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Lecture 2: Probing (asymptotically safe) gravity at all scales

* Problem of perturbative quantum gravity
e Asymptotically safe quantum gravity

e Main idea

e Tools/Techniques

e Evidence

» Asymptotically safe gravity and matter:
o Effect of matter on gravity
o Effect of gravity on Standard Model matter

e Asymptotic safety in the dark sector
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What is the effect of quantum fluctuations? New interactions!



The problem of perturbative quantum gravity
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The problem of perturbative quantum gravity

iF(g,,]) — 7 5(g,,] | __ b s
% A — J@gﬂyeh p with 5 = 167zGNddx\/7gR

1-loop divergences

~ /78 ~[8R. ~\JER% ~ /7GR, R"

perturbative non-renormalizability

2-loop divergences = loss of predictivity

.~ \/=8RRY R, .

C:
effective field theory: assume naturalness (all couplings —ld with ¢; ~ O(1)
Y

Pi

superficial degree of divergence:
P ° 9 = higher-order interactions subleading for processes at energies &£ < My,

D=2L+?2
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Example:

real scalar field theory without internal symmetry: allowed interactions ﬂiqﬁi,

Restoring predictivity by demanding more symmetry

real scalar field theory with internal Z, symmetry (¢p — — ¢): allowed interactions /lzigbzi,

Gravitational example: supergravity

Theory Counterterm | Loop Order | divergence
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Example:
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Restoring predictivity by demanding more symmetry

real scalar field theory with internal Z, symmetry (¢p — — ¢): allowed interactions /lzigbzi,

Gravitational example: supergravity

Theory Counterterm | Loop Order | divergence
p 4.0 D N 8 DR 9 unknown
D=4, 0=16, N=4 R* 3 no
D=4, 0=20, N=5 D?*R* 4 no
4 0 3 DR 5 yes
D=5 0=16 R* 2 no

from Z. Bern, J. J. Carrasco, M. Chiodaroli, H. Johansson and R. Roiban, ‘23

Usually: symmetry imposed at the classical level; checking for anomalies when quantizing
— what about symmetries that emerge at the quantum level?



What symmetry? Scale symmetry!

Hypothesis: The quantum structure of spacetime is described by an asymptotically safe
quantum field theory of the metric - gravity exhibits quantum scale symmetry = [Weinberg 74]
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couplings Presence of quantum fluctuations:  Theory is scale dependent;
running couplings
(Renormalization Group flow)

asymptotic safety (nontrivial Renormalization Group fixed point)
= gquantum scale symmetry

energy/momentum scale k



Predictivity in asymptotic safety

transition scale
couplings

asymptotic safety

in the UV fixes the values
of all but some couplings _-—~1"_

(the relevant ones) /7 asymptotic safety (nontrivial Renormalization Group fixed point)

in the IR = values of all couplings fixed in the UV

energy/momentum scale k



Asymptotic safety (quantum scale symmetry): 'Bgi = ko, g,(k) =0 Vi

— system of coupled algebraic equations

Predictivity at all scales: UV

— generically, besides g; = 0 Vi (free fixed point, which is guaranteed to exist), at best a finite number of real zeros

Example: 1, =

. 3
d4x\/§ Z g, R"
n=0

n

I Wek

103 x
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0.1297
0.1294
0.1323
0.1229
0.1235
0.1216
0.1202
0.1221

0.9878
1.5633
1.0152
0.9664
0.9686
0.9583
0.9488
0.9589

0.1282
0.2022
0.1343
0.1188
0.1196
0.1166
0.1141
0.1171

5.226
3.292
5.184
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5.042
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-20.140
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-20.538
-20.760
-20.969
-20.748

1.514
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0.141

-0.034

0.088

-9.682
-10.967
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-8.581

-8.646
-8.034
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-3.349
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2.460
3.421
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[Codello, Percacci, Rahmede ‘08]

— at generic locations in space of couplings,
there is scale dependence

[Reuter, Saueressig ‘02]




Predictivity at all scales: IR
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Predictivity at all scales: IR

Quantum fluctuations screen or antiscreen interactions

Standard Model examples:

S 4.,

QED: f, = kg e(k) = ——e

— e(k) decreases as k is lowered

7
QCD: f3, = k 0, g(k) = g+
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Predictivity at all scales: IR

Quantum fluctuations screen or antiscreen interactions

Standard Model examples:

QED: 8, = k0, e(k) = ..
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— e(k) decreases as k is lowered

7
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Predictivity at all scales: IR
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— free fixed point: two relevant directions,
a, and a, are both free parameters

— partially interacting fixed points: one

relevant direction, a, and a,, become
functions of one another

— fully interacting fixed point: no relevant
directions, no free parameters
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Counting free parameters: Critical exponents
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Counting free parameters: Critical exponents

Linearize beta functions

ﬁi=ﬂi(§’=g*)+z ag
J Vg=gx

—0,
k op,
solution: g.(k) = g« + Z C, ViI (k_) with 6, = — eig ( &)
] 0

0g;

For 8, > 0, C; enters g,(k) at k < ky, = free parameter

For 8, < 0, C; doesn’t enter g,(k) at k < ky = no free parameter

(Note: beta functions not universal, but critical exponents are)



Counting free parameters at free and interacting fixed points

Linearize beta functions
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Counting free parameters at free and interacting fixed points

Linearize beta functions Free fixed point:
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Counting free parameters at free and interacting fixed points

Linearize beta functions Free fixed point:
2 op; 0 ——
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P _ 1 . _ : 8i

solution: g.(k) = g;« + Z CIVi (k_0> with 6, = — e1g (_ﬁg- ) couplings with negative mass dimension are irrelevant
I J
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e can be more or less predictive than the free fixed point

* no way to know free parameters a priori




Counting free parameters at free and interacting fixed points

Linearize beta functions
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similarly for higher-order interactions



Asymptotic safety in gravity - key concepts

L= @guveiS[gw]

— 1 4 9 A

Most conservative approach to quantum gravity:

* metric carries gravitational degrees of freedom

Gy : interactions of gravity with matter — works at low energies, so only give up if shown to fail
& nonlinear gravitational self-interactions e Standard quantum field theory framework for quantization

— works for the other fundamental forces, so only choose

quantum effects: Gy — Gy(k), different framework for gravity if the standard framework fails

similarly for higher-order interactions



Tools to search for asymptotic safety: Lattice

Scale symmetry in lattice theories:

second order phase transition
— interacting RG fixed points: ubiquitous in statistical physics

/ . /_1 [Example: Ising model]
! S _ 0.8
)

Example: Causal Dynamical Triangulations

0.6 -

T<T.

0.4 | Cds

(4,1) (3,2
0.2

Discrete building blocks

0

—0.2

Asymptotic safety: can take continuum limit, U
because at fixed-point values of the couplings,

there is (quantum) scale symmetry

[Ambjarn, Coumbe, Gizbert-Studnicki,
Gorlich,Jurkiewicz '17]
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Tools to search for asymptotic safety: Functional Renormalization Group

probe scale dependence of QFT o Tr[o / Dpe™ ol=35 [ ¢(—p)Ri(p)e(p)
R (p?/k?)
1.0
0.8
0.6 scale- and momentum-
0.4 dependent "'mass”

S 0.2
0.0b---mmmmmmeeed
271.2
05 10 15 207K

F L contains effect of quantum fluctuations above k

— , d 1 _ d 1
—1
Wetterich equation: 0.1y, = %STr (I‘](f) + Rk> O R = %
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search for fixed point solutions
enlarge truncation
convergent results?
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e search for fixed point solutions
 enlarge truncation
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successfully used in particle physics, statistical physics/condensed matter,
e.g., Quantum Chromodynamics, BEC-BCS-crossover,

strongly-correlated fermion systems,

Wilson-Fisher universality classes & beyond, ..... [see Dupuis, Canet, AE, et al. ‘20]




Tools to search for asymptotic safety: Functional Renormalization Group

successfully used in particle physics, statistical physics/condensed matter,
e.g., Quantum Chromodynamics, BEC-BCS-crossover,

strongly-correlated fermion systems,

Wilson-Fisher universality classes & beyond, ..... [see Dupuis, Canet, AE, et al. ‘20]

example: Ising universality class

scaling exponent of the correlation length: £~ |T —T. | —V

1) — 0,62999(5) conformal bootstrap
v = 0.63002(10)  Monte Carlo

v = 0.6304 g-expansion to seven loops
v = 0.643 FRG: LPA
v = 0.6307 FRG: O(5?)



Functional Renormalization Group in gravity

How to distinguish long and short
“wavelength”?

o Tk[d /Dgp e Slel— = [ o(—p)Ri(p)e(p)

R (p%/k?)
1.0

8:2 scale- and momentum- — metric

0.4 dependent "'mass”

0.2 But metrics are summed over
S 22 in the path integral?

05 10 15 20°

l'k—0 — auxiliary background metric g,

o, lgu)] — —Slg, 1= [ h, R(—=Dy*“*n_ _
e ~Khewll = J@hﬂye pol 20Tk ’ 8w = Suv T h,m/



Asymptotic safety in gravity: Results



Asymptotic safety in quantum gravity: Newton coupling

classical gravity regime ~ Planck scale quantum scale invariance
1000 .
C\lf 1(1)9;; asymptotically safe regime
effective strength g 10—27 -
of quantum gravity 10-37 L x | x | l | x | l | E

fluctuations 10 101 1 1021 1031 1041 1051 k/GeV
:BG — (G — G2 4+ ... Reuter '96; Souma '99]
A
> () depends on regulator function
2 e |
G: = — non-universal 0= — G =2 universal
G=G>x<



Asymptotic safety in quantum gravity: Newton coupling and cosmological
constant

asymptotically safe fixed point

two relevant directions

[Reuter, Saueressig ‘02]
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Asymptotic safety in quantum gravity: Newton coupling and cosmological
constant

asymptotically safe fixed point

two relevant directions

\ — connection to classical gravity?

classical regime:
Gy = const = G = Gy - k* ~ k*
A =const = A = A/k? ~ 1/kK?

= G - A = const

[Reuter, Saueressig ‘02]

RG trajectory of our universe”

— first phenomenological test: fixed point in the UV connected to classical gravity in IR

— cosmological-constant ~“problem”: correct values of Gy, A realized on one particular trajectory



Asymptotic safety in quantum gravity: Curvature-squared results

curvature-squared terms:

I
bR*,aR, R",—E
P

Einstein-Hilbert + curvature squared:

4 couplings of local terms and one topological term

— fixed point with three relevant directions, one irrelevant and one marginal

[Benedetti, Machado, Saueressig '09;
Falls, Ohta, Percacci '20]



Asymptotic safety in quantum gravity: Curvature-squared results

curvature-squared terms:

I
bR*,aR, R",—E
P 2

Einstein-Hilbert + curvature squared:

4 couplings of local terms and one topological term 7
— fixed point with three relevant directions, one irrelevant and one marginal
[Benedett, Machado, Saueressig '09:; 00_5/
Falls, Ohta, Percacci '20] |
0.0 700,
Classical gravity + Starobinsky inflation, driven by bR? ? A

—-0.5

— fixed point is connected to a low-energy regime with classical gravity
and Starobinsky inflation (but the latter is not a must) [Gubitosi, Oijer, Ripken, Saueressig 18]



Asymptotic safety in quantum gravity: Higher order in curvature

scaling exponents of R",n = 0,...,70 ;C;“n?{:i( 20"91”;5 ;];w n o —=0...10
(R, R*)"+ (R, R*")",n=0,..,

=2 10 18 26 34 42 50 58 66 71

AVOBATVOUAVOGATVOUATVCPGAVOUAVOGATVOUATCPATEOOATVOGATOUATCGATEOATVIGATSO AT T T T T T T T T T T T T T T T T T T T T T T T T T ]
. 20 1
. ",
0 3y(N) .3 N:
e
100 _ > 15 |
L ! , (00% _
20+ G |
B ’ ! i
50 : . o 10 |
10+ - -
irrelevant I 8 1
Op | 0 - irrelevant ol ¢
relevant EEa- n T i
| | | | | | | | | | | | | | | | | | | | |
5 10 15 20
n n
[Falls, Litim, Schroder "19], see also [Falls, Litim et al *13, "14.. ] [Falls, King, Litim, Rahmede ’18]

g, =—0 ~-2n+4

n fuIIf(R)? [Benedetti, Caravelli ’12; Dietz, Morris ’12,

Demmel, Saueressig, Zanusso ’14, ’'15;
Gonzalez-Martin, Morris, Slade ’17;
Christiansen, Falls, Pawlowski, Reichert ‘17]



Three free parameters & near-perturbative nature

References Gauge Cutoff Operators included  #rel. #irrel. Refy Ref, Refy

beyond dir. dir.
Einstein-Hilbert

Reuter and Saueressig, 2002 a=1,=0 exp. 2 1.94 194

Litim, 2004 a=0 Litim (Litim, 2000, 2001) 2 - 167 1.67

Lauscher and Reuter, 2002 a=0,=0 exp. @RQ 3 0 2686 215 215
Machado and Saueressig, 2008 g =1, =0 Litim J§R2, Jg’l—?3 3 1 200 26 200
Codello et al., 2009 a=1,=1 Litim JIR?, JR® 3 1 201 - 201 - 201
Machado and Saueressig, 2008 g =1, =0 Litim JIR?, JaRP 3 1 239 239 1.51
Codello et al., 2009 «a=1,=1 Litim JIR?, ..., JOR® 3 6 241 241 140
Falls et al., 2013, 2016 «a=0,=0 Litim JaR?, ..., JaR34 3 32 . 9650 - 080 150
Benedetti et al., 2009 a =0, ho Litim JIR?, JIRuwR*Y 3 1 840 251 1.69
Gies et al., 2016 B=a= Litim JICHY*AC,300C n 2 1 1.48 1.48

[from AE ’18]

® Choose truncations according to canonical power-counting
e Calculate critical exponents
® Check whether they are close to canonical power-counting

irrelevant

relevant

[Falls, Litim, Schroder ’19], see also [Falls, Litim et al *13, ’14...]



