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Classical gravity

Based on General Relativity

1
Rp,p — *2-_1‘;',_.-,;; R = "".’A-gp.l.r = Bﬂ'GN Tp.ll
* experiment:
Newtons constant: Gy = 6.67 x 10*”1‘!%:,-
cosmological constant: Azl 54

good description of gravity between 10~2cm and 10%%em
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Classical gravity
Based on General Relativity

1
Ruv — —Guv R = —Aguw + 837G N T

2
* experiment:
Newtons constant: Gy = 6.67 x 10'“%,
cosmological constant: A=los2

> good description of gravity between 10~ 2cm and 10°%cm

conceptual and phenomenological puzzies:
®* GRis classical < other forces QFT?
® structure of space-time at short distances?

* tiny value of cosmological constant?

Pirsa: 09110047 Page 4/122



Classical gravity
Based on General Relativity

1
R_uy = —_"g.uyR = —".'"sgp.p g - Sﬂ'Gm‘ T'u,p

2
* experiment:
Newtons constant: Gy = 6.67 x 10—11k¢%:5
cosmological constant: Azl 54

good description of gravity between 10~ 2cm and 10%%cm

conceptual and phenomenological puzzies:
®* GRis classical < other forces QFT?
* structure of space-time at short distances?

* tiny value of cosmological constant?

Theoretical guidance: Quantum Theory for Gravity J
5/122

Pirsa: 09110047




Quantizing General Relativity
perturbative quantization of General Relativity:
®* Gy has negative mass-dimension:
infinite number of counterterms
General Relativity is perturbatively non-renormalizable
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Quantizing General Relativity

perturbative quantization of General Relativity:
® (Gn has negative mass-dimension:
infinite number of counterterms
General Relativity is perturbatively non-renormalizable
Possible conclusions:
a) Treat General Relativity as effective field theory:

* compute corrections in E? /M3, < 1 (independent of UV-completion)
* breaks down at E2 =~ M3
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Quantizing General Relativity

perturbative quantization of General Relativity:
®* Gy has negative mass-dimension:
infinite number of counterterms
General Relativity is perturbatively non-renormalizable
Possible conclusions:
a) Treat General Relativity as effective field theory:

* compute corrections in E* /M3, < 1 (independent of UV-completion)
* breaks down at E2 ~ M3

b) UV-compietion requires new physics:
* supersymmetry, extra dimensions. 10°"° vacua. ...
* possibly: extension of QF T-framework
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Quantizing General Relativity

perturbative quantization of General Relativity:
® (G has negative mass-dimension:
infinite number of counterterms
General Relativity is perturbatively non-renormalizable
Possible conclusions:
a) Treat General Relativity as effective field theory:
* compute corrections in E*/M3, < 1 (independent of UV-completion)
® breaks down at E2 ~ M3
b) UV-compietion requires new physics:
* supersymmetry, extra dimensions. 10°" vacua. . ..
* possibly: extension of QF T-framework
¢) Gravity makes sense as Quantum Field Theory:
* UV-completion requires going beyond perturbation theory
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Quantizing General Relativity

perturbative quantization of General Relativity:
®* (' has negative mass-dimension:
infinite number of counterterms
General Relativity is perturbatively non-renormalizable
Possible conclusions:
a) Treat General Relativity as effective field theory:

* compute corrections in E%/MZ, < 1 (independent of UV-completion)
® breaks down at E2 ~ M2,

b) UV-compietion requires new physics:
* supersymmetry, extra dimensions, 10°°° vacua. . ..
®* possibly: extension of QF T-framework

c) Gravity makes sense as Quantum Field Theory:
* UV-completion requires going beyond perturbation theory
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Renormalization from a Wilsonian perspective

Central element: Renormalization Group (RG) flow of theory:
® coupling constants become scale dependent: Gy — Gy (k)
®* Quantum effects captured by RG running of couplings
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Renormalization from a Wilsonian perspective

Central element: Renormalization Group (RG) flow of theory:
® coupling constants become scale dependent: Gy — Gy (k)
®* Quantum effects captured by RG running of couplings

perturbative quantization | Wilsonian generalization

fundamental action RG trajectory

Renormalizability RG frajectory emanates from fixed point in UV
predictivity UV critical surface of fixed point has finite dimension
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Renormalization from a Wilsonian perspective

Central element: Renormalization Group (RG) flow of theory:
® coupling constants become scale dependent: Gy — Gy (k)
®* Quantum effects captured by RG running of couplings

perturbative quantization | Wilsonian generalization

fundamental action RG trajectory

Renormalizability RG trajectory emanates from fixed point in UV
predictivity UV critical surface of fixed point has finite dimension

Non-trivial generalization of perturbative renormalization:
* perturbatively renormalizable theory — Gaussian Fixed Point
asymptotic freedom (QCD)
* non-perturbatively renormalizable theory < Non-Gaussian Fixed Point

© asymptotic safety

Pirsa: 09110047
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Renormalization from a Wilsonian perspective
Central element: Renormalization Group (RG) flow of theory:
® coupling constants become scale dependent: G — Gy (k)
* Quantum effects captured by RG running of couplings

perturbative quantization | Wilsonian generalization

fundamental action RG trajectory

Renormalizability RG trajectory emanates from fixed point in UV
predictivity UV critical surface of fixed point has finite dimension

Non-trivial generalization of perturbative renormalization:
* non-perturbatively renormalizable theory — Non-Gaussian Fixed Point

Exciting perspective: Gravity is “non-perturbative renormalizable™

Weinbergs asymptotic safety conjecture (1979):
gravity in d = 4 has NGFP controlling its UV behavior
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Outline

* Functional Renormalization Group Equations: a primer
* Exploring the Theory Space of pure Gravity:

> The Einstein-Hilbert truncation

> Including higher-derivative interactions

A first bi-metric setup

* Asymptotic safety vs. perturbative counterterms

> Etude: Gravity coupled to scalar matter
¢ Conclusion
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Functional Renormalization Group Equation for gravity

Requirement for testing asymptotic safety:
* tool for studying gravitational RG flow beyond perturbation theory
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Functional Renormalization Group Equation for gravity
Requirement for testing asymptotic safety:
* tool for studying gravitational RG flow beyond perturbation theory

gravitational version of flow equation for effective average action I'.
(M. Reuter, Phys. Rev. D 57 (1998) 971, hep-th/9605030)
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Functional Renormalization Group Equation for gravity
Requirement for testing asymptotic safety:
* tool for studying gravitational RG flow beyond perturbation theory

gravitational version of flow equation for effective average action I';.
(M. Reuter, Phys. Rev. D 57 (1998) 971, hep-th/9605030)

* Path-integral approach to Quantum Gravity:
> do gravitational path-integral shell by shell

* implements Wilsons idea of renormalization: UV p? = k2
', =~ effective description of physics at scale &
FRGE: change of I';. with coarse-graining scale k: Lk k2

. o (2) —1
kO Tw[®, 8] = $Tr (07 +Re) " kR ] = ==
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Functional Renormalization Group Equation for gravity
Requirement for testing asymptotic safety:
* tool for studying gravitational RG flow beyond perturbation theory

gravitational version of flow equation for effective average action I';.
(M. Reuter, Phys. Rev. D 57 (1998) 971, hep-th/9605030)

* Path-integral approach to Quantum Gravity:
© do gravitational path-integral shelil by shell

* implements Wilsons idea of renormalization: UV p? = k2
> I'y = effective description of physics at scale &
FRGE: change of I';. with coarse-graining scale k: L k2

— g (2) —1
kO Tx[®, 8] = 3Tr (T +Re)~ koW Re = =7

® versatile tool not limited to Quantum Gravity

Pirsa: 09110047 Page 19/122



Effective average action: Building blocks

Path-integral approach to Quantum gravity
® starting point: generic diffeomorphism invariant action

S
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Effective average action: Building blocks
Path-integral approach to Quantum gravity
® starting point: generic diffeomorphism invariant action
S=* vl
* perform background gauge fixing Y. = Guw + hye
S=f — i f d*z\/GF . Y*'F,
Fy = DPhyy — BDuh, Y*¥ = [p1 + p2D?] g
> gauge choices:
® harmonic gauge: 3 = 1/2,

¢ geometric gauge: 3 = 1/4
> add ghost term: S= [, C, C, b. b; g]
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Effective average action: Building blocks

Path-integral approach to Quantum gravity
® action in the path integrai:

SEv o] + SEf[h: g] + S=2[h,C.C.b, b; g]

* perform background gauge fiXing Y., = v + e
® add: k-dependent IR cutoff:

AL Slh; 3] = / B2 /Fhs Ri[g* P h o

0 Relgl < Zpk* R'Y) = k-dependent mass term
o discriminate between low/high- D2-eigenmodes

RO ' T <
0 pPP>k?

® high momentum modes: integrated out
* low momentum modes: suppressed by mass term

irsa: 09110047
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Effective average action: Building blocks

Path-integral approach to Quantum gravity
® action in the path integral:

SE™ 4] + S [h; g] + SE0[A, C, C,b, b; g] + AxS[h; g] + S*°"°°[J]

* perform background gauge fiXing . = Gy + i
* add: k-dependent IR cutoff
® add souce-terms S=ource[J]
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Effective average action: Building blocks
Path-integral approach to Quantum gravity
* action in the path integrai:
SE* [y] + S¥[h; g] + S*"[h,C, C,b, b; ] + A S[h; g] + S™"™°[J]
*® perform background gauge fixing Y., = Juw + fiue

® add: k-dependent IR cutoff
® add souce-terms S=ource[J]

k-dependent generating functional for connected Green functions

WilJ] =In f D® exp{S== []+5% [h: g+ 5= [h, C, C. b, b: g]+ A S[h: g+ 5*""[J]}

* k-dependent effective action: ['.[®] = Legendre transform of W.[J]
* Effective average action:

[i[®] = i[®] — ArS[®]
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Effective average action: Properties
® Definition:
Fkld] = Cilo] — AxS[e]

* k-dependence governed by Functional RG Equation (FRGE)

. 1
k. Cio] = $Tr [(rf’ -|-Rk) ka,,n,,]

Formally: exact equation < no approximations in derivation
independent of “fundamental theory” < S; enters as initial condition
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Effective average action: Properties
o Defiilion
[eld] = Cilo] — ArSlol]

* k-dependence governed by Functional RG Equation (FRGE)

kS Tilo] = 3Tr [(rf’ +R,,_.) 1 ka,,nk]

Formally: exact equation < no approximations in derivation
independent of “fundamental theory” < S; enters as initial condition

* Limits: ', interpolates continuously between:
k— ~ =~ bare/classical action S
> k— 0 = ordinary effective action I
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Effective average action: Properties
® Definition:
[eld] = Cilo] — AxSlol]

* k-dependence governed by Functional RG Equation (FRGE)

k6] = 3Tr [(rf" + Rk) : ka,,R,,]

> Formally: exact equation = no approximations in derivation
> independent of “fundamental theory” < S; enters as initial condition

* Limits: ', interpolates continuously between:
k— ~ =~ bare/classical action S

> k— 0 = ordinary effective action I

®* Theory: specified by RG trajectory
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Theory space underlying the Functional Renormalization Group

Theory Space

» Al

%
s .l" =

g 0
bare action effective action
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Non-perturbative approximation: truncating Theory Space
® Caveat: FRGE cannot be solved exactly
— Gravity: need non-perturbative approximation scheme
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Non-perturbative approximation: truncating Theory Space
* Caveat: FRGE cannot be solved exactly
— Gravity: need non-perturbative approximation scheme
® Truncating the form of I'x.:

N
[e[®] = ) _ ai(k) O:[®]

i—1

— substitute into FRGE
— projection of flow gives 3-functions for running couplings
ko (k) = Bi(1i; k)
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Non-perturbative approximation: truncating Theory Space
* Caveat: FRGE cannot be soived exactly
— Gravity: need non-perturbative approximation scheme

® Truncating the form of I'x:

N
Ce[®] = Z (k) O:[®]

i—1
= substitute into FRGE
— projection of flow gives 3-functions for running couplings
kg ti(k) = Bi(ui; k)

 Testing the reliability:
within a given truncation:
* cutoff-scheme dependence of physical quantities
stability of resuits under extensions of the truncation
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Quantum effects and the gravitational effective average action
Ck[9.C.C:g] =

l~—_.‘_1'.':‘.'iT.;t:--rt.:ir 1 -ghu':.-:TT ~ -
[ L

lg| + + 1
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Pirsa: 0

Quantum effects and the gravitational effective average action

Crlg.C, C"ﬂ] —

[wgr:wztnt ional [
L
k

gl +

i

Interactions build from physical metric:

(167Gy)~ ! [dz/G(—R+2Ax) + . ..

Reuter; Percacci, Dou. Pernini; Suoma;
Lauscher, Saueressig; Litim, Fischer;
Bonanno; Forgacs, Niedermaier; Codello,
Benedetti, Machado; Mannque, Harst;

'Ridslowski Narain VVacca Zanusso Zambelli

7+ l'ihﬂit[g.f'.f':gi + .-
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Quantum effects and the gravitational effective average action

Cxle.C, e gl =

rgr:wlt ational [ T
r-

gi +

Interactions vanishing for g = 3:
k-dependent gauge-fixing
! Mass-terms for ¢

| Manrique. Reuter, Saueressig

Interactions build from physical metric:

(167G) ! [d¥z/G(—R+2Ax) + ...

Reuter; Percacci, Dou. Perini; Suoma;
Lauscher, Saueressig; Litim, Fischer;
Bonanno; Forgacs, Niedermaier; Codello,
Benedetlti, Machado; Manrnque, Harst;
“Riyslowski, Narain. Vacca. Zanusso.Zambelli

L+ [‘f_hﬂst[g.{f‘.f_':g] +---
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Quantum effects and the gravitational effective average action

Fklg.C.C:g] =

[-_{rnn'ltnttun:ti[
|
ke

gl +

:

Interactions vanishing for g = 3:
k-dependent gauge-fixing
Mass-terms for ¢

| Manrique, Reuter, Saueressiq

Interactions build from physical metric:

(167Gy) ! [d%z/G(—R+2Ax) + ...

Reuter; Percacci, Dou. Perini; Suoma;
Lauscher. Saueressig; Litim, Fischer;
Bonanno; Forgacs. Niedermaier; Codello,
Benedetti, Machado, Mannque, Harst:
"Rislowski Narain, Vacca, Zanusso,Zambelli

I+ l'ihMt[g.C.f':gi +---

:

Quantum effects in the ghost sector:
ghost wave-function renormalization
k-dependent curvature ghost couplings
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Charting the theory space spanned by I, |4

Pirsa: 09110047

A
vawcpau CHAW

Cuvpa CFYPT

Einstein-Hilbert truncation
R2-truncation

ROR + 7 more

Ry, RF¥
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Charting the theory space spanned by I 4|

Pirsa: 09110047

vapgcpa KACHA‘“”

D o o

Einstein-Hilbert truncation
polynomial f(R)-truncation

ROR + 7 more

Ry, R*
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Charting the theory space spanned by I, |4

Einstein-Hilbert truncation
polynomial f(R)-truncation
R?2 + C2-truncation

T N ROR + 7 more

Cpppﬂ' C.l'-l i ) H.u,uRp‘y
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Einstein-Hilbert truncation: setup

®* Projects RG-flow onto two “running” couplings: G(k), A(k)

e gl = — G(L}fd‘lr,/_{ R+2A(k)}

S=f = % [ d*z\/39"" FuF, . F, = D’hy, — BDyh
* result: non-perturbative s-functions for dimensioniess couplings

gk == Cr, Me:=Axk2
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Einstein-Hilbert truncation: setup

* Projects RG-flow onto two “running” couplings: G(k). A(k)

= [g] = lsﬂG(k}/d“:f{ R+ 2A(k)}

SEf — %[d‘:ﬁgﬂvpppw F, = D*hy, — 3D,k
® result: non-perturbative 3-functions for dimensioniess couplings
gk = kG, A :=Agk™?

® Explicit example: R;. = sharp cutoff, a = 167G, 3 =1/2

kOpgr =(Mn +2)0k .

kO e = — (2—nw) M — 2 [5In(1 —220) — 26(3) + Frv |
“non-perturbative” anomalous dimension of Newton's constant:

20} 18
v =—e—2e—| +5In(1 — 2A¢) — ¢(2) + 6]
Pirsa: 09110047 6w +95gk L1 — 2“’\.&
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Einstein-Hilbert truncation: Fixed Point structure
* J3-functions for dimensionless couplings: gx := kG . Ap := Agk 2

kOgr = Bg(gk.Ak), kIpAr = Bx(Gk.Ak)

microscopic theory < fixed points of the 5-functions

Bolg”™ . X*) =0, Bal(g".2*) =0
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Einstein-Hilbert truncation: Fixed Point structure

2

¢ 3-functions for dimensioniess couplings: gx := kG . Ap := Ak~

kOrge = Bg(Gr.Ak). KOkAr = Bx(9k. k)

microscopic theory < fixed points of the 3-functions

Ba(g®,A*) =0,  Ba(g".A") =0

¢ Gaussian Fixed Point:
at g* = 0, \* =0 < free theory
saddle point in the g-A-plane
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Einstein-Hilbert truncation: Fixed Point structure

2

* 3-functions for dimensioniess couplings: gx := kG . Ap = Ak~

kOxgr = Ba(Gk.Ax), kA = Bx(Gk.Ak)

microscopic theory — fixed points of the 3-functions

Be(g™,A") =0, Bar(g™,A") =0

® Gaussian Fixed Point:
at g* =0, A" =0 < free theory
saddle point in the g-\-plane

* Non-Gaussian Fixed Point (n}, = —2).

at g* > 0, \* > 0 — “interacting” theory
UV attractive in gz, A\
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Einstein-Hilbert truncation: Fixed Point structure

2

* 3-functions for dimensioniess couplings: gx := kG . Ap := Apk™

kOkgr = Ba(Gk.Ak), kA = Bx(9k.Ak)

microscopic theory < fixed points of the 5-functions

Balg™ A") =0,  Ba(g".A") =0

® Gaussian Fixed Point:
at g* = 0, \* =0 < free theory
saddle point in the ¢-\-plane

* Non-Gaussian Fixed Point (n3, = —2):
at g* > 0, A" > 0 < “interacting” theory
UV attractive in gz, A&

‘ Asymptotic safety conjecture: NGFP provides UV completion for gravity |
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Einstein-Hilbert-truncation: the phase diagram
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Einstein-Hilbert truncation: Stability properties

Pirsa: 09110047

Ref. g* x> g*A* ¢ +ig” a 3 cutoff
BMS 0.902 0.109 0.099 252+ 1.78i 1/4 Il, opt
RS 0.403 0.330 0.133 1.94 + 3.15¢ 1 1/2 |, sharp
LR 0.272 0.348 0.095 1.55 + 3.84d 1 1/2 l. exp
0.344 0.339 0.117 1.86 + 4.08i 0 1/2 I, exp
L 1.17 0.25 0.295 1.67 £4.31i 0 1/2 |, opt
CPR 0.707 0.193 0.137 1.48 + 3.04i 1 1/2 |, opt
0.556 0.092 0.051 243+ 1.27i 1 1/2 . opt
0.332 0.274 0.091 1.75 £ 2.07i 1 1/2 11, opt
BMS: Benedetti, Machado, Saueressig, 200S.
RS: Reuter, Saueressig, 2002.
LR: Lauscher, Reuter. 2002.
E Litim, 2004.
CPR: Codello, Percacci, Rahmede, 200S.
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Einstein-Hilbert truncation: Open Questions

® Existence of NGFP in extended truncations?
® Dimension of U\/~critical surface?

®* What about . . . the Goroff-Sagnotti Counterterm?
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Charting the theory space of gravity

Einstein-Hilbert truncation
polynomial f(R)-truncation

L™ ROR + 7 more

CFFWCFPW R_uuRp’p
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Renormalization group flow of f( R)-gravity

A. Codello, R. Percacci. C. Rahmede, Int. J. Mod. Phys. A23 (2008) 143
P. Machado, F. Saueressig, Phys. Rev. D77 (2008) 124045

Einstein-Hilbert truncation: Open Questions
® Existence of NGFP in extended truncations?
* Dimension of UV-critical surface?
Fiow equation for f( R)-gravity:
rE=lol = [ &'z V3B
® compiicated partial differential equation governing k-dependence of f.(R)
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Renormalization group flow of f( R)-gravity

A_ Codello, R. Percacci, C. Rahmede, Int. J. Mod. Phys. A23 (2008) 143
P Machado, F Saueressig, Phys. Rev. D77 (2008) 124045

Einstein-Hilbert truncation: Open Questions
* Existence of NGFP in extended truncations?
* Dimension of U\-critical surface?

Flow equation for f( R)-gravity:
I‘f“[gl=fd41'v’§fk(3)
* compiicated partial differential equation governing k-dependence of i (R)
UV properties of RG flow:
* Polynomial expansion: fi(R) = Y _, @n R +...
* expand flow equation — S-functions for g, = @, k%4
kOygn = 8g,(90.91....), m=0,..., N

* reduces search for NGFP to algebraic problem
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Renormalization group flow of f( R)-gravity

kOkgn = Bgn(90,91,---),

* Polynomial expansion: fi(R) =3~ gn k* (R/E*)™ +. ..

®* NGFP can be traced through extensions of fruncation subspace

N 96 91 95 g3 g; g5 96
1 | 0.00523 | -0.0202

2 | 0.00333 | -0.0125 | 0.00149

3 | 0.00518 | -0.0196 | 0.00070 | -0.0104

4 | 0.00505 | -0.0206 | 0.00026 | -0.0120 | -0.0101

5 | 0.00506 | -0.0206 | 0.00023 | -0.0105 | -0.0086 | -0.00455

6 | 0.00504 | -0.0208 | 0.00012 | -0.0110 | -0.0109 | -0.00473 | 0.00238
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Renormalization group flow of f( R)-gravity

* Polynomial expansion: fi(R) =3 gn k* (R/E*)™ + ...
kOpgn = Bg,,(90.91.---),

®* NGFP can be traced through extensions of truncation subspace

=y % g1 9 95 g3 95 9
1 | 0.00523 | -0.0202

2 | 0.00333 | -0.0125 | 0.00149

3 | 0.00518 | -0.0196 | 0.00070 | -0.0104

4 | 0.00505 | -0.0206 | 0.00026 | -0.0120 | -0.0101

5 | 0.00506 | -0.0206 | 0.00023 | -0.0105 | -0.0096 | -0.00455

6 | 0.00504 | -0.0208 | 0.00012 | -0.0110 | -0.0109 | -0.00473 | 0.00238

‘ NGFP is stable under extension of truncation subspace |
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Renormalization group flow of f( R)-gravity

* Polynomial expansion: fi(R) =3 _ gn k* (R/E*)™ + ...

kO gn = Bgn (90.91,--.),

®* linearized RG flow at NGFP — three UV relevant directions

N |Reéy: | Imég,y o A3 04 B Hg

1 2.38 217

2 1.26 244 | 270

3 2.67 226 | 207 | 442

4 2.83 242 154 | 428 | -5.08

5 2.57 2.67 173 | 440 | -3.97 +4.57i | -3.97 -4.57Ti

6 2.39 2.38 151 | 416 | 467 +6.08:i | 467-6.08i | -8.67
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Renormalization group flow of f( R)-gravity

* Polynomial expansion: fi(R) =3~ gn k* (R/E*)™ + ...

kOkgn = B4, (90,91,--.),

linearized RG flow at NGFP — three UV relevant directions

N | Reéfg: | Imég, Bo 43 B4 B fg

1 2.38 217

2 1.26 2.44 270

3 267 2.26 207 | 442

4 283 242 154 | 428 | -5.08

5 2.57 267 173 | 440 | -3.97 +4.57i | -3.97 -4.5Ti

6 2.39 2.38 151 | 416 | 467 +6.08i | 467 -6.08: | -8.67

Pirsa: 0911004

NGFP is stable under extension of truncation subspace
good evidence: fundamental theory has finite number of relevant parameters




Charting the theory space of gravity

Einstein-Hilbert truncation
polynomial f(R)-truncation
R2 + C?<truncation

I Sy A ROR + 7 more

C,uup-:rcpppar ) RPHR“W

Pirsa: 09110047 Page 58/122






The R? + C2-Truncation
Truncation ansatz

ry el = _/‘f‘zv@ (o +u R+ iz R? + 23Cpup po C*P7 |

* (2-coupling: characteristic behavior of Higher-Derivative gravity
computing 3-functions: Novel projection technique for traces
* f(R)-computation: maximally symmetric background metric (S¢)
2 insufficient to disentangle running of @2 and us!
* evaluate traces on generic Einstein background

background sufficiently general to distinguish R? and C? interaction!
=~ all differential operators are Lichnerowicz:

Ll

A2 10w = —D*0ps —2Ru"1  Pag
&I,L‘b# == _D2¢p == pv¢y
Ao ro=—D%p
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Trace-evaluation: standard heat-kernel techniques
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The R? + C2-Truncation
Truncation ansatz

I‘i'“[y] - fd":l:\/ﬁ [ﬁﬂ + i1 R+ ﬁng = ESCFFWC"“’P’]

* (“-coupling: characteristic behavior of Higher-Derivative gravity
Structure of the flow equation:
k&xTk[®] = Sa1 + Shh — S1T — So

* gravity contribution:

= 8. {263(P7  —AF ;) —(E1+8, )R |
521 =5 v 4 i .
- 2u3 P2, (i1 +ts R) P2k — 31 R—iio
Sun —17T% 8p{6ur(Py ,—A] | )+(51—25 R)Ro & }
h =5 110
2 6y P2, +(iy 20, R) Py o+ 5iig

® universal contribution (auxiliary and ghost fields):
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NGFP in the R? + C“-Truncation

Truncation g* A* u9 s 1y A*g* cutoff
= el 1.960 | 0.218 | 0.008 | —0.0050 - 0.427 non-pert.
LRI 0.292 | 0.330 | 0.005 - - 0.096 non-pert.
CP 1.380 | 0.221 * B * 0.307 | one-loop
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NGFP in the R? + C*-Truncation

Truncation g* x u2 us g A*g* cutoff

R2 +C? 1.960 | 0.218 | 0.008 | —0.0050 - 0.427 | non-pert.
0.292 | 0.330 | 0.005 - - 0.096 non-pert.
1.380 | 0.221 * * * 0.307 one-ioop

* Stability properties: (lift degeneracy of marginal couplings)
Op =251, 61 =169, 6=840, 63 =-—-2.11
3 UV-attractive + 1 UV-repulsive eigendirection
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NGFP in the R? + (C“-Truncation

Truncation g" X u2 TR g X“qg* cutoff
R? +C? 1.960 | 0.218 | 0.008 | —0.0050 - 0.427 | non-pert.
0.292 | 0.330 | 0.005 - - 0.096 non-pert.
1.389 | 0.221 = - * 0.307 | one-loop
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0y = 2.51,

81 = 1.69.

40 |

3 UV-attractive + 1 UV-repulsive eigendirection

® Stability properties: (lift degeneracy of marginal couplings)

gy — 8. gz =211

g3 = —0.116 + 0.745gp — 2.441g; + 11.06g2

* RG trajectory captured by NGFP in UV — condition between couplings
linear regime around NGFP:

flow towards IR < relation between couplings in effective field theory
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Summary

pure gravity:
* all truncation data points at existence of NGFP:
higher derivative C?-truncation complements f( R)-resuits!
bi-metric truncation confirms Einstein-Hilbert picture
* ['T7[g]: 3-dimensional UV critical surface of NGFP:
relation between gravitational couplings at 4-derivative level
gravity-scalar theory:
* gravity-matter theories inheriting asymptotic safety from gravity!
* perturbative counter-terms: no influence on Asymptotic Safety

Strong results in favor of asymptotic safety
Still: Many things to expiore
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Stability properties of the NGFP

pure gravity:

Truncation fo Al ) B4
Einstein-Hilbert 252+ 1.78 | 2.52 — 1.78i ~ -
R2 +C?2 2 51 1.69 ].40 =50

gravity minimally coupled to free scalar (includes perturbative divergences!):

Truncation o 61 ) A
Einstein-Hilbert 258 +195 | 2.58 — 1.95i - ==
R? + (2 +scalar 2 68 1.39 7.89 —1.49

l gravity-scalar theory inherits asymptotic safety from pure gravity l
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