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Introduction

e physics of classical gravity

3
Einstein’s theory Gy = 6.7 X 10_111{?82
classical action

SEH = /\/det guy + 2A)
167 GN

valid on length scales  ~ 1072 — 10%® cm
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Introduction

e physics of classical gravity

3
Gy =6.7x 107 H

e physics of quantum gravity

1/2
Planck length lp; = (hfg\’) / ~ 10733 cm
Planck mass Mpy ~ 10 GeV
Planck time tp ~ 1074

Planck temperature Tp; =~ 10°? K
E =~ MP]
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Introduction

e physics of classical gravity

Einstein’s theory G = 6.7 X 10_111{;”;
e physics of quantum gravity

path integral approach

/[dgw]ren, exp (—9S|guv] + sources)
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perturbation theory

e structure of UV divergences

N-loop Feynman diagram ~ [ dp pA ~IGIV

(G| > 0: superrenormalisable

[G] =0: renormalisable

|G] < 0: dangerous interactions
gravity: [guw] =0, |[Ricci] =2, |[Gn]=2-4d

2

effective expansion parameter: Gy p? ~ L

2
Mg,
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perturbation theory

e structure of UV divergences

N-loop Feynman diagram ~ [ dp pA ~IGIV

(G| > 0: superrenormalisable

[G] =0: renormalisable

|G] < 0: dangerous interactions
gravity: [guw] =0, |[Ricci] =2, |[Gn]=2-4d
effective expansion parameter: Gy p* ~ <=

e perturbative non-renormalisability

gravity with matter interactions
pure gravity (Goroff-Sagnotti term)
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perturbation theory

e effective theory for gravity (Donoghue '94)

quantum corrections computable for energies EQ/MI%I <1
knowledge of UV completion not required
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perturbation theory

e effective theory for gravity (Donoghue '94)

quantum corrections computable for energies EQ/MI%I <1
knowledge of UV completion not required

1-loop ‘running coupling’

G - Ge (1 167G0h>

307 12
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perturbation theory

e effective theory for gravity (Donoghue '94)

quantum corrections computable for energies EQ/MI%I <1
knowledge of UV completion not required

e higher derivative gravity | (Stelle '77)

R? gravity perturbatively renormalisable
unitarity issues at high energies
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perturbation theory

e effective theory for gravity (Donoghue '94)

quantum corrections computable for energies EQ/MI%I <1
knowledge of UV completion not required

e higher derivative gravity | (Stelle '77)
R? gravity perturbatively renormalisable
unitarity issues at high energies

e higher derivative gravity Il (Gomis, Weinberg '96)
all higher derivative operators

gravity ‘weakly’ perturbatively renormalisable
no unitarity issues at high energies

Quantum gravity, black holes, and the renormalisation group — p.4/2!



UV fixed points
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UV fixed points

e asymptotic freedom

YM theory
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UV fixed points

e asymptotic freedom

YM theory
running coupling L
dgs __ _ 79, 03 | 2
dinpg — 1672 ' g
trivial UV fixed point 202
gs =0
0.1 9
0 | | | IIIII| | | | IIIII| >
1 10 10
u GeV
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UV fixed points

e asymptotic freedom
YM theory
e asymptotic safety (Weinberg '79)

non-trivial UV fixed point for gravity
well-defined continuum limit

Quantum gravity, black holes, and the renormalisation group — p.5/2!



UV fixed points

e asymptotic freedom
YM theory
e asymptotic safety (Weinberg '79)

non-trivial UV fixed point for gravity
well-defined continuum limit
critical trajectory

stable, marginal, unstable directions
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UV fixed points

e asymptotic freedom
YM theory
e asymptotic safety (Weinberg '79)

non-trivial UV fixed point for gravity
well-defined continuum limit
critical trajectory

stable, marginal, unstable directions
predictive power

finite number of unstable directions
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UV fixed points

e asymptotic freedom
YM theory
e asymptotic safety (Weinberg '79)

non-trivial UV fixed point for gravity
well-defined continuum limit
critical trajectory

stable, marginal, unstable directions
predictive power

finite number of unstable directions

e examples
Gross-Neveu models (D > 2)
gquantum gravity in D =~ 2
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asymptotic safety

e RG scaling of gravitational coupling

dimensionless coupling  g(u) = Zn(p) ™' - Gy - pP =2

anomalous dimension NN = ——d(ﬁnZMN

d
T = (D —=2+1n) g

(DL '06,Niedermaier '06)

RG running
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asymptotic safety

e RG scaling of gravitational coupling

dimensionless coupling  g(u) = Zn(p) ™' - Gy - pP =2

anomalous dimension NN = —d(ﬁnZMN
RG running dclifi]u =(D—-24+nn)g
e fixed points
Gaussian: g=20 classical general relativity

non-Gaussian: ny =2 — D strong quantum effects
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asymptotic safety

e RG scaling of gravitational coupling

g(p) = Zn(p)~t - Gy - P72

_ _danN
N = dlIn p

d
g = (D —2+nn) g

e fixed points

g=20 classical general relativity
ny = 2 — D strong quantum effects

UV fixed point weakly coupled gravity at high energies

2—D

p—oo:  Gp) = gup” 7 <Gy
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asymptotic safety

e RG scaling of gravitational coupling

g(p) = Zn(p)~t - Gy - P72

_ _danN
N = dlIn p

d
g = (D —2+nn) g

e fixed points

g=20 classical general relativity
ny = 2 — D strong quantum effects

IR fixed point strongly coupled gravity at low energies

2—D

p—0:  Gp) = gp” 7 > Gy
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asymptotic safety

e RG scaling of gravitational coupling

dimensionless coupling  g(u) = Zn(p) ™' - Gy - pP =2

anomalous dimension NN = _%
RG running dclifi]u =(D—-24+nn)g
e fixed points
Gaussian: g=20 classical general relativity

non-Gaussian: ny =2 — D strong quantum effects

e tools
discretisation: lattice technology
continuum:  renormalisation group

Quantum gravity, black holes, and the renormalisation group — p.6/2!



renormalisation group

e integrating-out momentum degrees of freedom: “top-down”

P uv S classical

A action

=
i
jno-Buipibajul

IR F quantum
effective action
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renormalisation group

e integrating-out momentum degrees of freedom: “top-down”

P uv S classical
A action
5
O
T Q
o]
k 5
<
Y g
IR F quantum

effective action

e QCD: signatures of confinement (Pawlowski, DL, Nedelko, Smekal '03)

Quantum gravity, black holes, and the renormalisation group — p.7/2!



renormalisation group

o Callan-Symanzik equation (Callan '70, Symanzik '70)

dry 1 52Tkl ,\ . dk?
Pl Ry il
k2 ( so00 ) Mk

|
N

rerx.
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renormalisation group

e functional RG equation (wetterich '93)

dry 1 52T &[0 AR,
TR _ T .
T (5¢5¢ )R

|
N
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renormalisation group

e functional RG equation (wetterich '93)

dry 1. | /82T.[4) AR, 1
k2 ( Sho0 dk 2
e IR momentum cutoff [kZ] 3

2.5

2
1.5
1
0.5

% 02040608 1
q°/k?
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renormalisation group

e functional RG equation (wetterich '93)

ar, 1 52T 1[0 AR,
e Lt
ak 2" ( Sho0 Lk dk

|
N

e definition of the theory

finite initial (boundary) conditionat k£ = A: T'x ,
and finite flow equation k0iI'; , regulator function R ,
altogether:

0
1
I'=1\ + §/d/€ aka[F,(f),Rk]
A
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renormalisation group

e functional RG equation (wetterich '93)

ar, 1 52T 1[0 ! 4R, |
Tk _ ok
ak 2" ( Sho0 Lk dk

|
N

® symmetries
global vs local
If reqgulator respects symmetry: ok

If not: (modified) Ward identities ensure that
the physical theory I';—g respects the symmetry

Quantum gravity, black holes, and the renormalisation group — p.8/2!



gauge-variant flows

gauge-invariant flows
A

gauge—-covariant
variables

covariant axial gauges

background field flows < — — - - geometrical flows

covariant axial gauges|

Quantum gravity, black holes, and the renormalisation group — p.9/2!



renormalisation group

e for quantum gravity: “bottom-up”

p uv F* fixed point
A action
5
®
Q
o)
<
Y 8,_
IR classical

general relativity
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renormalisation group

e for quantum gravity (Reuter '96)

dRy

d - 1 (), - -
kﬂrk[gMthlﬂ/] — 5 Tr (Fk [g,ul/;g,LW] T Rk) k@
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renormalisation group

e for quantum gravity (Reuter '96)

d -1 _dR,

_ 1 (2) _
k@Fk[Q/w;g/w] — 5 1r [(Fk [g/u/;g,uu] T Rk) k@]

e effective action

1
Fk — 167TGk / \/§ (_R -+ 2Ak T ) + Smatter,k + ng,k + Sghosts,k
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renormalisation group

e for quantum gravity (Reuter '96)

d -1 de]

_ 1 (2) _
k@Fk [g,ul/;g,uu] — 5 1r [(Fk [g,ul/;g,uu] T Rk) kﬁ

e effective action

1
Fk — Gk / \/§ (_R -+ 2Ak T ) + Smatter,k + ng,k + Sghosts,k

167

e running couplings
projection of kdx 'y onto /g, \/gR, \/gR*, ---

heat kernel techniques, background field method
choice of Ry, stability  (oL01,02)
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By

B

ai

a2

Einstein-Hilbert theory

pD—2 n = le()\)
14+ gba(N)

(D—-2+n)g g = G,

(=24+ A+ g(a1 —na2) A = A /K2

D(D-1)(D+2) D(D+2)
2(1 — 2) 1 — 20
bp-1) D
2(1 — 2,\) 1 — 2a\

1
—3(1+ 5)(D3 + 6D + 12)

(D+2)(D3—-4D?+7D —8) D(D+2)(D3—-2D? —11D — 12)
B (D —1)(1 — 2))2 i 12(D — 1)(1 — 2))
2(D +2)(aD? —2aD — D —1) (D +2)(D? —6)
D(1 — 2a))? 6(1 — 2a\)

—2D(D + 2)

D3 —4D? +7D -8 (D +2)(D3 —-2D? — 11D — 12)
(D —1)(1 —2X))2 12(D — 1)(1 — 2X)
2(aD? —2aD — D —1) (D +2)(D? —6)

_ DL’03
DO —2a0? | 6D(1 - 2an) (DL703)
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Einstein-Hilbert theory

o gbi(N)
T T E b

Bg = (D—-2+n)g gr =G kP2

By = (—2+n)A+g(a1 —na2) A = Ay /K2

D(D +1)(D +2)

a1(A) = o D +2)
_ b+1)
() = 2(1 — 2))
M) = —@+ D)@+ ipy)y ZEEDO ) DD - DD+

12(1 — 2)) (1 — 2X)2

DD +1)(D+2) D(D-1)
12(1 —2)) (1 —2))2

ba(A) = (DL'03)
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UV fixed point

e continuity

)\ 0.2
* 0.15] e continuous link with
perturbative fixed point in
ol D = 2 + e dimensions
e real fixed point unique
0.05) for any dimension
0,

Quantum gravity, black holes, and the renormalisation group — p.13/2!



e scaling exponents

5

universality

(Lauscher, Reuter '01, DL '03, Fischer, DL '06)

D=1

()]

e universal eigenvalues
at criticality § = 0" 4 10"

e Landau-de Witt gauge is RG
fixed point (DL, Pawlowski '98)

e consistent for all a € [0, 00]
e large-a behaviour correct

e  consistent with Regge lattice
simulations  (Hamber '00)

Quantum gravity, black holes, and the renormalisation group — p.14/2!



flow from UV to IR

e separatrix in four dimensions

9bound
g 3
Crossover region
1 e
| uv
0 (k — o0)
IR
| (k — O)
0 0.1 0.2 0.3 A

Quantum gravity, black holes, and the renormalisation group — p.14/2!



flow trajectories

® Cross-over behaviour

integrated flow with /gR, /g

D=4 g

IR UV

Quantum gravity, black holes, and the renormalisation group — p.15/2!



phase diagram

e full flow
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phase diagram

e full flow — vicinity of fixed points

V9B, /9

Fischer, DL (2005)

A
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more curvature invariants

e extensions including /g and \/E(R)i, i=1,---,n.

n 0’ 0" 6

1111-23[25-17.0 — (Lauscher, Reuter '01)
1 [1.4-20]24—43 _ (DL '03)
115—-1.7|3.0-3.2 — (Fischer, DL '06)
1 2.4 2.2 — (Codello, Percacci, Rahmede '07)
2 121—34]31—4.3|84—288 (Lauscher, Reuter '02)
2| 14 2.8 25.6 (DL 07)
2| 17 3.1 3.5 (DL 07)
2 1.4 2.3 26.9 (Codello, Percacci, Rahmede '07)

Quantum gravity, black holes, and the

renormalisation group — p.17/2!



more curvature invariants

e extensions including /g and \/E(R)i, i=1,---,n.
n o' 0" 65 03 0, 0’ b6 07 %
1] 238|217
21138 | 232|269
3271|227 | 207 | -4.23
41286245 | 155|-391 | -5.22
512531269 | 178 |-436 | -3.76 | -4.88
6| 241|242 | 150 | -4.11 | -4.42 | -5.98 | -8.58
71251244 | 124 |-397|-457|-493 | -757 | -11.1
81241 |254 | 140 |-417|-352 | -5.15|-7.46 | -10.2 | -12.

Quantum gravity, black holes, and the reno

(Codello, Percacci, Rahmede '07, Machado, Saueressig '07)

rmalisation group — p.17/2!



extensions

e higher derivative gravity

1-l00p  (Codello, Percacci '05, Niedermaier '09)

peyond 1-loop, matter (Benedetti, Machado, Saueressig '09, DL, Rahmede '10)
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extensions

e higher derivative gravity
e higher dimensions

Einstein-Hilbert, extensions  (rischer, DL '05)
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extensions

e higher derivative gravity
e higher dimensions
e matter fields

large N expansion  (Percacci '05)

mlnlmally COUp'Ed (Percacci, Perini '05, Narain, Percacci '09, Narain, Rahmede '09)
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extensions

higher derivative gravity
higher dimensions
matter fields

Yang-Mills gravity

l-lOOp (Robinson, Wilczek ‘05, Pietrykowski ‘06, Toms ‘07, Ebert, Plefka, Rodigast ‘08)
beyond 1-|OOp (Manrigue, Reuter, Saueressig '09)
beyond 1-loop, and fully coupled system  (Folkerts, DL, Pawlowski '09)
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extensions

higher derivative gravity
higher dimensions
matter fields

Yang-Mills gravity

dynamical ghosts

de Donder gauge (Groh, Saueressig '10)

Landau-deWitt gauge

(Eichhorn, Gies, '10)

Quantum gravity, black holes, and the renormalisation group — p.18/2!



extensions

higher derivative gravity
higher dimensions

matter fields

Yang-Mills gravity
dynamical ghosts
conformally reduced gravity

(Reuter, Weyer '08)

(Machado, Percacci '09)
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extensions

higher derivative gravity

higher dimensions

matter fields

Yang-Mills gravity

dynamical ghosts

conformally reduced gravity
consistency with lattice simulations

simplicial gravity / Regge calculus (Hamber '00, Hamber, Williams '04)
causal dynamical triangulations (Ambjorn, Jurkiewicz, Loll et. al. ‘04, '05)
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extensions

higher derivative gravity

higher dimensions

matter fields

Yang-Mills gravity

dynamical ghosts

conformally reduced gravity
consistency with lattice simulations

phenomenology

Bonanno, Reuter 01
Weinberg '09, Falls, DL, Raghuraman '10

Fischer, DL '06
Hewett, Rizzo '07, DL, Plehn '07, Koch '07, DL '08
Falls, Hiller, DL '10

Gerwick, DL, Plehn 10, Brinckmann, Hiller, DL '10

Quantum gravity, black holes, and the renormalisation group — p.18/2!



extensions

higher derivative gravity

higher dimensions

matter fields

Yang-Mills gravity

dynamical ghosts

conformally reduced gravity
consistency with lattice simulations

phenomenology

Quantum gravity, black holes, and the renormalisation group — p.18/2!



consistency with lattice

simplicial gravity formulation
ultraviolet fixed point in 3d and 4d  (Hamber '00, Hamber, Williams '05)
4d scaling exponents

lattice: v =3 RG study: v =28/3 (pLo3
large-d scaling exponents

lattice: l/y ~d—1 RG study: 1/V = 2d (DL 03)

Quantum gravity, black holes, and the renormalisation group — p.19/2!



consistency with lattice

simplicial gravity formulation

ultraviolet fixed point in 3d and 4d  (Hamber '00, Hamber, Williams '05)
4d scaling exponents

lattice: v =3 RG study: v =28/3 (pLo3
large-d scaling exponents

lattice: l/y ~d—1 RG study: 1/V = 2d (DL 03)
causal dynamical triangulation

dimensional crossover from 4d Monte Carlo study  (ambjorn et. al. '05)
large distances

lattice: Deg ~ 4 RG studies: n =0
short distances

lattice: Deg ~ 2 RG studies: 1) & —2  (Reuteret. al. '01)

Quantum gravity, black holes, and the renormalisation group — p.19/2!



Yang-Mills at the Planck scale

e does asymptotic freedom persist?
1-loop / effective theory

Robinson, Willczek ('05)
Pietrykowski ('06)

Toms ('07)

Ebert, Plefka, Rodigast ('08)

result: asymptotic freedom persists

6/
6YM‘grav T gwm GN E* <0

Quantum gravity, black holes, and the renormalisation group — p.20/2!



Yang-Mills at the Planck scale

® baCkg round field flow S. Folkerts, DL, JM. Pawlowski ('10)

ZAk

D= [ Vg [167TGN (= Rlgu) +2Me) + 5 Fe”
Ri[¢] = T} (6] r{o]
r99 = r99(—Ay) P — 1N — rﬁ"(—Ag)
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Yang-Mills at the Planck scale

® baCkg round field flow S. Folkerts, DL, JM. Pawlowski ('10)

flow
R o6, 6] rlol
Ol 9] = §Tr 1+ (¢ Oprlo] +1r F,(f) 6, ¢] 1T r9)

result: no graviton contribution at one-loop

69‘1—100p - ﬁg’YM‘l—IOOP

Quantum gravity, black holes, and the renormalisation group — p.20/2!



Yang-Mills at the Planck scale

e flat background

HORL S e

Quantum gravity, black holes, and the renormalisation group — p.21/2!



Yang-Mills at the Planck scale

e kinematical identity

T/M/&)\ Tuu&)\
v SA Qv oA
1 i \//
< TBOCTROTTTOROTO00 > = % <fo°uuuk)\:.i,\J°vv*7\'""7‘z5m737o\->Q
p p

e 1-loop result

61/
6YM|graV — —7GN Gywm E?

©.@)

]:/dzzf L+a (1— : )ZO
14+ 74(x) 1+ ra(x)
0

Quantum gravity, black holes, and the

renormalisation group — p.21/2!



Yang-Mills at the Planck scale

e kinematical identity

Tpﬂ/&)\ T/J,VJ A
uv oA it oA
1 i 1 \//
<' V000, ,V0l0iviv, ViUV Vv > — § < VUV 00e VUVVee >
p QP

e beyond 1-loop
6YM‘grav S 0

asymptotic freedom persists in presence of gravity FP

Quantum gravity, black holes, and the renormalisation group — p.21/2!



quantum gravity with Yang-Mills

e Yang-Mills contribution to gravity S. Folkerts, DL, JM. Pawlowski ('10)

AP
S um
A SN
SN A
— P I
— |  E—
O 1Y%
O 7
O~~~

Quantum gravity, black holes, and the renormalisation group — p.22/2!



quantum gravity with Yang-Mills

[ Yang-l\/lills contribution to gravity S. Folkerts, DL, JM. Pawlowski (’10)

rhs of flow equation (optimised cutoff)

1(Q)

0.0106

0.0104
0.0102
0.0100

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Quantum gravity, black holes, and the renormalisation group — p.22/2!



quantum gravity with Yang-Mills

[ Yang-l\/lills contribution to gravity S. Folkerts, DL, JM. Pawlowski (’10)

UV fixed point of coupled system

1.0

0.8
06"
04"

0.2

Quantum gravity, black holes, and the renormalisation group — p.22/2!



quantum gravity and black holes

e Schwarzschild solution

Schwarzschild metric

ds?

—f(rydt* + f~1(r) dr® + r2dQ

classical lapse function

— 1 —
f=1-"05
classical Schwarzschild radius

raq = (Gy M) @73

Quantum gravity, black holes, and the renormalisation group — p.23/2!



quantum gravity and black holes

e RG improved black holes Falls, DL, Raghuraman (ERG 08, 1002.0260 [hep-th])

running gravitational coupling

Gy — G(r), falr) = finp(r) =1- ngy

Improved Schwarzschild radius rs from

fimp(rs) =0

critical black hole mass M, from

g3 0ln G(r)

811(17“ ?“Z’I“C(Mc)

Quantum gravity, black holes, and the renormalisation group — p.23/2!



quantum gravity and black holes

e RG improved black holes Falls, DL, Raghuraman (ERG 08, 1002.0260 [hep-th])

metric, dependence on M (D=6)

Quantum gravity, black holes, and the renormalisation group — p.23/2!



quantum gravity and black holes

e RG improved black holes Falls, DL, Raghuraman (ERG 08, 1002.0260 [hep-th])

Improved Schwarzschild radii, various dimension

-

Quantum gravity, black holes, and the renormalisation group — p.23/2!



BH production at the LHC

e semi-classical
semi-classical production cross section

& =mri(M = /5) x (/5 — Muyin)

production cross section at the LHC  pp — final state

1 1
o= Z/ dx1 /d:EQ fi(zy) Ij (22) 6(%% — final state)
Lo 0

parton distribution functions from CTEQ61
evaluated at Q% = M]_%)H.

Quantum gravity, black holes, and the renormalisation group — p.24/2!



BH production at the LHC

e renormalisation group Falls, DL, Raghuraman 1002.0260 [hep-th]

quantum corrected production cross section

6 — & = F(\/5) x 7ra(M = /5) x (/5 = M,)

new form factor F'

Quantum gravity, black holes, and the renormalisation group — p.24/2!



BH production at the LHC

e semi-classical vs renormalisation group Falls, Hiller, DL (Pascos ‘09)

n = 4 extra dimensions

BH LHC cross sections, with or without quantum corrected Rs, n=4 and MD=1 TeV

I .
classical

renormalisation group
10000 |
100 |
>
()
=
Qo
==
T 1r
%
=
ke
I
5
= 0.01 |
©
0.0001
le-06 . . .
0 2 4 6 8 10 12

M_BH [TeV]

Quantum gravity, black holes, and the renormalisation group — p.24/2!



conclusions

e gravity at the Planck scale

growing evidence for asymptotic safety

Quantum gravity, black holes, and the renormalisation group — p.25/2!



conclusions

e gravity at the Planck scale

Reuter (1996), Souma (1999)

Lauscher, Reuter (2001), Reuter, Saueressig (2001)
Forgacs, Niedermayer (2002), Niedermayer (2002)
DL (2003), Percacci, Perini (2003)

Bonnano, Reuter (2004), Percacci (2004)

Bonanno (2005), Lauscher, Reuter (2005)

Percacci (2005), Fischer, DL (2006)

Codello, Percacci (2006)

Codello, Percacci, Rahmede (2007)
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conclusions

e gravity at the Planck scale

growing evidence for asymptotic safety
various RG studies / approximations / field content

consistent with symmetry reductions
Forgacs, Niedermaier (2002)

Niedermaier (2002), (2003), (2006)

Quantum gravity, black holes, and the renormalisation group — p.25/2!



conclusions

e gravity at the Planck scale

growing evidence for asymptotic safety
various RG studies / approximations / field content
consistent with symmetry reductions

consistent with lattice studies
Hamber (2000)

Ambijorn, Jurkiewicz, Loll (2002), (2003)
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e challenges

Include more invariants, interactions, matter
lattice <= RG <= loops < strings < other
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