needs infinitely many

parameters to absorb divergences \ Insist on the perturbative
paradigm

Go non-perturbative

Sophisticated non-perturbative QFT tools >

Functional methods




Different descriptions of
the same dynamics

continuum:

finite density
chiral fermions
clear understanding of

physical mechanisms

necessity of many
unphysical ingredients
harder to get to
observables

functional methods

Use different descriptions to
address different questions

Paradigmatic example: QCD

A
v

synergy between two prospects
to tackle problem of interest

> Universality

lattice/discrete:

direct access to
observables
first-principles
computations

continuum limit as a
challenge
foggy view towards
driving physical
mechanisms

Monte-Carlo simulations



... what about Quantum Gravity?

perturbative renormalizability is neither

necessary nor sufficient to define a
fundamental theory

 perturbatively renormalizable
. features a Landau pole Both QFTs are well-defined in the presence of
a UV cutoff
Quantum GR as an
effective field theory

Those are “effective field theories”

. perfectly valid for as opposed to “fundamental field
computations up to UV cutoff theories”.
. physical predictions

Can one take the continuum
limit?



Naively...

Volume (A) — 0O
#(A) > ©




Technically, a well-defined continuum limit > Couplings freeze and the cutoff can be
Is achieved by a scale-invariant regime safely removed

The continuum limit must be universal, i.e., should not depend

on the details of the regularization scheme

Renormalization Group Fixed Point

The existence of a suitable fixed point which requires the tunning of finitely many
free parameters to adjust a renormalization group trajectory defines a predictive
UV-completion of the underlying QFT

Asymptotic Safety

This is a concept — not a method!



\4

Choose your preferred computational
method to check it

In general: fi int si ] ] ]
genera : |x_e d point sits at This means that perturbation theory might be
non-vanishing values of . : :

. just inapplicable
couplings
We need to evaluate renormalization-group flows non-
perturbatively

Functional methods



Functional Renormalization Group

Starting point: single scalar field

We go Euclidean from now on [sorry Andreas!]

ZlJ] = [ @gb e_S[gb]"'I d'x J)PX) generating functional of correlation functions
A

WIJ] =1nZ[J] generating functional of connected correlation functions
__ o"WLJ] _ - W]
(P00 = 5 T PO = PN =005
=0

generating functional of one-particle irreducible

correlation functions

nm:-wmmﬂ&%@¢



introduction of regulator function

Z[J] = J D &SI+ 14X T

A

regulator “action’:

Zk[J] = [ @¢ e—S[(ﬁ]—ASk[fﬁ]‘Ffdde(x)gb(x)
A

_ 1 d 2
AS, = EJd X Ppx) B (—0°)p(x)

/

gives a (large) mass to

in flat space: Fourier modes

field modes with . ixp T
momentum lower than k ¢(x) — [ c 4)(]7)
P
essentially k2 p2 < kz
2
R (p7)

\O, p2>k2



PB (2 it effectively implements the suppression
A P of “slow modes”

k = 0 : complete functional integration

W, [J] = In Z[J]

next to that:

>
p?lk? fk[qo] = — Wk[Jw] + Jddx J, @

| — = - = E E m = m

finally

_ ]
[ilel =Thilel - 5 Jddx P(X) R (—*)p(x)

effective average action
(EAA)



Properties:

interpolates between full effective
action and the “classical” one

satisfies an exact flow equation

1 —1
oI, = ESTlr [(r;? + gzk) atgzk] 0, = ko,

(exact) flow equation

Wetterich equation

conversion of functional integral into
functional differential equation >

o




Theory Space

(Infinitely many)
space of all functionals of the field which are compatible with the symmetries of the theory

the effective average action is expanded as I [ep] = 2 g:(k) O[]

g =klg,

0 Fk[CD] = (0 g,(k)) @ik”] ;= — di i+ k=40 0,
t Zz: t 0,2; =k (d; g; + ) / o &

extraction of beta functions

ol le] = Z ki (d; g; + ) O]

suitable projection
rule for the Wetterich
equation

Approximations are necessary, but we don’t need to use a perturbative scheme!



Looking for fixed points:

ﬁl(g*) — O, [ = 1,...,00

gr=(g7,... ,8%)

Linearized flow around the fixed point:

9p;
0lgi— g9 =) o, 88
i %8

diagonalize

0,2, = A; Z;

!

k - i
z(t) = C, (_> w/ 0,=—4
ko

Theory Space

gOOA

gr =g ,8%)
°

82

81

In order to hit the fixed point:

0,<0  w-—fy 7  growstowards de UV

C;,=0 irrelevant direction

0,>0  w-—ffy 7 decreases towards de UV

C; free parameter

relevant direction



Predictivity requires that the number of relevant directions is finite

finite-dimensional
g critical surface
(0.@)

ﬁ=#18+#282

P 3 # >0

Asymptotic Safety:

Existence of a renormalization-group fixed point;

Fixed point features finitely many relevant directions;




Asymptotically Safe Quantum Gravity

- the technical side -

No background to set a scale: background field method

8w =8uth,

The spectrum of the Laplacian of the background metric defines a scale

background independence is  8uw > 8w T €

encoded in split symmetry hﬂy — hﬂy — €,

The gravitational action is Introduction of a gauge fixing
invariant under general I term:
coordinate transformations: R

gauge invariance Faddeev-Popov procedure




Gauge fixing

7 — J@ hﬂ@ @agz@e—smh]—sgf[g;h]—Sgh[g;h,é,C]

Faddeev-Popov ghosts

Gauge-fixing term breaks split symmetry!

Introducing regulators
AS,[®; @] = AS'[g; h] + ASCC[g; C, C]

Regulators break split symmetry and
(quantum) gauge invariance!

1
Sel83 1] = o Jddx\/E g"F [g; hlF,[8;h]

o, 1B
F g h] =V, h) ———

Sulg;h, C, Cl = Jddx g C, M[g; h)CP

Harmless breaking

1 _
ASl?[g; h] = 5 Jddx\/§ h,uv R]éw’aﬂ( — Vz) haﬁ

AS![g:h] = Jddx\/g C Ry ;(=VH P




Zk[j] = J@hﬂy@é{x@Cﬂ e—S[§+h]—ng[g;h]—Sgh[g;h,C_',C]—ASk[CT);(D]+fddx\/gj.q) — @Wk[j]

In complete analogy: construction of effective average action I}, = Fk[CT); D]

_ 1 _ -1
oL@, ®] =_STr [(F,(CO’Z)[CD, ] + IRk) atRk]

The effective average action is a functional of two fields;

Integrating the flow and taking k=0 leads to an effective action that depends on two fields, but
background independence is guaranteed by BRST symmetry;

very little is known about the Gribov problem in quantum
gravity and how it can affect background independence



Choices...

Our starting point was a path integral over Riemannian metrics

However...

metric can be degenerate

metric can change signature

Such a linear split of the metric might introduce many spurious configurations in the non-
perturbative realm!

_ 1, \¢ ‘ - .
Alternative: 8 = gﬂa<eg h) "’""'b avoid the previous prob!ems + cover the
) | space of Riemannian metrics

In the path integral, should we adopt different variables that lead to the same field equations
in the case of GR?

Palatini (8,,,1;,) orpure ¢, or (e9, wb)

No a priori reason to choose one formulation instead of the other



Coupling scalars

Basic question in this program: Does the would-be
QG fixed point extends to gravity-matter systems?

Coupling matter to gravity: generation of infinitely
many matter-graviton vertices already from the
matter-field kinetic term.

/N

o o

1
Sy =5 | dixy/E g 0,006

g l=g'—h+hh+ ..




This generates induced matter-self-interactions as well as non-minimal interactions.

The induced interactions share the same
symmetries of the kinetic term. In particular,

¢—¢tc ¢——¢

shift symmetry Z> - symmetry

I = Jddx\/g §"*¢"/(0,0)(0,)(0,8)(9yh)

(Jz = Jddx\/g R g””(aﬂ¢)(ay¢)j
[J@ = [ddx\/g R’“‘”(aﬂgb)(()ygb))

induced self-interactions

Ty = [ddx ¢ G(R, Ric, Riem)"’ K, (X) Xop ~ (0,9)(0p0)



Apart from the induced interactions, one can still .
introduce a “standard” potential for the scalar fields V(?) = Z g.p*
i

in the effective action. \
[, = Firav breaks shift symmetry

O —>p+c

Y =T+

Several results in the literature support that nss
interactions feature just a Gaussian fixed point - the so-

called Gaussian-Matter fixed point NGFPASQGM — NGEPASQG g GRFpmatier

[see, e.g., Percacci & Narain ’09 ]

V4
ry~ =2 Jddx\/g §"(0,)(0,)

However...

shift-symmetric interactions cannot feature a GFP
[Eichhorn’ 12, ... ]

+ 3G, dhx /B 6 0,000, 0)0p)




p. =+ a,c|+ a,c?

contributions arising

contributions from two-
vertex diagrams

from the Kkinetic term associated to canonical/
- they do not depend anomalous dimensionality
onc of c

e —

QG fluctuations shift the GFP

— — e —

Setting ¢ = 0 shows that, in general, this does not
correspond to a fixed point

i ¥ QG fluctuations are too strong

; " sufficiently “small” QG fluctuations

- "~ no QG fluctuations
NGFP, g

.
GFP



Hence, tentatively, the fixed-point structure should have the form

NGFPASQGM _ N GFpshift—symmetric ® GFPnon shift—symmetric

e S

Shift-symmetry is preserved
along the flow: shift-symmetric
subspace is closed under the
RG




Shift-symmetric Scalar-Tensor theories: fixed-point structure

Laporte, ADP, Saueressig, Wang, JHEP 12 (2021) 001

1
__ rgrav gf ghost grav __ d _
O =T+ TP+ T8 +T% e = 167G, Jd X\/8 <2Ak R)

Z



Shift-symmetric Scalar-Tensor theories: fixed-point structure

Laporte, ADP, Saueressig, Wang, JHEP 12 (2021) 001

1
__ rgrav gf ghost grav __ d _
O =T+ TP+ T8 +T% e = 167G, [d X\/8 <2Ak R)

Eichhorn ’12; de Brito, Eichhorn, dos Santos ’21

s S — — . I

Z
I~ 74’ Jddx\@ g"(0,4)(0,¢) EE% Cdedx\/g g"g"P(0,4)(0,4)(0,$)(0¢)

i ————————— e ——

e S



Shift-symmetric Scalar-Tensor theories: fixed-point structure

Laporte, ADP, Saueressig, Wang, JHEP 12 (2021) 001

1
__ rgrav gf ghost grav __ d _
O =T+ TP+ T8 +T% e = 167G, [d X\/8 <2Ak R)

Z

+7,Cy J ddx\/g R*(0,4)(0,¢)

_

Eichhorn, Lippoldt, Skrinjar ’17

———



Shift-symmetric Scalar-Tensor theories: fixed-point structure

Laporte, ADP, Saueressig, Wang, JHEP 12 (2021) 001

1
__ rgrav gf ghost grav __ d _
O =T+ TP+ T8 +T% e = 167G, [d X\/8 <2Ak R)

& Feynman-de Donder gauge

V4
0~ [ B e o mom +2; G | a2 gs 0, p0. 000

42, C‘kjddx\/g RM0,4)0,4) +2, ijddx\/g R¢™(0,0)(0,)



Shift-symmetric Scalar-Tensor theories: fixed-point structure

Laporte, ADP, Saueressig, Wang, JHEP 12 (2021) 001

1
__ rgrav gf ghost grav __ d _
O =T+ TP+ T8 +T% e = 167G, [d X\/8 <2Ak R)

& Feynman-de Donder gauge

V4
0~ [ B e o mom +2; G | a2 gs 0, p0. 000

42, ékjddx\/g RM0,4)0,4) +2, ijddx\/g R¢™(0,0)(0,)

Employ a generic background to disentangle the tensor structures



We can get some intuition about the behavior of the system of beta functions when the
anomalous dimension of the scalar field is set to zero

On the other hand, the beta

The beta function of the induced quartic functions associated to the non-
matter self-interaction has a structure of a minimal interactions have the
polynomial of even degree on the coupling ¢ structure of polynomials which are

odd on the non-minimal couplings

It is possible to have multiple, 1 or no real solution!
There is always a real solution

QG fluctuations might
just be too strong and
remove real fixed point

solutions

QG fluctuations are

compatible with NGFP |



e ————— ———————

e No fixed point!
Z; ijddx\/? 8"g"%(0,0)(0,)(0,)(94) l /

z, Ck[ddx\/g R¥0,4)(0,)

Z; D, [ d“xy/g Rg"(0,$)(0,¢)



2 G| ' /3 "6 0,000.0,0)X0p)

/ fixed point!
l z, Ck[ddx\/g R¥0,4)(0,) l

Z; D, [ d“xy/g Rg"(0,$)(0,¢)




=

2 G| ' /3 "6 0,000.0,0)X0p)
M

No fixed point!

_‘:I_

z, Ck[ddx\/g R¥0,4)(0,)

—— S ——

Z; D, [ d“xy/g Rg"(0,$)(0,¢)



I — e

Pjg Cdedx\/E 8""8"(0,$)(0,$)(9,$)(3s8)

4-‘:J

—

—

N

z, Ck[ddx\/§ R¥0,4)(0,)

. ——

|
|
L Z, D, [ d“xy/g Rg"(0,$)(0,¢)

—— e e R

Non-minimal interactions play

a crucial role in the fixed-point
structure

Suitable fixed point!

2 relevant directions

=+

3 irrelevant ones

|




I — e

E; Cdedx\/E 8""8"(0,$)(0,$)(9,$)(3s8)

T:J

Z, C’k[ddx\/§ R*(0,¢)(0,9) | T

Suitable fixed point!

Z; Dy [ d“xy/g Rg"(0,$)(0,¢) ‘

|
|
|
S s

Upon inclusion of the

anomalous dimension,
two fixed points are

found. The second one }°ones
has another relevant

Non-minimal interactions play

a crucial role in the fixed-point direction.

structure




Questions:

In the case of starting with a discrete formulation of gravity (either in a pre-geometric setting
or not) + scalar fields, what is the corresponding analogue of those induced interactions?

Quantum gravity directly impacts the structure of effective matter vertices: how does this
affect the use of scalar fields as “clocks” is a quantum-cosmological framework?

Coarse-graining of GFTs with local coordinates: any hint of this type of induced interactions?

The present results suggest that one should include “non-minimal” interactions in truncations
for the stabilization of the fixed-point solution. What is the status of that in discrete
approaches?

What does GFT+Scalars fixed-point structure tell us?



Thank you!



