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Goal: a consistent quantum field theory describing gravity on all scales
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a) non-Gaussian fixed point (NGFP)
© controls the UV-behavior of the RG-trajectory

© ensures the absence of UV-divergences

b) NGFP has finite-dimensional UV-critical surface Syv
© fixing the position of a RG-trajectory in Syv
< experimental determination of relevant parameters

©  required for predictivity

C) connection to observable low-energy physics:
© tests of general relativity (cosmological signatures, ...)

© compatibility with standard model of particle physics at 1 TeV
(light fermions, Yukawa couplings, Higgs potential, .. .)

d) structural demands:
© background independence, unitarity, ...

© resolution of singularities: (black holes, Landau poles, .. .)
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Dynamics of General Relativity governed by Einstein-Hilbert action

1
S™ = Toncn /d%\@[ =i

® Newton’s constant G has negative mass-dimension



Perturbative quantization of General Relativity

Dynamics of General Relativity governed by Einstein-Hilbert action

1
S™ = Toncn /d%\@[ =i

® Newton’s constant G has negative mass-dimension

Wilsonian picture of perturbative renormalization:

= dimensionless coupling constant attracted to GFP (free theory) in UV

® introduce dimensionless coupling constants ¢

g = k°GN, M = Ak™2

® GFP: flow governed by mass-dimension: %04 002

kOkgr =29 + O(g°)
kO A, = — 2\ + O(g)

0.04



Perturbative quantization of General Relativity

Dynamics of General Relativity governed by Einstein-Hilbert action

1
S™ = Toncn /d%\@[ =i

® Newton’s constant G has negative mass-dimension

Wilsonian picture of perturbative renormalization:

= dimensionless coupling constant attracted to GFP (free theory) in UV

® introduce dimensionless coupling constants ¢

g = k°GN, M = Ak™2

® GFP: flow governed by mass-dimension: %04 002

kOkgr =29 + O(g°)
kO A, = — 2\ + O(g)

0.04

General Relativity is not asymptotically free




Quantizing general relativity

[M. H. Goroff and A. Sagnotti, Phys. Lett. B160 (1985) 81]
[A. E. M. van de Ven, Nucl. Phys. B378 (1992) 309]

guantizing the Einstein-Hilbert action

1

S = — d* R
16mG / /9

has a two-loop divergence — hallmark of perturbative non-renormalizability

gdiv _ 1209 1
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Quantizing general relativity
[M. H. Goroff and A. Sagnotti, Phys. Lett. B160 (1985) 81]
[A. E. M. van de Ven, Nucl. Phys. B378 (1992) 309]

guantizing the Einstein-Hilbert action

1
S =-— d*z\/g R
16mG / /9

has a two-loop divergence — hallmark of perturbative non-renormalizability

: 1 209 1
div __ — 4 po af uv
S = c 2380 (1671'2)2 /d x\/gCuy Cpo‘ Ca/B .

the Goroff-Sagnotti challenge mastered:
[H. Gies, S. Lippholdt, B. Knorr, ES., Phys. Rev. Lett. 116 (2016) 211302]

1

possess a NGFP with two relevant directions:

NGFPS&®S . . =0.193, g« =0.707, ox = —0.305

9172 = 1.475 £ 3.0437 , 03 = —79.39.



renormalization group flows

In the presence of a foliation



Technical routes towards asymptotic safety

starting point: path integral over metrics

® FRGE

1
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starting point: path integral over metrics

® FRGE

1
Otk [hpv; Guv] = %STI‘ {(Fl(f) —I—Rk;) ({975731{:}

O linear split: Juv = Guv + huv

O exponential split: Guv = Jup [eh]p v

® Euclidean Dynamical Triangulations (EDT)

Z= 3 (detg)’ 510

triangulations

® Causal Dynamical Triangulations (CDT)

7 — 3 e—S"M 4]

causal triangulations



A fundamental puzzle

FRGE:
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® phase transition is 1st order
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FRGE:
® existence of NGFP well-established

® extension to gravity-matter models possible

Causal Dynamical Triangulations (CDT):

® phase diagram contains 2nd order phase transition
—> possible continuum limit

Euclidean Dynamical Triangulations (EDT):

® phase transition is 1st order
— existence of continuum limit questionable

Conclusions:
® measure in partition function can manifestly change physics

® foliation structure underlying CDT is important

construct a FRGE tailored to CDT




renormalization group flows

In the ADM-formalism



Introducing time through the ADM formalism

Preferred “time”-direction via foliation of space-time

x! —I— dzt
Yitat

— N'dt

Ndt

® foliation structure M4+ =R x M? with y# — (t, 2%):
ds® = N?dt* + 0;; (da* + N'dt) (dz? + N7 dt)
¢ fundamental fields: g, — (IV, N;, 045)

N2 —|—NiNi Nj
Juv =
N; 0



FRGE for the ADM-formalism

¢ fundamental fields: {N(¢,z), N;(t,x),04;(t,x)}

— A —

N=N+N, N;=N;+N;, 04 =0+ 6

® symmetry: general coordinate invariance inherited from ~,,, :
Vv = Lo(Vpw), 0% = (f{t,x), (¢, x))
induces
ON = fO:N + (*8, N + NO,f — NN, f,
ON; = Ni¢f + NpN®8; f + 03;0e¢" + Ny8;¢® + fO:Ni + C®OpN; + N?0; f
§0i; = fOraij + (FOk0ij + NjOi f + NiB; f + 010:C" + 0410;¢"
Non-linearity of ADM-decomposition: symmetry realized non-linearly

— background Diff(M)-symmetry broken to foliation preserving diffeos

1
kOLTk[huv; Guv] = %STr [(F,(f) + Rk) k@kRk]



renormalization group flows on

cosmological backgrounds



Off-shell flows in the ADM formalism

Einstein-Hilbert action in ADM variables

1 g
IR = / dtd?zN\/o [K;i; K — K? — R+ 2A]
TG

background: flat Friedmann-Robertson-Walker spacetime

N =1, N; =0, 67;j:a2(t)57;j.

fluctuations: adapted to cosmological perturbation theory

A

Ni =u; + 0; 0" u; =0

\/_

(3'7;j :hij — (5'ij —I—({)zaj %) () +8183 E + 0; \/—Uj +8J \/— Vj -
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Einstein-Hilbert action in ADM variables

1 g
IR = / dtd?zN\/o [K;i; K — K? — R+ 2A]
TG

background: flat Friedmann-Robertson-Walker spacetime

N =1, N; =0, 67;j:a2(t)57;j.

fluctuations: adapted to cosmological perturbation theory

Ni_uz+8 \/— 8iui:O
a'ij :hz’j = (5'ij —I—({)zaj %) () +8183 E +0 83 \/— Vi .

z\/—vg +
unique gauge-fixing of diffeomorphisms

F=, N+0'N; — 16 + 2D ER,

Fy =8 N; — ;N — 28,6 + 8764, + (d — 2)Ki; N7,



Gauge-fixing in the ADM formalism (flat space)

52F%rav

Index matrix element of 327G, 625"
h i —02 + A — 2A4

Vv 2| — 82 — 2]

EE Ay

vy —(d-1)[(d=2) (=82 + A) = (d = 3) Ay]
E —1(d—1)[ — 07 — 2]

NN 0

BB 0

uu 2A

UV —20: VA

B 2 (d — 1)vV'A 0y

N ¢ 2(d—1)[A — Ay]

NE —2 Ay




Gauge-fixing in the ADM formalism (flat space)

5208 4 gt

Index matrix element of 327Gy, (53¢ 4 S8f)
hh —0% + A — 2A,

vV 2[ — 62 + A — 2A4]

EE 3 [—07 + A — Ag]

P @D 52 4+ A —2A]
Y E —L(d-1)[— 62 + A — 2]
NN —92 + A

BB -9 + A

U U 2 [—8752 + A}

U v —201vV A

B 2 O

N (d—1)[-02 + A — Ag]

NE —02 + A — 2




RG flows in the ADM formalism

Einstein-Hilbert action in ADM variables

1 g
IR = / dtd?zN\/o [K;i; K — K? — R+ 2A]
TG

background: flat Friedmann-Robertson-Walker spacetime

N =1, N; =0, 67;j:a2(t)57;j.

fluctuations: adapted to cosmological perturbation theory

]\Afi—uz—l—a \/— ({97;’&7;:0
67;j :hij = (5'ij +8zé93 %) () +8183 E +0 83 \/— Vi .

z\/—vg +
unique gauge-fixing of diffeomorphisms

F=, N+0'N; — 16 + 2D ER,

Fy =8 N; — ;N — 28,6 + 8764, + (d — 2)Ki; N7,

well-defined Hessian Ff) with relativistic propagators




beta functions for the gravity-matter system

592(2‘|"'7>9a

Br=(n=22+ - [(3+ s + i) (- 8) =8

anomalous dimension of Newton’s constant:

B 167g B1 (M)
7= )2 + 1679 Ba(OV)
and
41 11 5 3—5\ 7—1242+196)\2
Bi(A\) =—- 5 + 6 (1—2)\) 6 (1—2X)2 T 3B () T 24 Bget (X)?

_ 1 11 B 5 3—5\ 7—1242+196)2
Ba2(A) = 36 T 24 (1—2X) 36 (1—2X)2 + 13 Biet (M) + 144 Bget(N)2



Einstein-Hilbert-truncation on cosmological background
J. Biemans, A. Platania and F. Saueressig, arXiv:1609.04813

I :

O_




adding minimally coupled matter fields



Minimally coupled matter fields in ADM

Supplement Einstein-Hilbert action by

® Ng minimally coupled scalar fields
1 A
scalar __ d 7 7
S —52/dtd NG [ ¢ Ao ¢']
® Ny abelian gauge fields (gauge-fixed)
1 7
grecter =3 / dtd*eN/G [ g g  F o Fy g
=1
1 Ny Ny
d, N /= [AHV ) At ]2 d, . N/ [ i
+E;/dtd tNVG [g" Dy AL] —|—;/dtd aeNVG [CF Ao C* ]
® Np Dirac spinors

Np
Sfermion _ 2 Z/dtddZUN\/g [,&z W@bz} .
s=1l



beta functions for the gravity-matter system

592(2+77>97

Br=—2A+ = |3+ iz + £29)) (1 - 3) — 8+

anomalous dimension of Newton’s constant:

B 167g B1 (M)
7= )2 + 1679 Ba(OV)
and
41 11 5 3—5)\ 7—1242+196)72 1
Bi(A) = - 9 T 6 (1—2)) 6 (1—2X)2 + 3 Bgot (\) + 24 Byot(N)2 + Edg

_ 1 11 B 5 3—5\ 7—1242+196)2
Ba2(A) = 36 T 24 (1—2X) 36 (1—2X)2 + 13 Biet (M) + 144 Bget (N)2

Type | regulator:

dg = Ns — Ny — Np, dy=Ng+2Ny —4Np



Gravity-matter fixed points are gquite common

dg = Ns — Ny — Np, dx=Ng+ 2Ny —4Np
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most of them are UV fixed points

100

50

-B50F

lolb_ L
- 150 - 100 - 50 0 50 100 150

green: UV-FP: real exponents black: 0 NGFPs

blue: UV-FP: complex exponents rest: saddle/IR fixed points



multi-fixed point systems exist

d

-10F

_15.

OO
OO0
COOOOO

OIII:

VVVVVIVFEVYTY

COOOOOOOOO

COOOOOOOOO0

AATOOOOHOOOCSS
HAAANANDODODOO0OOOOOOdd
EEEEEREEN I 000ddddd
EEEEEEEEREEN [ HO0ddddddd
COORNEREERERNEN [ HOHOOOOOOOOOn
X X X X X2 | | |[HnnEnnnnninnininin

X 1 X X X JOlolololeleNimmImnninin
00000000V OOOOOOOO

00000000 OOOOOO

0000000 O0OOO

®@O0OO0O0O0O0OO

00000

OO

-10

10 20

dy

filled symbols: 3 fixed point systems

open symbols: 2 fixed point systems

30



most matter sectors are in a good region!

model Ns | Np | Ny Jx A 01 02

pure gravity 0 0 0 0.78 | +0.32 0.50 £+ 5.384

Standard Model (SM) 4 2 | 12 || 0.75 | —0.93 || 3.871 | 2.057
SM, dark matter (dm) 5 2 1 12 || 0.76 | —0.94 || 3.869 | 2.058
SM, 3v 4 24 12 0.72 | —0.99 3.884 | 2.057
SM, 3 v, dm, axion 6 24 12 0.75 | —1.00 || 3.882 2.059
MSSM 49 | & | 12 || 2.26 | —2.30 || 3.911 | 2.154
SU(5) GUT 124 | 24 | 24 || 0.17 | +0.41 || 25.26 | 6.008
SO(10) GUT 97 | 24 | 45 || 0.15 | +0.40 || 19.20 | 6.010




renormalization group flows on

CDT backgrounds S* x S



Off-shell flows in the ADM formalism

Einstein-Hilbert action in ADM variables

1 g
IR = / dtd?zN\/o [K;i; K — K? — R+ 2A]
TG

background: St x S4
N =1, N; =0, Gij = Gij(T)|ga -

fluctuations: adapted to cosmological perturbation theory

A

N; =u; + D; Diui:O

\/_

azj_hJ+D\/_vj+D]\/_vz+(DD + 16;0) ¢ + 2545h.

unique gauge-fixing of diffeomorphisms

1
327Gy,

g8t =

/ dtd*yV/'c [F? + F;5" F;]

F:E?tN+DiNi—%8t&, F;

I
Q
=z

|
p|

2

|
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Phase diagrams on S! x S3

Type |, linear Type |, exponential

Type Il, linear

-1.0 -0.8




IR completion of the flow: Type Il - linear

10° -

100+

100+

0.01-

Ink

flow approaches quasi-fixed point C:

® dimensionful Newton'’s constant: limy_,o G =0

® dimensionful cosmological constant: limy_,o A =0

Il transition to IR-phase at Hubble-horizon scales !!!




outlook



CDT correlation functions
[J. Ambjern, et. al., Phys. Rev. D 94 (2016) 044010]

Best measured correlation functions build from spatial volumes V3

® expectation value of volume profiles: (V3(t))
® correlators for volume fluctuations: ((6V3(t)) (6V3(t)))
{ﬂ_t}
- St x §3
BOO0 -
4mn:
_ St x T3
EI:I/ I l -4II:I I I l [+ e} ﬂII:I t

now within reach of the FRGE based on the ADM-formalism



CDT correlation functions
[J. Ambjern, et. al., Phys. Rev. D 94 (2016) 044010]

Best measured correlation functions build from spatial volumes V3

® expectation value of volume profiles: (V3(t))
® correlators for volume fluctuations: ((6V3(t)) (6V3(t)))
{ﬂ_t}
- St x §3
BOO0 -
4mn:
_ St x T3
EI:I/ I l -4II:I I I l [+ e} ﬂII:I t

now within reach of the FRGE based on the ADM-formalism

Thank you!
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