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Abstract: Linking quantum gravity approaches could be important to make progress in quantum gravity. In my talk, | will try to make this case using
asymptotically safe gravity as an example. | will briefly review the status of the approach and highlight the open questions, and discuss proposed
ideas how the link to other approaches could be useful to tackle these. Finally, | will emphasize the need for universality in quantum gravity, and
argue that there might be universal features from quantum gravity in black-hole shadows.
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Plan of this talk:

introduce asymptotically safe quantum gravity

selectively highlight some open questions

discuss how input from other approaches might provide answers

mathematical diversity but physical unity?
singularity-free black holes as potential example
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Scale symmetry in a QFT

o . quantum scale-symmetry *
i asymptotic safety
w 04f
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g 0.2
g 0 1 asymptotic freedom
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oo~ ... . . .....4 classical scale-symmetry
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Log[k/ko]
0.5— ‘ : . . .
/\ asymptotic safety
0.0 * examples of quantum scale symmetry:
-05 as[yrnziotlc - Litim-Sannino fixed points in d=4 gauge-Yukawa systems
F RSN - Yang-Mills theory ind=4 + €
-1.0p - Wilson-Fisher fixed point in d=3
-1.5¢ = non-linear o-model in d=2 + €
2 oh . . . . - gravity ind=2+¢
00 02 04 06 08 1.0 - Gross-Neuveu model in 2<d<4

g = N=4 SYM
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Scale symmetry ina QFT

quantum scale-symmetry
asymptotic safety

classical scale-symmetry
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Scale symmetry in a QFT
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Universal predictions from scale symmetry

Irrelevant directions: Predictions from asymptotic safety
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K

’ ) Infrared attractive direction
universality: consequence of fixed point

Ba = —a(, — )
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Universal predictions from scale symmetry

Relevant directions: Free parameters (parameterize deviations from scale invariance)
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Infrared repulsive direction

1680 10300

all IR values reachable _
from fixed point ,{3“ = af(a'* — Q-’_)
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Universal predictions from scale symmetry
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Universal predictions from scale symmetry
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' note: a fixed point is only unambiguously UV or IR,
if it has ONLY IR repulsive or ONLY IR attractive directions
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Asymptotic safety in gravity?

classical gravity regime Planck scale quantum scale invariance
1000 poeey . T ; 1
R oA :
* 10-1? = - . . E
(5‘2 10-27 | G=Gnk E
10-37 | " | " | | " | " |

(...and similarly for all other couplings...)
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Asymptotic safety in gravity?

classical gravity regime Planck scale quantum scale invariance
1000 poeey . . . ;
L1077}
* 10-1? - - ) o
(5‘2 10-27 | G=Gnk |
10-3? | " | " | " | | " |

(...and similarly for all other couplings...)
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Asymptotic safety in gravity?

* g-expansion d=2 + ¢ * “lattice” approach ¢ continuum approach
. i 38 , . _
Bo = G — 12 (C)DTs Functional Renormalization Group

|Reuter "96]
[Bi‘lu’\h'm, Bonanno, Codello, AE, Falls, Gies, Held,
Knorr, Litim, Pagani, Pawlowski, Percacci, Pereira,
Platania, Reichert, Sfllll‘rl"\‘-\i]_ Yamada, Wetterich. ..

C: [Ambjorn, Jurkiewicz, Loll.. ]

[Weinberg "86; Gastmans, Kallosh, Truffin '78;
no C: [Coumbe, Laiho, Unmuth-Yockey, Caterall]

Christensen, Duff '78..]

* 1-loop perturbation theory . e . . " .
scale invariance: scale invariance:

in d=4 : . T . S
Nied 0405 universal continuum limit exists universal k — o0 limit exists
edermaler Je .‘.rr

classical gravity regime Planck scale quantum scale invariance
1000 pr . , .
% 1077}
* 10-1? - - ) o
(92 10_2? 1 r=(ry k
10-3? " | " | " | | " |

(...and similarly for all other couplings...)
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Asymptotic safety in gravity?

* g-expansion d=2 + ¢ * “lattice” approach * continuum approach
Functional Renormalization Group

_ 38 .
Ba = G — —G? (C)DTs
P L o -
[Reuter '96)
FRG in brief: , Bonanno, Codello, AE, Falls, Gies, Held,
m, Pagani, Pawlowski, Percacci, Pereira,
‘ * , 1 p ) - SJohert, S.]I[l‘rl"“-u]_ Yamada, Wetterich. ..
e~ 'y W,] — D}‘ ()—f-s [(p]—f 5 ! w(— p) Ry U"\)‘f'"“]-}
scale invariance:
scale- and momentum- versal k —» 00 limit exists

dependent “mass”

- I\'.(f)k I ‘L. — Z }j)’h / f/"!_r@j _

in practise: _
truncate to (finite) subset of operators riance

gravity: candidate guiding principle near-perturbativeness

[Falls, Litim, Nikolakopoulos, Rahmede "13 '14; AE, Labus, Pawlowski,
Helchert 18
Falls, Litim, Schroder '18; AE, Lippoldt, Pawlowski, Reichert, Schiffer *18 — )
AE, Lippoldt, Schiffer '18] 1051 k/GEV

(...ana similarny 1or airotnercoupnmgs:..)
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Indications for (Euclidean) gravitational fixed point in d=4

based on truncated FRG studies:

fixed corresponding couplings:
point operators P g plings: =

V4 \/lf [Reuter '96, Lauscher, Reutar '01;
-~ !

leuter, Saueresslg '02;
Becker, Reuter '14:

-
v 4 \/?] ]I Christlansen, Knorr, Melbohm, Pawlowskl, Relchert "15]

[Benedettl, Machado, Saueressig '09

VIR \JaR"™ Ry, Chiistiansen 16

Denz, Pawlowskl, Helchert "17]

2 -3 |Codallo, Parcacai, Rahmeade 07, '08
\/f[ [l}- Machado, Saueressig '07

AE. 15

. £

de Brito, Ohta, Perelra, Tomaz, Yamada "18] - = 1
. S T B — i R - e (W

» . [Falls, Litim, Nikolakopoulos, Rahmede 13 "14] ‘Rrulpr, Saueressig 'H;.J|
V4 — 134
\/ g R

[Falls, Litim, Schroder 18]

/ VIR

.’ o YLV RA 1 f
/ vV r;( ( KA

Wy —~ p " '
( pe v |Gles, Knorr, Lippoldt, Saueressig "16]

full f( H) [Benedettl, Caravelll '12; Dietz, Morrls '12,

Demmeal, Saueressig, Zanusso '14

Gonzalez-Martin, Morris, Slade "17]
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Indications for (Euclidean) gravitational fixed point in d=4

based on truncated FRG studies:
free

fixed arameter presiiclion canonicall
. operators corresponding couplings: P (irrelevant) y
point (relevant)
4 \/J [Reuter '96, Lauscher, Reutar '01; X relevant
Reuter, Saueressig '02;
2 - Becker, Reuter "14;
A“.‘.':; \/?] [l Christlansen, Knorr, Melbohm, Pawlowskl, Relchert "15] x rEIE\’ant
o [Benedeattl, Machado, Sauerassig '09 )
52 S T . ; X X marginal
[V 4 {}[} N H‘I] [] 1 Christiansen '16
v \/— \/ ) w Denz, Pawlowskl, Relchert "1 7]
. [Codello, Parcacai, Rahmeade 07, '08 '
\,:j)./ \/f[ [)}-‘ Machado, Saueressig '07 X irrelevant
- ' A.E. "15;
) ’ de Brito, Ohta, Perelra, Tomaz, Yamada "18]
. . [Falls, Litim, Nikolakopoulos, Rahmede '13 "14]
— 1y
v, VB
[Falls, Litim, Schroder 18] X IFFEIevant
7 — 70
v VIR
WT oy N
|Gles, Knorr, Lippoldt, Saueressig '16] X Irrele\a’al‘lt

— VRN 1 f
\,'/.'t'( 4 ( KA ( PO

Demmel, Saueressig, Zanusso 14, '15;
Gonzalez-Martin, Morris, Slade "17

full f(R) (Benedett, Caravelli '12; Dietz, Morris 12,
i
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Predictive power of asymptotic safety: Abelian gauge coupling

N
o

—r — - - — — +

.r}"f— . 11

-
s,
|

+

e
Abelian coupling wio gravity 167= 6

running couplings
[=

o
»

triviality problem

[Gell-Mann, Low '54; Goaokeler et al. '98;

Gles, Jaeckel '04]

0'0161| ‘ 162! - 1d:¢| ' 16.“ ’ 16.% ' 15&1'
kiGeV

Add gravity

Disclaimers:

® truncation of operator basis
(truncation scheme based on indications for near-perturbative nature of fixed point)

|Falls, Litim, Nikolakopoulos, Hahmeda "13 "14; AE, Labus, Pawlowski, Heichert "18;
Falls, Litim, Schroder '18; AR, Lippoldt, Pawlowskl, Relchert, Schiffer '18
AE, Lippoldt, Schiffer "18]

® gravity-contributions to B functions are not universal (scheme-independent)
(B functions are not physical quantities; Standard Model (marginal couplings): non-universality @ 3 loops & beyond)

[Toms "08, "10; Ellls, Mavromatos "10...]
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Predictive power of asymptotic safety: Abelian gauge coupling

* Asymptotically safe quantum gravity could act like effective change of dimensionality

3 ;
: A —
' ! —fa9v|+...

[ ) i il
Hay . 9
ay 1672 6 N

Functional RG calculations in truncation of full dynamics
(systematic uncertainties!):

. Daum, Harst, Reuter '09;
fg = const > 0 above My, [Fo\lr\-:-ns‘ Litim, Pawlowski '09;
. ) Harst, Reuter '11;
frf — 0 below Mp| Christiansen, AE '17;
AE, Versteegen '17;
Christiansen et al, '17;
AE, Schiffer 19
de Brito, AE, Pereira '19]

d

.)| d Ij 2 [ N A(19 e _(!
fq(d) :(,‘J -—(‘—”’ + (d — 2)d( I—' Jr——('j— M}-) (24 d) for inclusion of curvature-squared couplings:

(d—2)dT[2+ 4] (1 - 2))?

d
2-d((d — 2)d — 2)x' 2 (a+0+820)
} )

|de Brito, AE, Pereira '19]|

+ G +
[ — 2\

(d—2)P[3+ 4] (1 - 2))
1+ d(d — 1
— wo (4 4+ d)— +:-i-((--—— )
2d+173[3 4 4]  AE, Schiffer '19]
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Predictive power of asymptotic safety: Abelian gauge coupling

* Asymptotically safe quantum gravity could act like effective change of dimensionality

3
\ l‘j\ 4 I Vs N
Pay — 75 3~ “1JadY | +..
s 167= 6 'j"r 'hJ + )
0.08f .
0.06F 1 Functional RG calculations in truncation of full dynamics
0.04 (systematic uncertainties!):
QJ‘;E’ 0702_ ] f. = const > 0 [Daum, Harst, Reuter '09;
: AF AS Jg = const = U above Mpi Folkerts, Litim, Pawlowski '09;
0.00]s ' . Harst, Reuter '11;
' .fq — 0 below Mpl Christiansen, AE '17;
-0.02¢ ] AE, Versteegen '17;
— Christiansen et al. '17;
-0.04~ ' : s AE, Schiffer '19 '
0.0 \ 0.5 1.0 l 1'? de Brito, AE, Pereira "19]
IR repulsive gy IR attractwe_
= UV attractive = UV repulsive
1.4 AR, 7
1.2F UV unsafe trajector|e-:~,z”,/ ’,/
matter & gravity fluctuations compete: 1ol g
: ] y
itye i < 08}
Strong gl’ﬂ\llty. asymptotlcauy free > P free trajectories
strong matter: UV unsafe 08 —"’f’.-*"':; e
s LIV cafe & interactine 04} ISIEsseagaiE il
palance: UV safe & interacting | -==----" ‘\‘\‘\w
0.2b ' e :
1 10 1070 10% 10%

RG scale kin GeV |[AE, Versteegen '17]
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Predictive power of asymptotic safety: d=4

* Asymptotically safe quantum gravity could act like effective change of dimensionality
3
3 gy 41

I Jy

= _f,r,' gy +...

167m= O

[AE, Marc Schiffer, PLB 793, 383, "19]
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Predictive power of asymptotic safety: d=4

* Asymptotically safe quantum gravity could act like effective change of dimensionality

d—4
B,y = [( =) _ _f.,w_)] 9y + ..

|U”"‘ ___,——*__7_._ T -
EL [AE, Marc Schiffer, PLB 793, 383, "19]
10 B/ : .
10 H— Jyert RN ; Y ]
i fo. G =13 - : G a:
4 . O -
10 fg.G=5 Y [ i
S sl SRRV ST ST SR . |
4 5 6 7 8 9 10 1 f— .
H BN UV-completion -
d L ]
2F v Excluded strong- b
= gravity regime
— @ larger d: solution to the triviality problem 25 —15  —10 05 'm.‘ '
requires large G (hon-perturbative physics) A
3, 600 prrr—rToT T
G =0 G=16 G =24 106/ 500 £
I V. V... T et A - 100 F '
300 -250 -200 -160 -100 -50 ’ ! P .
_ T300F S5 CSESAST
200 X T
I UV-completion f
100 H — 1 Excluded strong- | ™ 4-
| gm\rlly regime . ;
() b= - - PRI — LN
—-2.0 -1.5 -1. [] —0.5 0.0
[Christiansen, AE '17] A
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Open questions in asymptotic safety

Unitarity?
based on truncated FRG studies:

fixed corresponding couplings:
point )
,,"j \/l,f [Rauter '96, Lauscher, Rauter '01;
Reuter, Saueressig '02;
Beoker, Reuter '14:

» -
\/(_] ]I Christlansen, Knorr, Melbohm, Pawlowskl, Relchert "15]
Jenedettl, Machado, Saueressig '09
p [32 _ I'”“" [} |[Benedettl, F‘.].l hacdo, ‘l\ I( lg 't
v 4 \/—(} . \/”‘ 1 ],f”" Christiansan "16
. Denz, Pawlowskl, Relchert '17]

Parcacci, Rahmeade '07, '08

operators

Jodello

2 — [ ,

v 4 \/tl []) Machado, Saueressig '07
- ‘ AE. "15;

de Brito, Ohta, Perelra, Tomaz, Yamada "18]
[Falls, Litim, Nikolakopoulos, Rahmede '13 "14]

v JgR*

[Falls, Litim, Schroder 18]

\/!}'RTU

V/”( VK \( 'h_)\ij ( f’_,;”.,_,r, [Gles, Knorr, Lippoldt, Saueressig '16]

full f(R) (Benedett, Garavelli '12; Dietz, Morris 12,
14, '15;

Demmel, Saueressig, Janusso
Gonzalez-Marlin, Morris, Slade *

17]
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Open questions in asymptotic safety
Unitarity? 93 kuv

Non-fundamental asymptotic safety:

® QFT description of metric + matter holds
up to kuv

® a “more fundamental” description sets
initial conditions for RG flow at kuy

[Percacel, Vacea '10)

q1

Pirsa: 19110091 Page 27/42



Pirsa: 19110091

Open questions in asymptotic safety

Unitarity?

Non-fundamental asymptotic safety:

® QFT description of metric + matter holds
up to kuv

® a “more fundamental” description sets
initial conditions for RG flow at kuv

[de Alwiss, AE, Held, Pawlowski, Schiffer, Versteegen "19]

g3
'4{ /\?( "V

/

Standard Modeli asymptotically safe Estring theory ¢

=

) : scaling regime

o :

£ L MB(k) ~ K

g_ H L Pl(\ s !

Q

&)

(=]

c

'c

C L} U

E L]

" A.‘t" ﬂ'.["“
< > 1/:-1/:{ 1

separation of scales /. ~ ixC;

T %

weak-gravity conjecture in
asymptotic safety:
might hold at fixed point with
finite gauge coupling, but:
conditions on fixed-point values
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Open questions in asymptotic safety

Unitarity? Lorentzian signature?
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Open questions in asymptotic safety

Lorentzian signature?

scale-invariance: universal continuum limit exists in discrete setting

—> re-interpret causal sets!

[AE "7, '19]

\ ), i
RE TN

WS AW
NS

v
S r22

- Y

%

(
LN
’,!_.\\\\ QI
' o

% :

V) 4’\‘\’ X

N

N ¢

." .“‘ ‘\{é@%{ﬁ?’” /Q“.‘

Y
\

N
.w&fﬁ

S i

/ 'f%\ £ e ¥

Ny e
0‘!’ 7 ll'.'-"\’ N\ ';\

$

spacetime = set of spacetime elements €;

with order relation < (precedes)

local finiteness: |[{¢k @ ¢i < ep < ¢} <

® fundamental discreteness of spacetime
OR

® Lorentzian regularization of spacetime
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Open questions in asymptotic safety
Lorentzian signature?
scale-invariance: universal continuum limit exists in discrete setting
— re-interpret causal sets!

P ) ‘, ‘S‘ (_H.'
[AE "17, 9] Z}_.’,‘l'i-l‘\-’ - / D(‘f(, [ ]

10

S[C]=g N + Z 9i Ni

phase diagram:

4 () o ¥ 5
Q)”‘Iz’@\ % ’-‘t}" ’.-“.J ! ? "
~ | T’%&%\{\}q&’;@fﬁﬁ ; ¢ T \ . iff higher-order transition:
al X¢ %% ‘t‘i;‘éﬁ,{o“ % \y J‘I 4 universal continuum limit
) ) ) %&{iﬁ%& / \“ < Lorentzian asymptotic safety
Ky S NN hase A
2l // MR FAE
. phase B
» (1.
lct. Surya "11; Glaser, O'Connaor, Surya '17; Glaser '18] "]‘]
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Open questions in asymptotic safety
Lorentzian signature?

scale-invariance: universal continuum limit exists in discrete setting

— re-interpret causal sets! y iSC
[AE "7, '19] Z;-_.’,'l'?l‘\-" — DC(’ { ]
causal sets: predictivity o , 7
S[C]=aN + Z gi N
2/ i
. . . O li
scale-invariant point >0 many couplings
S ica ersurface
relation bet ractions as
1 aquence of e nced >
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Mathematical diversity, physical unity?

Classical gravity regime Quantum gravity regime

10+
=~ -
(«'f\" ’/I
109 //
td
rd
’
f,’ ) a
G =Gy k2
10719} /
,
/7 -~y 2N
7 (rN ~ ]/!\'H
10 79 L{, L i 1 il . L L . L A
104 1 DE .1017 1 015 ‘qo?ﬂ 1024 1 0).3
kiGeV

~ v —1

(7Go)

Schwarzschild black hole:
ds® = —f(r)dt* + f(r)~ ' dr® + % dQ?

| 2G Ny M

I
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Mathematical diversity, physical unity?

Classical gravity regime Quantum gravity regime
» energy scale relevant for black

10} : holes: curvature
Gn I .
=91 /,, ] - .
10 » spherically symmetric case:
)f,E: - (Vrfj\" /Ig ] .)
10—19 ,’I i - 5 ,)H”H/\ T() f?\ [
e -~ 2 K =K LR \-[} - 6
nd (rN ~ 1 //1" : f 4 1-()
10 79 LIII L L e il i L L e L A: -
100 108 102 10" 4o  10* 108 * dimensional argument:

kiGeV . 1 ) 7“ f‘[ )
(7Go) e

Schwarzschild black hole:

)

ds? — 7‘1.-(;.1,)(“2 + j.-(;,.)—ld.!,z + .1.13 (fSZ:“
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Mathematical diversity, physical unity?

Classical gravity regime  Quantum gravity regime

10}
- -
(‘;E"\" ’/I
1079 yd
,
rd
’
s
P - 2
e (r - (rj\" /l
10719 e
rd
Il -1 2
’,’ (tf\-’f\-"]/l’\'
10 79 L{,I L 1 L L ol L
1 04 1 DB 1 012 1 016 “1020 1 024 1 DI‘.S
kiGeV

(vGo) |

Schwarzschild black hole:

ds? = —f(r)dt* + f(r) " dr? + 1% dQ?

energy scale relevant for black
holes: curvature

spherically symmetric case:
_[\y = -L)ﬂuh-,\ .E‘)HHHI/\ ~

dimensional argument:
.j.(i
RG-improved line element:

firy=1- "2

.M
! ' Nl
1 + | ——;
2
=14+ #r°+..
|Bonanno, Reuter '99 "00, U6

Falls, Litim "11; Koch, Saueressig '13,
Pawlowski, Stock 18 Adeifeoba, AE, Platania, '18,
Platania '19, Held, Gold, Al 19]

Page 36/42



Mathematical diversity, physical unity?

1.0 . i T Spherically symmetric singularity-
A free black hole:
ol ds® = —f(r)dt> + f(r) " dr® 4+ 2 dQ?
e 2Go M !
) =t
Fa A310 [Hayward "06]
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Mathematical diversity, physical unity?

1.0p—- . " " Spherically symmetric singularity-
) free black hole:

ds? = —f(r)dt* + f(r) " dr? + v dQ?

fir)y=1- .2_(-;0_;‘_[.._ !

7 14+~ (l;l;”
[Hayward "06]
' inspired by quantum gravity:

Asymptotically Loop QG/ noncommutative

String theo
safe gravity Spin foams geometry 5 i

) ) [Gambini, Pullin '08, "13 [Nicoling "06| |NIcolm 19|
[Bonanno, Reuter "99 "00, 06 ; Rovelli, Vidotto *14)
Falls, Litim "11
Koch, ‘:\:HH.‘F'H!:.‘:HJ 13
Pawlowski, Stock "18
Adeifeoba, AE, Platania, 18,
Platania "19
Held, Gold, AE "19]

...either one of them!
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Mathematical diversity, physical unity?

1.0p—- . T T Spherically symmetric singularity-
) free black hole:

ds? = —f(r)dt* + f(r)"'dr® 4+ r* dQ*

0.0 SR Br 1/

. . 260 M 1 2G Mg
B! I 1 + ~ ',Ji I
1ol 5 . effectively:
00 05 10 15 20 25 30 reduced radius-dependent mass parameter
r G2M?
j\[‘,ﬁ- — j\[ — ‘} — _[) ;

r

Af[vﬂ'("' ~ Thorizon ) < ALH(’ ~ 1000 T'hurimm)
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Mathematical diversity, physical unity?

10— . - ‘ Spherically symmetric singularity-
) free black hole:
0.5
- ds? = —f(r)dt* + f(r)" " dr® + 12 dQ?
= 00
Lo, 2GoM ] 2G oM ot
f(’):] - . 12 M =1 _'M
-05 r 14~ 2.9_:;.__ 7
1 ok . . | effectively:
00 05 25 30 reduced radius-dependent mass parameter
r GEM*?
Meg=M-—~v—"— +
"
A[{\ﬁ(l ~ T‘h{)ri?‘””) <;_‘: ﬂ[(»ﬁ(l' -~ 1()()() ?“}1()]_"12(_”1)
E B

constraint on y
see

[Held, Gold, AE '19]

[EHT Collaboration ‘19]

1995-2016
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Diversity of ideas matters

Q ua ntu m
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Open questions in asymptotic safety
Unitarity?

transition from microscopic AdS to macroscopic dS?

Non-fundamental asymptotic safety: i

1.0}

® QFT description of metric + matter holds 0.8
up to kuv

v 06p <
@ a “more fundamental” description sets G

initial conditions for RG flow at kuy

[de Alwiss, AE, Held, Pawlowski, Schiffef, Versteegen "19]

Standard Model i asymptotically safe istring theory
i . : i 20 0 20 40 60 80
> 4 i scaling regime : - -
c H ¢ p H -
3 a MR (k) ~ k? a i
] ! e ! 107120} 5,
8 ' ' 0 .
" &
[&)] i i _10- 120
c ! ! ,
= i : fixed-
c : ' _qp- 0 point
! J scali
2 ; N Y
B Vi Lg o —-10 %
separation of scales _/;- = ix(, 20 0 20 40 60 80
o Loglk/eV]
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