Asymptotically safe quantum gravity

Astrid Eichhorn,
CP3-0Origins, SDU (Odense) & Heidelberg University

GGI mini school “From freedom to safety”,

CP3 SDU<

University of

CP3-0Origins Southern Denmark
Emmy
RUPRECHT-KARLS- zomﬁ—\qul o .
Die Junge Akademie UNIVERSITAT HEIDELBERG Programm °

ZUKUNFT SEIT 1386

U“ Deutsche ¢
Forschungsgemeinschaft




Observations in the strong-gravity regime

= L1 observed
H1 observed (shifted, inverted)
I I

H — Numerical relativity |
Reconstructed (wavelet)

mm Reconstructed (template)
T T 1 1

ructed (template)
T T

LIGO 2015

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10

M87 April 6

GRMHD

.

40 pas

Brightness Temperature (10° K)

EHT 2019

The EHT Collaboration et al.

Blurred GRMHD




Observations in the strong-gravity regime

- ‘A| L1 observed

H1 observed (shifted, inverted)
T

LIGO 2015

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10

M87 April 6

The EHT Collaboration et al.

GRMHD Blurred GRMHD

I 000
) 10 20 30
Brightness Temperature (10° K)

EHT 2019

0 1 2 3 1 5 6

observations compatible with GR predictions

Gravity

Spacetime geometry




Observations in the strong-gravity regime

LIGO 2015

observations compatible with GR predictions 10

The EHT Collaboration et al.

Blurred GRMHD

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10

MS&7 April 6

GRMHD

10 2 30
Brightness Temperature (10° K)

EHT 2019

Baker et al.

1 I H

Gravity = Spacetime geometry

1
2

- I.Qttmw = mﬁ.QZ ﬂtt

|- Sgr A*

.,
..

Inv. Sq. PPN v -

10 constraints
\ EHT

-32 R4
:V.ﬁw ELT S stars

V87

2

Curvature, & (cm )

53 Tidal streams [
10 (GAIA) A

10 %/ Facility

59 BAO N peTEs

)
(RN ENE NN RN AR AN NN NA NN AN AN RN NNT

Lo = I R N NN T NN NN N NN NN NN

10" 10" 10°  10° 10" 107 1

Potential, €

(o)
©



Observations in the strong-gravity regime

-1 = L1 observed
H1 observed (shifted, inverted)
T T

emplate)

T

LIGO 2015

observations compatible with GR predictions 10

The EHT Collaboration et al.

Blurred GRMHD

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10

M87 April 6

GRMHD

10 2 30
Brightness Temperature (10° K)

EHT 2019

Baker et al.

WP T T T T T T T T T T T1T,_H

but: observed objects compatible with L S— S

being GR black holes

— curvature singularities!

|- Sgr A*

Inv. Sqg. PPN Va
o 1 =3 .\.
Atom constraints o

-32 4

Ee
3
35 ®
P — ) \

do.u.w ELT S stars

2
)
o,

S (em
o o

Curvature, E

teey 7 Planck
53 Tidal streams pres
10 (GAIA) >\‘

10% U/// Facility

-59 BAO N DETF4

(RN NNE NN NN AR AN R NN AN AN A NN NN N

~
°
@
)
ES
N
=)

-
o
-
o
-
o
-
OA
-
o
-
o
o

Potential, €



Observations in the strong-gravity regime

-1 = L1 observed
H1 observed (shifted, inverted)
T

Reconstructed (w et)
Reconstructed (te o_ _

LIGO 2015

observations compatible with GR predictions 10

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10

M87 April 6

The EHT Collaboration et al.

GRMHD Blurred GRMHD

10 2 30
Brightness Temperature (10° K)

EHT 2019

iple P>

but: observed objects compatible with N .

being GR black holes

— curvature singularities!

. 1
vacuum solutions R, —

R=0, R, =0

2

mn—.—ém—\Nmo—d:ﬂ— N — mttﬁym\\:\x\v/ — 2| 10 I N NN TN NN NN NN NN M M

—guwR

|- Sgr A*

PPN
FM87

2

Curvature, & (cm )

== Q 107"

53 Tidal mmeﬂwm Yy [
10 (GAIA) >\‘

G2 M2 P Yy

(RN NNE NN NN AR AN R NN AN AN A NN NN N

=)

QJ@ 12 -10 8 -6 4 2

10 10 10 10 10 10 1
Potential, €

o



Observations in the strong-gravity regime

-1 | = L1 observed
H1 observed (shifted, inverted)
I

LIGO 2015

observations highlight the necessity to go beyond GR 10 R 1E

The EHT Collaboration et al.

Blurred GRMHD

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L5 (31pp), 2019 April 10

M87 April 6

GRMHD

10 2 30
Brightness Temperature (10° K)

EHT 2019

but: observed objects compatible with L S— S

being GR black holes

— curvature singularities!

. 1
vacuum solutions R, —

R=0, R, =0

2

mn—.—ém—\Nmo—dm—ﬂ— .N — mttﬁv/m\\:\ﬁv/ —_ 10 I N NN TN NN NN NN NN M M

Baker et al.

-1 I 1 T T 1 I 1 I I I J H
14 A Y VH
10 AdLIGO -
1077 RN =
1
10%° I3
eLISA 3

. ~ =1 Sor A*
doymw Inv. Sq. PPN e k"), 3

o 10 Atom constraints .\..\ 75 ge7
§ 107 =
-~ 4

S ]
tM, 10 AR o \ EHT =
g do.& ELT S stars -
5 -
m _OL: m
— o 3
=9 =0 o) E
107 3
ol pmmmee o 3
10 L. "} Planck -
53 Tidal mzmm:,m\v.i : -
10 (GAIA) A 3
M M 107 U/// Facility -
A ‘2 N’ & 16 BAO N peTF4 3
5 H
r 10 10" 10° 10° 107 10° 10°

Potential, €



Singularity resolution expected from Quantum Gravity

G2, M2

VKA
r

Gnh 10-35 .
B m Quantum properties

Mo = /€ = 1019 GeV = 1075 Eire
GnN

at r < Nﬁwmbow —




Singularity resolution expected from Quantum Gravity

G2, M2
ﬁ@

K = mttav,mttxv, —

Gy h 35
at 7 < lpanck = \/ — 35— =107""m Quantum properties

Mo = he =109 GeV =10 ELHc t
GnN
quantum fluctuations of spacetime:

N ”\@Q?T@&mﬁmttg




Quantum field theory for gravity

7 = \ @S%@

Which microscopic action?



Quantum field theory for gravity

7 = \ @S%@

Which microscopic action?

. . . . 1 4
Einstein-Hilbert action & perturbative quantization: S = — d*x+\/gR

H@ﬁQZ
Guv = M + /167G N Ry,

spin-2-field on flat background



Quantum field theory for gravity

7 = \ @S%@

Which microscopic action?

1
Einstein-Hilbert action & perturbative quantization: S =————+— \ d*z\/g R
167G N
Guv = M + /167G N Ry,
spin-2-field on flat background

counterterms:

1-loop: R?, R, R" Aows eliminate using e.o.m
in absence of matter)



Quantum field theory for gravity

7 = \ @9;@5

Which microscopic action?

1
Einstein-Hilbert action & perturbative quantization: S =————+— \ d*z\/g R
167G N
Guv = Ny + V161G Nhy
spin-2-field on flat background

counterterms:

1-loop: R?, R, R" Aows eliminate using e.o.m
in absence of matter)

2-loop: €,y nC*MP7C 1

breakdown of predictivity



Quantum field theory for gravity

7 = \ @S%@

Which microscopic action?

1
Einstein-Hilbert action & perturbative quantization: S = — \ d*z\/g R

H@ﬁQZ
Guv = Ny + V161G Nhy

spin-2-field on flat background

counterterms:

1-loop: R?, R, R" Aows eliminate using e.o.m
in absence of matter)

2-loop: €,y nC*MP7C 1

breakdown of predictivity

consistent choice of S with finite number of free parameters?



Quantum field theory for gravity

7 = \ @S%@

Which microscopic action?

. . . . 1 4
Einstein-Hilbert action & perturbative quantization: S = — d*x+\/gR

H@ﬁQZ
Guv = Ny + V161G Nhy

spin-2-field on flat background

counterterms:

also: - R?2 R. RMW (can eliminate using e.o.m
perturbative renormalizability PR in absence of matter)

:m::m_‘:mommmmésoq . mv%q tt
sufficient for . Qtt s C qu

“fundamentality” (cf. QED:
Landau pole: trivial theory)

breakdown of predictivity

consistent choice of S with finite number of free parameters?
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Asymptotic safety
e ensures “fundamentality”
e ensures predictivity
ok theory space:

all couplings
compatible w. symmetries

Theory space features an interacting fixed point

with a finite number of relevant directions.
(At least) one trajectory emanating from the fixed point
reaches a phenomenologically viable IR regime.

Irrelevant directions:

Predictions from asymptotic safety

2a,

O._ O,No ‘_O,ho ‘_O,mo ‘_Omo \_O\_oo

k

A-k2 predictive power of new symmetry

(scale symmetry)

— UVcomplete [3; = 0V1
—> lattice: universal continuum limit
— predictive

(finite # free parameters)

— predictions for irrelevant
couplings (= IR attractive)
match observations
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* perturbative: one-loop versus two-loop

blueprint for gauge-Yukawa models
in d=4 dimensions: [Litim, Sannino "14]
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* perturbative: one-loop versus two-loop

blueprint for gauge-Yukawa models
in d=4 dimensions: [Litim, Sannino "14]

Ba, = (=B + Cay) Qw + GAQMV

e competing degrees of freedom

Ev, _ %AUOmoEov . Qﬁmwgwoiov

first tentative hints in fermionic Higgs portal
[AE, Held, Vander Griend HEP 1808 (2018) 147]

analysis of Higgs stability:
[Held, Sondenheimer arXiv:1811.07898 ]
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Mechanisms for asymptotic safety

* perturbative: one-loop versus two-loop

blueprint for gauge-Yukawa models
in d=4 dimensions: [Litim, Sannino "14]

Ba, = (=B + Cay) Qw + GAQMV

e competing degrees of freedom

Ev, _ @AUOmoEov . Qﬁmwgwoaov

first tentative hints in fermionic Higgs portal
[AE, Held, Vander Griend HEP 1808 (2018) 147]

analysis of Higgs stability:
[Held, Sondenheimer arXiv:1811.07898 ]

canonical vs. quantum

example: Yang Millsind=4 + €

[Peskin ’80; Gies ’03; Morris '04; Knetchli, Rinaldi ’16]
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Mechanisms for asymptotic safety

asymptotic freedom in dc
= possibility of asymptotic safety above dc
(IR repulsive: no prediction)

triviality in dc
= possibility of asymptotic safety below dc

(IR-attractive: prediction from dimensional reduction)
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Mechanisms for asymptotic safety

asymptotic freedom in dc
= possibility of asymptotic safety above dc
(IR repulsive: no prediction)

triviality in dc
= possibility of asymptotic safety below dc

(IR-attractive: prediction from dimensional reduction)

asymptotically safe gravity in d>2

[Reuter '96]

m:mXUmsmmOS [Weinberg ’86; Gastmans, Kallosh, Truffin ’78;
Christensen, Duff '78...]

Ba = eG — %Qw

e canonical vs. quantum
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probe scale dependence of QFT
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oLy, = MmHH AHJMWV + mwv oL Ry, =

— infinite tower of coupled differential equations

e.g. vertex expansion: I'; = M\a\iar....%:E@:...ﬁ@i
flow of n-point fct depends on up to (n+2)-point fct:
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Truncations

e truncate effective dynamics according to an expansion principle
(e.g., derivative expansion, vertex expansion, near-canonical scaling....)

e calculate beta-functions, search for fixed point, evaluate universal
quantities (critical exponents)

o extend truncation and look for apparent convergence of universal
fixed-point properties
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example: Ising model

local potential approximation (LPAN): I'; = ANwmtﬂwtﬂ + SA@MVV .

N
Vi = MU Ai '
i—1

truncation i v=1/0 i w = —by ; n
LPA 2 1/2 1/3 0
LPA 3 0.729 1.07 0
LPA 4 0.651 0.599 0
LPA 5 0.645 0.644 0
LPA 6 0.65 0.661 0
LPA 7 0.65 0.656 0
LPA 8 0.65 0.654 0
LPA’ 2 0.526 0.505 0.0546
LPA 3 0.684 1.33 0.0387
LPA’ 4 0.64 0.703 0.0433
LPA ’5 0.634 0.719 0.0445
LPA’ 6 0.637 0.728 0.0443
LPA’7 0.637 0.727 0.0443
LPA '8 0.637 0.726 0.0443.
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Quantitative characterization of universality classes from the FRG

example: Ising model

local potential approximation (LPAN): I'; = \ ANwmtﬂmtﬂ - SAA@MVV .

N
Vi = MU Ai '
i—1

truncation ; v=1/0 i w = —by ; n
LPA 2 1/2 1/3 0
LPA 3 0.729 1.07 0
LPA 4 0.651 0.599 0
LPA 5 0.645 0.644 0
LPA 6 0.65 0.661 0 fourth order derivative expansion:
LPA 7 0.65 0.656 0
LPA 8 0.65 0.654 0
TPA’ 2 0.526 0.505 | 0.0546 v = 0.632, T = 0.033
LPA "3 0.684 1.33 | 0.0387 [Canet et al, *04; Litim, Zappala ’10]
LPA’ 4 0.64 0.703 | 0.0433
LPA ’5 0.634 0.719 | 0.0445
LPA’ 6 0.637 0.728 | 0.0443 cf. 7-loop pert. theory
LPA 7 0.637 0.727 | 0.0443 _ _
LPA '8 0.637 0.726 | 0.0443. V= Q.@womr n = O.Owwm

[Guida, Zinn-Justin ’98]

...similar for other universality classes
(with fermions, scalars, vectors, in arbitrary dimension)
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Functional Renormalization Group for gravity

H\NU.Q\E\Q&%EIL — N — NU,QEL\®|MA.Q\§\_

|

note: no Wick-rotation in quantum gravity:
relation between Euclidean & Lorentzian QG unknown

local coarse graining:  g,, = g, +h,u  linear split

cutof: A S~ \ 442 JGH Ry porer | = D2/ K2 e

— 1y = H)\L.Q.E\TQEL

background independence (“there is no preferred metric”):
quantize “on all backgrounds simultaneously” (M. Reuter)

truncation: (e.g., Einstein-Hilbert)

1

H,wH Mmﬁ.muz \&gm@/\lﬁ w\/v |_Jm4m@cmmlmxw5m QZ |v QZQAVU >|v »\/QAV

Ak) = A(k)k™*  g(k) = Gn (k) K

— By =29+ nn(g,\)g By = =21+ na(g, \)



Perturbative nonrenormalizability: FRG viewpoint

1

I'y = — NP — 2A @@cml Xin
k Sﬁﬁz\&a/\wﬁw ) +Sgauge—fixing

—> higher-order counterterms

—> no asymptotic freedom

[Reuter, Saueressig ‘01]




Perturbative nonrenormalizability: FRG viewpoint

. 1 4 .
'y, = H@ﬁ.QZ \& R/\\A v +Mm@cmmlmx5m
ME) = A(k)E—2
8
g(k) = G (B

—> higher-order counterterms

—> no asymptotic freedom

— By =29 +n1n(g9,N)g

[Reuter, Saueressig ‘01]
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