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Abstract: | will discuss challenges of quantum gravity, highlighting conceptual, methodological as well as phenomenologica aspects. Focusing on
asymptotically safe quantum gravity, | will review recent progress in addressing key theoretical challenges using continuum and lattice methods.
Furthermore, | will explain how the high predictive power of the asymptotically safe fixed point for quantum gravity and matter might allow us to
explain fundamental properties of our universe, for example its dimensionality. Finaly, | will point out possible connections between different
approaches to quantum gravity, and how these connections might help us formulating a fundamental description of nature.
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Challenges of quantum gravity

Marc Schiffer
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Key challenges:
= Phenomenology of QG
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Challenges of quantum gravity

Key challenges:
= Phenomenology of QG
= Theory foundations for QG

Marc Schiffer, Heidelberg University
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Challenges of quantum gravity

Marc Schiffer
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Challenges of asymptotically safe quantum gravity

Marc Schiffer

°
Causal Sets Tegsor Models/GFT

®
Theory
e Loop Quantum Gravity/

Euclidean/ Causal Spin foams
Dynamical Triangulations @
o

Asymptotic Safety

i o
Key challenges: :
= Convergence ° String Theory

» Background independence PY
» Unitarity
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:
loss of predictivity

® Key idea of asymptotic safety:

Quantum realization of
scale symmetry

Marc Schiffer, Heidelberg University
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Asymptotic Safety

Asymptotic Freedom
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity
® Key idea of asymptotic safety:

Quantum realization of
scale symmetry

> imposeg infinitely many
conditions on theory space

Marc Schiffer, Heidelberg University
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity
® Key idea of asymptotic safety:

Quantum realization of
scale symmetry
» imposes infinitely many
conditions on theory space
» relevant directions:
need measurement .
» irrelevant directions:
predictions of theory

Marc Schiffer, Heidelberg University
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Tool: Functional Renormalization Group

Non-Perturbative Renormalisation Group Equation Mare Schiffer
[Wetterich, 1993], [Ellwanger, 1993], [Morris, 1994], [Reuter, 1996]

1

1 1
kT, = 5 STr ((rf) + Ry) kakRk) =3

I';, = scale dependent effective action
R;. = IR regulator

Y

® extract S-functions via projection
® truncation needed — not closed

® Euclidean

Lorentzian formulation, e.g.:

- ; o = e .
[Manrique, Rechenberger, Saueressig, 2011] "va G

Marc Schiffer, Heidelberg University
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Developments in asymptotically-safe gravity

Marc Schiffer

® Evidence for fixed-point in Euclidean gravity and gravity-matter systems in d = 4

® Important feature:
Indications for near-perturbative nature of fixed point

> Sym metry |dent|t|es

r r 1 ] 1 [ 1 Dot AT 6 3] E ~ b - I - 1A+ M (& N (=3
ichhorn, Labus, Pawlows} eichert, 2018], [Eichhorn, Lippoldt, Pawlowski, Reichert, MS, 2018], [Eichhorn, Lippoldt, MS, 2018]

» Non- mlnlmal couplmgs

[Eichhorn, Lippe 2016], [Eichhorn, Lippoldt, MS, 2018]
> Weak grawty bound
hhorn, Helg MS, 2019]

L Implications:
» Predictivity
> Guidipg principle for approximations/truncations
> Connectlon to perturbative methods

[Niedermaier, 2009]

Marc Schiffer, Heidelberg University
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(Effective) Universality

® QCD ° Granty Marc Schiffer

[aS] =0 [GN] = —2
— 1-loop universality — no universality
— perturbative regime: — gauge symmetry encoded in
one gauge coupling relations for vertex flows
10° - ok
E‘D
= R
2 . E
10 F =
E | ] L | |\\|_ L Il L] Ll L
0.1 1 10 100
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Indications for near-perturbative fixed point

f b f

1
/d4T\/a (QA_ R) + ng,grav =+ Sgh,grav‘|_2 d4$\/§gﬂyap(pay‘)0

Marc Schiffer
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® Gauge fixing and regulator: break diffeomorphism invariance

Marc Schiffer, Heidelberg University
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Indications for near-perturbative fixed point

f b t

1
/d4T\/a (QA_ R) + ng,grav =+ Sgh,grav‘|_2 d4$\/§gﬂyap(pay‘)0

Marc Schiffer

1
167 GN

g

T 1 17 a
+ /dllf\/ﬁ?fﬁww +§/d455\/§ 99 trFlupFue + Sgf.gauge + Sgh,gauge

' '

® Gauge fixing and regulator: break diffeomorphism invariance

e Effective Universality: semi-quantitative agreement of S-functions
[E i, Reichert, 2 oldt, Pawlowski, Reichert, MS, 2018], [Bléchhorn, Lippoldt, MS, 2018]

|Eichhorn, Labus, Pawlowski, Reichert, 2018|, [Eichhorn, Lippoldt, P

Marc Schiffer, Heidelberg University
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How Perturbative is Quantum Gravity?

® Pairwise -MarcScfiffer

1.0_ﬁr""l""l""lf'—"lﬁ"'lf'fri'f_
gij =0 ] of [-functions
0.5F . ® g~ |Ba; — Ba
*: ; ’ e e s e ] ® sij:O lines
Az 00E i 0
OF | ] ® Red cross: UV-FP
i UV-FP ]
B ] Key Result
—0.5F -
L Ehe Eha Ecyp €cA €pA | 1 - :
i Eh & a Eer € E UV-FP lies in sym-
ol e e T metry preferred re-
-07 -06 -05_-04 -03 -02 -01 .
=2 X gion.
Eichhorn, Lippoldt, Pawlowski, Reichert, MS, 2018]

Hint for near-perturbative nature of asymptotically safe fixed point.

Marc Schiffer, Heidelberg University
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Indications for small impact of induced non-minimal couplings

e At UV fixed point: E———— , arcSchiffer

non-minimal couplings are present 1.0

® Fermionic non-minimal coupling:
v - I
o R™ (Y7, Voth) ]

® Numerical evaluation of

momentum-dependent correlation

functions Eichhorn, Lippoldt, MS, 2018]

® |mplications:

» Evidence for fixed point with non-minimal coupling

Marc Schiffer, Heidelberg University
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Indications for small impact of induced non-minimal couplings

e At UV fixed point: - b A

non-minimal couplings are present

® Fermionic non-minimal coupling:

o R (57, V 1))

® Numerical evaluation of

momentum-dependent correlation
functions

® |mplications:
» Evidence for fixed point with non-minimal coupling

» Small impact of non-minimal coupling o
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Indications for small impact of induced non-minimal couplings

Marc Schiffer

e At UV fixed point: ———

non-mipimal couplifgs are present

® Fermiofic non-minimal coupling: 0l

vy A :
o R (¢, V) 0.0

—-0.2 =~

um-dependent correlation

® Numerical evaluation of
momen

functions

® |mplications:
» Evidence for fixed point with non-minimal coupling
» Small impact of non-minimal coupling o

» Indications for convergence

Marc Schiffer, Heidelberg University
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o At UV fixed point:
matter self-interactions are
present [cic

® Example: Abelian gauge field
,, 4-photon vertex (wyF'?) is

K8

induced

Pirsa: 20120007

chhorn, 2012

——Gy=0
______ 0 <Gy< G(d)
,,,,,,,,,,, Gy>Ge (d)

N _

Wo 0

® Schematically:

Buw, = Bo(GN) + wo B1(GN) + w3 B
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Weak gravity bound

o At UV fixed point:

matter self-interactions are

present [Eichhorn, 2012]

[ |5 Excluded strong-
o gravity regime

;, 4-photon vertex (wyF'4) is 0~ =15 =10, <05

?@‘ ® Schematically:

Buw, = Bo(GN) + wo B1(GN) + w3 B

® Example: Abelian gauge field

induced

Marc Schiffer, Heidelberg University

Pirsa: 20120007

Page 20/53



Weak gravity bound

a\'s(f( ’ I y Mare Schiffer
10} <K @ h
0’%,0.0 Ko
e At UV fixed point: & &
matter self-interactions are N5 i ™ Safet;!
t  [Eichhorn, 2012 i
PESSSHL | | L {exeon Excluded strong-
® Example: Abelian gauge field L[ gravity regime
;, 4-photon vertex (wy F'4) is U990~ =15 =10
induced

@ ® Schematically:

Buw, = Bo(GN) + wo B1(GN) + w3 B

[ Near-perturbative nature of quantum gravity might be necessary!

Marc Schiffer, Heidelberg University
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Developments in asymptotically-safe gravity

Marc Schiffer

® |mportant feature:
Indications for near-perturbative nature of fixed point

> Symmetry |dent|t|es
Eichhe La awlowski, Reichert, 2018 ht I ) ert I _ippold
> Non minimal coupllngs
-ichhorn, Lippoldt, 2016|, | _ichhorn, Lippoldt, MS, 2018]
> Weak grawty bound
[Eichhorn, Held, 2016], [Eichhorn, MS, 2019]

® Implications:
» Predictivity
» Guiding principle for approximations/ truncations
» Connection to perturbative methods *

Niedermaier, 2009

Marc Schiffer, Heidelberg University
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Weak gravity bound

10 F
. ""0 “ ”0"0‘0
. . i / B V lete!
e At UV fixed point: o | 0’ Y neomplers!
matter self-interactions are N5 N Safety, " %
t [Eichhorn, 2012 I
PSSR | ‘ e Excluded strong-
® Example: Abelian gauge field | gravity regime
;, 4-photon vertex (wyF'4) is 9973 —135 —1.0/\
induced

@ ® Schematically:

Buw, = Bo(GN) + wo B1(GN) + w3 B

[ Near-perturbative nature of quantum gravity might be necessary!
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e At UV fixed point:
matter self-interactions are
present [Eichhorn, 2012]

® Example: Abelian gauge field
,, 4-photon vertex (wyF'?) is

induced

Pirsa: 20120007

wWa

® Schematically:

Buw, = Bo(GN) + wo B1(GN) + w3 B
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Weak gravity bound

]0 :\I<>‘< .’0‘ ‘ MarcS:hrffer

’Q.% 0’0 0’0 _

® At UV fixed point: G 00‘ Ly ncomplele _
matter self-interactions are N5 i G Safet;\f‘--.\

present [Eichhorn, 2012]

- Excluded strong-
T gravity regime

® Example: Abelian gauge field

;, 4-photon vertex (wy F'4) is Y90 15 —10 —o5

@‘ ® Schematically:

Buw, = Bo(GN) + wo B1(GN) + w3 B

induced
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Challenges of asymptotically safe quantum gravity

Marc Schiffer

@
Tensor Models/GFT
Causal Sets e.so odels/G

@
Theory
Loop Quantum Gravity/

Euclidean/ Causal e Spin foams

Dynamical Triangulations @
@

Asymptotic Safety
®

" String Theory

] Key challenges:
= Convergence ®
» Background independence
» Unitarity

Marc Schiffer, Heidelberg University
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Background independent evidence for AS from the lattice

Marc Schiffer

® Discretization of spacetime in terms of

-

triangulations

Dge 5l — § j | [O(4)7| e Branched
f)

14 Polymer

j=1 Phase

with Euclidean Einstein-Regge action

Sg = —kolNy + k4 Ny Collapsed : Crinkled

Phase Region
D

® tune x4 to critical value, Ko omes: Eser it Jo s LA
investigate 5 — k2 plane

Marc Schiffer, Heidelberg University
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Background independent evidence for AS from the lattice

® Discretization of spacetime in terms of

triangulations

with Euclidean Einstein-Regge action

Sg = —kolNo + k4 Ny

® tune k4 to critical value,
investigate S — ko plane

Marc Schiffer, Heidelberg University
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Branched
Polymer
Phase

continuum
limit?

Collapsed % Crinkled
Phase : Region

D

[Ambjorn, Glaser, Goerlich, Jurkiewicz, 2013]

[Coumbe, Laiho, 2014]
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Continuum limit of EDT?

Marc Schiffer

® Use matter as probe for gravity

B
® Study scalar fields on EDT A 4
(quenched approximation) \ .
® Extract binding energy Ey, and Bgi&ﬁ:?
renormalized mass m from Phase
. . ti
one-and two-particle two-point s
correlators
[de Bakker, Smit, 1996] Collapsed Crinkled
_ Phase ¢ Region
e Fit B, = Am“ g
® Continuum, non-relativistic limit: D
e G—Tn‘ri [Ambiorn Clac Coaplisl leiawsi= 1321
Eb — 4 [AmbDjorn, Llaser, ‘soeriich, JurkKiewicCz, £ZUl3|
L3 [Coumbe, Laiho, 2014]

Marc Schiffer, Heidelberg University
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Continuum limit of EDT?

Marc Schiffer

® Use matter as probe for gravity

® Study scalar fields on EDT

(quenched approximation) 5
® Extract binding energy Ey, and i

renormalized mass m from &

one-and two-particle two-point 31

correlators

[de Bakker, Smit, 1996] 27

e Fit B, = Am“

® Continuum, non-relativistic limit:

Eb — 5 ;n"’

EDT fit: « =5.0£0.6

Marc Schiffer, Heidelberg University
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Key Challenge: Computability

Marc Schiffer

® Technical challenge:

B
A
low acceptance rate (~ 10_6) 4 \
® |dea: > K,
. ) . Branched
Adapt rejection-free algorithm Polymer
. g . 3 " Phase
Used in "kinetic Monte Carlo
low
E.g., for crystal growth acceptance!
[Schulze, 2007]
Collapsed : Crinkled
Phase : Region
D

Marc Schiffer, Heidelberg University
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Key C

hallenge: Computability

Marc Schiffer

Pirsa: 20120007

Technical challenge:

low acceptance rate (~ 1079)

Idea:
Adapt rejection-free algorithm
Used in "kinetic Monte Carlo”

E.g., for crystal growth

[Schulze, 2007]

Proof-of-principle:
2d Ising model

Implementation in EDT:

potential gamechanger

, Heidelberg University

10°

10%

1000¢

speedup

10¢

100}

Marc Schiffer

'-..o *
ct"’.“.

acceptance
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Challenges of Quantum Gravity

Marc Schiffer

@
Tensor Models/GFT
Causal Sets e.so odels/G

@
Theory
Loop Quantum Gravity/

Euclidean/ Causal . Spin foams

Dynamical Triangulations @
@

Asymptotic Safety
®

 Key challenges: i ° String Theory

u Stablllty ( FRG) &
» Background independence
= Unitarity

k
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Key Challenge: Computability

Marc Schiffer

Branched
Polymer
Phase

continuum
limit?

Collapsed % Crinkled
Phase : Region

Marc Schiffer, Heidelberg University
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Challenges of Quantum Gravity

Marc Schiffer

Tensor Models/GFT
Causal Sets e.so odels/G

Standard Model asymptotically safe gstring theory

o 4 : scaling regime

= : {/
B 2 :
Dy 8 g

m /

£ :

c .

c : :

E i

l‘?tr k A[%

A

Key challen T N
de horn, Held, Pawlowski, M5, Versteegen, 2019|

:ézactﬁgiu..E.‘.’.‘L’lﬁif.‘?@‘.iﬁ”ijﬂg Theory and Asymptotic Safety

= Unitarity

Marc Schiffer, Heidelberg University
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Challenges of Quantum Gravity

CO ’ Marc Schiffer
Dimensionality \\ nS/S[en
» Pra,,. >
\00) ed/qr.-
Matter content Q) /OOSP
k &
. 23 ‘
Symmetries 0((\ ausal Se.ts_ Tegsor Models/GFT

r
yLQQp_QMBLvity/

® Spin foams
®
Euclidean/ Causal
ical Triangulations
Asymptotic Safety _
Key challenges: @ o 2tring Theory

= Phenomenology of QG
= Theory foundations for QG

Marc Schiffer, Heidelberg University
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Why do we live in four dimensions?

® in d=4:

Marc Schiffer

/89}/ = + #qu + O(qu)

Marc Schiffer, Heidelberg University
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Why do we live in four dimensions?

® in d =4 with gravity:  (f,(d) ~ Gn)

Marc Schiffer

3 5
Bay = 9v ( o fg(d)) + #gy + O(gy) - - p
Py /"
. FRG studres fg ,,() for GN > O (m d 4) 0 s
| | iRl ‘ ll .i ,E ! s o ‘"-é’.\’-i—s—AS gravity
0 Gy

Marc Schiffer, Heidelberg University
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Why do we live in four dimensions?

* [9v] = (4= d)/2; (fy(d) ~ G)

Marc Schiffer

d—4 -
o = v (15~ ) + #a+ OG)

SM e
By ya
» FRG studies: f; > OMor Gn > 0 (in d = 4) sr -
1';"““';!;;':'\ Harst, Reuter, 2009], [Harst, Reuter :’"i.'}_.} . Folkerts, Litim L - i pie
‘ . 2017], [Christiansen, Litim, Pawlowsk ;[I Ei‘, N A e — > SM+AS gravity
0 Gy

= Competition of f,(d) with canonical mass

d> 4
term. -

SMind >4
» Necessary condition for UV completion:

5!&/
Effective dimensionality below four, : increase Gy
O} S ":
d _ 4 e e Y ________
fold) > —— ) ot
0 gy

Marc Schiffer, Heidelberg University

Pirsa: 20120007 Page 39/53



Excluded strong gravity regime

Marc Schiffer

grav

£2% and "weak gravity bound” for wy F* (FRG computations)

® Evaluate f; = —

------

------ 0 < Gy< G¢(d)

]

Wo 0

Marc Schiffer, Heidelberg University
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Excluded strong gravity regime

Marc Schiffer

grav

® Evaluate f, = ﬁwT and "weak gravity bound” for wy F* (FRG computations)

d—4
2

e Study explicitly conditions: f,(d) > in weak-gravity regime

10
GN
5
B UV-completion
. Excluded strong-
i © gravity regime
0

-20 -15 -10 =05 0.0
A

[Eichhorn, MS, 2019]

Marc Schiffer, Heidelberg University
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Excluded strong gravity regime

Marc Schiffer

grav

® Evaluate f, = —WT and "weak gravity bound” for wy F* (FRG computations)

e Study explicitly conditions: f,(d) > % in weak-gravity regime

600

SRR

SLHRAX =
RO, 0%6%
RRARLSELH IS

400 o
Gy | RRRRRRRKRANKS

B UV-completion 1 200; — “UV—con\lpletion ’:’@’”
—,, Excluded strong- [ | oxom Excluded strong- ""%‘ “" -
CSED oravity regime [| % gravity regime  [“¢ ’0’ X
90 -15 -10 -05 00 90 ™5 10 05 00
A A\

[Eichhorn, MS, 2019]

Marc Schiffer, Heidelberg University
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Excluded strong gravity regime

Marc Schiffer

grav

® Evaluate f, = —WT and "weak gravity bound” for wy F* (FRG computations)

d—4
2

e Study explicitly conditions: f,(d) > in weak-gravity regime

600 VAAN
. g:’:’:’:"\ !
100 BRSNS ]
G By | KRR
) BN UV-completion 1 ! 200; = UV—coﬁlpletion L4
Ly = 1 s s
A A

[Eichhorn, MS, 2019]

For Asymptotically safe gravity-matter models, d = 4 and d = 5 appears to be
the only dimension to accommodate a UV-complete Abelian sector.

Marc Schiffer, Heidelberg University
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Why is there more than one generation

of fermions?

® |nvestigate gauge-gravity-fermion

interplay
® Study fate of chiral symmetry

with e, ~ +/f;/Np
* Analogy to QCD:

too strong gauge coupling:

divergences in induced

fermionic-intera

| Alkoter and von al

ctions

C v \Weattarih Tt
les and VWetterich, Z2(

Marc Schiffer, Heidelberg University
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| A e 7 3
[ N X‘_\-\_;\_' ® Np=23 |
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L e e Y e
| b S Ny =5
. ~. : .
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< —2F T
: 2 -
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Why is there more than one generation of fermions?

® |nvestigate gauge-gravity-fermion TR FP values

) I i X Np=2 |
interplay ; X . ® Ne—3 ]

_ - Yo v Np=4
Study fate of chiral symmetry [ ., Ne=5

with e, ~ +/f;/Np
Analogy to QCD:
too strong gauge coupling:

divergences in induced

fermionic-interactions _4

[Alkofer and von Smekal, 2001], [Gies

and Wetterich, 2004] L
.

[Braun and Gies, 2006],[Braun, 2006], [Braun and Gies, 2007] 0 ' 9

[Haas, Braun and Pawlowski, 2011], [Braun, 2012]

[Eichhorn, de Brito, MS, 2020] G

Interplay of quantum gravity with gauge fields and fermions might give rise to
lower bound on the number of fermions.

Marc Schiffer, Heidelberg University
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Is Lorentz invariance a fundamental symmetry?

Marc Schiffer

® Approximation of dynamics of gravity-matter system:
Fk: _ FEH_l_FSraV,LI\ ( ) + FAbehdn LI _|_1— Abelian, LIV (C)

® Access to foliation structure (Euclidean!):

K 19
B. Knorr, 2018

4

.Q“Vnp.o'up = O:

v nﬁ (8]
q# Ny — ! L}uv

° Study effect of preferred frame on matter sector

[Colladay and Kostelecky, 1998], [Jacobson an attingly, 2001], [Kostelecky and M 200

Abelian, LIV ZA (k) : oo
Fk . - 4 \/6 (C(A) l“;; ’ F,r_u/FpO')

possible signatures® vacuum birefringence

Marc Schiffer, Heidelberg University
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LIV percolate into matter sector

® Scale dependence of ( Mare Schitfer

(schematically), b; = b;(a;):

k¢ = bo + b1 + bo(? + O(CP) I ARRRARRARE
e (. # 0 in presence of preferred =20 - ..................................
rome S S —
R !;D e
® ((k) ~ O(ay) is generated g ——p—
BTy i T2
g = %, o = 10_20
| I M
—5 —4
[Eichhaorn MS, 10]

Marc Schiffer, Heidelberg University

Page 47/53

Pirsa: 20120007



LIV percolate into matter sector

® Scale dependence of ( Mare Schiffer
(schematically), b; = b;(a;): Ui

kO = bo + b1C + baCZ + O(C3) 10 [

(s« # 0 in presence of preferred
frame

C(k) ~ O(a;) is generated
C(MP]: a’i)

® combine indirect bounds with

: |
IR T T N T

- - — 60 b
direct constraints 60 —50 —4

[Gimrikeiioglu, Saravani and Sotiriou, 2017] Logyalag)

Key Result

Interplay of QG and matter might pose strong indirect constraints on LIV in gravity!

Marc Schiffer, Heidelberg University
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Summary

N

Key challenges:
= Phenomenology of QG
= Theory foundations for QG

Marc Schiffer, Heidelberg University
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Causal Sets
®

Euclidean/ Causal
Dynamical Triangulations
553

Asymptotic Safety
®

Theory.

Marc Schiffer

Tensor Models/GFT
>

Loop Quantum Gravity/
Spin foams
®

" String Theory
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Summary

Marc Schiffer

Tensor Models/GFT
»

ry

Loop Quantum Gravity/

® Spin foams
@
Dynamical Triangulations
o
[ Asymptotic Safety _
Key challenges: ® o 2tring Theory
@

= Phenomenology of QG
= Theory foundations for QG

N

Marc Schiffer, Heidelberg University
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Marc Schiffer

Tensor Models/GFT
)

ry
Loop Quantum Gravity/

® Spin foams
@

=
»

Dynamical Triangulations
@ » Speedup for EDT

= Continuum limit?

Asymptotic Safety
L]

e| =Unquenched (scalar) matter

Marc Schiffer, Heidelberg University
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Marc Schiffer

Tensor Models/GFT
)

ry
Loop Quahtum Gravity/
¢ Spin foams
N

=
»

Dynamical Triangulations
@ » Speedup for EDT

= Continuum limit?

1 Asymptotic Safety
L]

» Convergence e| =Unquenched (scalar) matter

» Asymptotically safe vector-sector

= Perturbative limit? » Comparison to FRG results

=Non-minimal coupling

Marc Schiffer, Heidelberg University

Pirsa: 20120007 Page 52/53



Outlook

[- Deviation from geodesic motionb;\
N
O
S
Q& :
i ausal Sets
@Qo &&LAW A . d
Q\(\ Thank you for your attention!

! ' .
’4 e Loop Quantum Gravity/
® Spin foams
]
Dynamical Triangulations

° » Speedup for EDT
» Continuum limit?

Tensor Models/GFT
)

=
o

1 Asymptotic Safety
L]

» Convergence e| =Unquenched (scalar) matter

» Asymptotically safe vector-sector

= Perturbative limit? » Comparison to FRG results

= Non-minimal coupling

Marc Schiffer, Heidelberg University

Pirsa: 20120007 Page 53/53



