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Asymptotically Safe Quantum Gravity

G
Asymptotic Safety

® Perturbative quantum gravity:
loss of predictivity

Asymptotic Freedom

® Key idea of asymptotic safety: o

Quantum realization of 0 In(k/ ko)
scale symmetry )
Asymptotic freedom:

» imposes infinitely many conditions on : )
free fixed point, as « =0
theory ’
Asymptotic safety:

interacting fixed point, G, # 0
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Motivation: Exploring AS with functional and lattice methods

Perturbative methods: see talk by Y. Kluth

® Functional methods: ® | attice methods:
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Motivation: Exploring AS with functional and lattice methods

Perturbative methods: see talk by Y. Kluth
® Functional methods: ® | attice methods:
P extract scale dependence of

couplings/operators
> AS: kdpg =0
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Motivation: Exploring AS with functional and lattice methods

Perturbative methods: see talk by Y. Kluth

® Functional methods: ® | attice methods:

P extract scale dependence of
couplings/operators

» AS: kOrg=0

» semi-analytical treatment,
inclusion of matter, connection
to low-energy physics, ...
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Perturbative methods: see talk by Y. Kluth
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Motivation: Exploring AS with functional and lattice methods

Perturbative methods: see talk by Y. Kluth

® Functional methods: ® | attice methods:
P extract scale dependence of P extract lattice correlators, order
couplings/operators parameters, ...
» AS: kOrg=0 P AS: continuous phase transition
» semi-analytical treatment, » manifest background
inclusion of matter, connection independence and gauge
to low-energy physics, ... invariance, estimate of

(statistical) errors, . ..
» need approximations on
dynamics, regulator, gauge
fixing, ...
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Motivation: Exploring AS with functional and lattice methods

Perturbative methods: see talk by Y. Kluth

® Functional methods: ® | attice methods:

P extract scale dependence of P extract lattice correlators, order
couplings/operators parameters, ...

» AS: kOrg=0 P AS: continuous phase transition

» semi-analytical treatment, » manifest background
inclusion of matter, connection independence and gauge
to low-energy physics, ... invariance, estimate of

(statistical) errors, . ..

» need approximations on P finite size effects,
dynamics, regulator, gauge extrapolations, " guessing” of
fixing, ... relevant parameters, ...

Use different methods in concerted fashion to extract evidence for and physical

features of asymptotically safe quantum gravity.
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Lattice quantum gravity via dynamical triangulations
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® Discretization of spacetime in terms of triangulations
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Lattice quantum gravity via dynamical triangulations

® Discretization of spacetime in terms of triangulations
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Lattice quantum gravity via dynamical triangulations
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® Discretization of spacetime in terms of triangulations
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Lattice quantum gravity via dynamical triangulations
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® Discretization of spacetime in terms of triangulations

[Ambjgrn and Jurkiewicz, 1992], [Agishtein and Migdal, 1992], . ..




The Einstein-Regge action

® starting point: Einstein-Hilbert action

1

4 —2A
167GN dz/g (R )

SEn = —
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The Einstein-Regge action

® starting point: Einstein-Hilbert action

1
167GN

/ d'z/g = > Vi,
S4

d*z\/g (R — 2A)

SEn = —

® Discretize volume term:
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The Einstein-Regge action

FAVAVAVAN
AVAVAVA,

® starting point: Einstein-Hilbert action

SpH = — d*z/g (R — 2A)

16mGN

e Curvature on the lattice: deficit angle d,
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The Einstein-Regge action

FAVAVAVAN
AVAVAVA,

® starting point: Einstein-Hilbert action

SpH = — d*z/g (R — 2A)

16mGN

e Curvature on the lattice: deficit angle d,

/d4a:\/§R =Y Vi,ds,
52
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The Einstein-Regge action

VavAVaval
AVAVAVAR

® starting point: Einstein-Hilbert action

_ 4 o
SEH = T6n G d :Cf( 2/\)

® FEinstein-Regge action: [regee, 1061]
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The Einstein-Regge action

VavAVaval
AVAVAVAR

® starting point: Einstein-Hilbert action

_ 4 o
SEH = T6n G d :Cf( 2/\)

® FEinstein-Regge action: [regee, 1061]

O~ (%: Viy0sy — AZ Vu> = k4 Ny — Ko No

S4

SER = —
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Dynamical Triangulations
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® Discretization of spacetime in terms of . :
triangulations W
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® Perform sum via Monte Carlo methods \/\/\/\/\/\/\/\/\/\/\/\
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[Credits: J. van der Duin]
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Dynamical Triangulations

VALVALVALVALVALVALVALVALVAR

® Discretization of spacetime in terms of

triangulations

1
/ Dge sl 53 L R
7 CT

® Perform sum via Monte Carlo methods
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Dynamical Triangulations

VALVALVALVALVALVALVALVALVALVARY

® Discretization of spacetime in terms of

triangulations

1
/ Dge sl 53 L R
7 CT

® Perform sum via Monte Carlo methods
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[Credits: J. van der Duin]
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Dynamical Triangulations

® Discretization of spacetime in terms of

triangulations

1
/ Dge sl 53 L R
7 CT

® Perform sum via Monte Carlo methods

» Pachner moves: change volume
» Tune k4 automatically
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Dynamical Triangulations

® Discretization of spacetime in terms of

triangulations

1
/ Dge sl 53 L R
7 CT

® Perform sum via Monte Carlo methods
» Pachner moves: change volume
» Tune k4 automatically
» Search for continuous phase transition
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Lattice quantum gravity in d =4

® Discretization of spacetime in terms of

triangulations

1
/ Dge sl 53 L o~ SER
7 CT
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Lattice quantum gravity in d =4

® Discretization of spacetime in terms of

triangulations

1
/ Dge sl 53 L o~ SER
7 CT

® in d = 4: no physical phase, no indications
for higher-order transition in ko-rx4 - space
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Lattice quantum gravity in d =4

® Discretization of spacetime in terms of

triangulations
o 1 . 0.8 T T T T
/Dge Sl 5 3 o~ SER
7— CT 0.6
® in d = 4: no physical phase, no indications 04y o Gas
. L q A
for higher-order transition in ko-rx4 - space 0o | e,
[Ambjgrn, Jain, Jurkiewicz, Kristjansen, 1993], [Bakker, Smit, 1994] Gy ’.'*.;‘
[Ambjgrn, Jurkiewicz, '95], [Bialas, Burda, Krzywicki, Petersson, '96] . . 0 .. y
. B Quadruple point
® CDT: impose causal structure s ‘
[Ambjgrn, Loll, 1998], [Ambjgrn, Jurkiewicz, Loll, 2000] . o 1 2 3 1 ]
Ko

RG on the lattice: [Ambjgrn, Gizbert-Studnicki, Goerlich, Nemeth; 2024]
Taken from [Loll, 2020]
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Lattice quantum gravity in d =4

® Discretization of spacetime in terms of

triangulations
B
A A
Dge S[g] N § HO G*SER \
T T j=1 K,
Branched
. . .. . Polymer
® in d = 4: no physical phase, no indications Phase
for higher-order transition in ko-rx4 - space
[Ambjgrn, Jain, Jurkiewicz, Kristjansen, 1993], [Bakker, Smit, 1994] i
[Ambjgrn, Jurkiewicz, '95], [Bialas, Burda, Krzywicki, Petersson, '96] . . . Collapsed E_ Crinkled B
) Phase i Region
® CDT: impose causal structure
[Ambjgrn, Loll, 1998], [Ambjgrn, Jurkiewicz, Loll, 2000], . . . D

RG on the lattice: [Ambjgrn, Gizbert-Studnicki, Goerlich, Nemeth; 2024]
[Ambjorn, Glaser, Goerlich, Jurkiewicz, 2013]

® EDT: include additional operator [Coumbe, Laiho, 2014]
[Bruegmann, Marinari, 1993], [Bilke, Burda, Krzywicki, Petersson,
Tabaczek, Thorleifsson, 1998], [Laiho, Coumbe, 2011], [Ambjgrn, Glaser

Goerlich, Jurkiewicz, 2013], .

Marc Schiffer, Radbo versity Nijmegen




Phase diagram of EDT

® |dea: B A
. A
follow AB-line towards large x5 and \
. > K,
negatlve /8 Branched
Polymer
Phase
continuum
limit?
Collapsed Crinkled
Phase Region
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Phase diagram of EDT

® |dea: B A
: A
follow AB-line towards large ko and \
. P K
negative 3 Branched ‘
. Polymer
® Key open questions: Phase

continuum
limit?

» |s there a physical phase?

Collapsed

Crinkled
Phase Region
D
» s there a continuum limit?
[Ambjorn, Glaser, Goerlich, Jurkiewicz, 2013]

[Coumbe, Laiho, 2014]
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Phase diagram of EDT

® |dea:

follow AB-line towards large x5 and

: % Le=0 Ler=1
negatlve /8 5 + z,Q:=o.7 l,c:=1.28
. # Le=08 4 [e=159
L4 Key open qUEStIOﬂSZ 4

» Is there a physical phase? 3 \E :
» Four-dimensional geometries? 2

00 01 0.2 0.3 04 05 06 0.7
1w

» |s there a continuum limit?
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Phase diagram of EDT

® |dea:
follow AB-line towards large x5 and
negative ,8 80000 F < t‘::,:;
® Key open questions: T N~ b
» |s there a physical phase? ™ T} x
» Four-dimensional geometries? Ty x
» Semi-classical limit? 7.9900 . ‘ =X
0.000 0.003 0.010 0.015
1Ny

» |s there a continuum limit?
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Phase diagram of EDT

® |dea:

follow AB-line towards large x5 and

negative 3 0.25 e
® Key open questions: b ¢
» s there a physical phase? %Z;: =z "
» Four-dimensional geometries? 0:05
» Semi-classical limit? bon
» Physical volume profiles? o460

» |s there a continuum limit?
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Phase diagram of EDT

® |dea:
follow AB-line towards large x5 and

negative 3
e Key open questions:
K2 Ga el et x /d.of pvalue
H 2.45 0.477(27)(57) 1.125(92) 1.45(12 0.61 0.61
> |s there a phySICal phase? 3.0 ﬂﬁﬂd:‘ﬁ?ﬂ(('.'ﬂﬁg Lﬂ(ﬂ ) l‘f(lﬂ ) 047 ﬂ";l

. . . 3.4 0.805(81)(50) 0.866(67) 0.618(19) 039  0.76
» Four-dimensional geometries? 3.8 0.98(23)(06) 0.78(10) 0.386(51) 155  0.20

» Semi-classical limit?
» Physical volume profiles?
» Is there a continuum limit?

» Decreasing lattice spacings?
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Newtonian binding energy from EDT

® Use matter as probe for gravity
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Newtonian binding energy from EDT

® Use matter as probe for gravity

® Study scalar fields on EDT
(quenched approximation)

lattice
SM = E (Z)x Lacy ¢y y
‘1‘7y

with  Lgy = (Dy + m%)éxy — Ay
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Newtonian binding energy from EDT

® Use matter as probe for gravity

® Study scalar fields on EDT
(quenched approximation) Gy(r) ~ L1,

® Extract binding energy Fj, and

renormalized mass m from X (for large 7).

one-and two-particle two-point

correlators s
[de Bakker, Smit, 1996]

(for large r).
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Newtonian binding energy from EDT

® Use matter as probe for gravity

® Study scalar fields on EDT
(quenched approximation) Gy(r) ~ L1,

® Extract binding energy Fj, and

renormalized mass m from (for large 7).

one-and two-particle two-point

correlators s
[de Bakker, Smit, 1996]

e Fit £, = Am® X

(for large r).

e Continuum, non-relativistic limit:

Ey, = S (in d = 4)
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Newtonian binding energy from EDT

® Use matter as probe for gravity

® Study scalar fields on EDT
(quenched approximation)

® Extract binding energy Fj, and
renormalized mass m from
one-and two-particle two-point

correlators
[de Bakker, Smit, 1996]

e Fit £, = Am®

e Continuum, non-relativistic limit:

Ey, = S (in d = 4)

¥ Le=0 ley=1
4+ =07 Lres=1.28
# =08 *+  ley=1.59

\‘”Eg;

\\//

00 01 02 03 04 05 06 0.7
v

[Dai, Laiho, MS, Unmuth-Yockey; 2021]

e EDT fit: « =4.6+0.9

= d=39%+0.2
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Newtonian binding energy from EDT

® Use matter as probe for gravity

® Study scalar fields on EDT
(quenched approximation)

® Extract binding energy Fj, and
renormalized mass m from
one-and two-particle two-point

correlators
[de Bakker, Smit, 1996]

e Fit £, = Am®

e Continuum, non-relativistic limit:

Ey, = S (in d = 4)

¥ Le=0 ley=1
4+ =07 Lres=1.28
# =08 *+  ley=1.59

\‘”Eg;

\\_/

00 01 02 03 04 05 06 0.7
v

[Dai, Laiho, MS, Unmuth-Yockey; 2021]

e EDT fit: « =4.6+0.9

= d=39%+0.2

EDT might feature well-behaved non-relativistic limit! [pai, Laino, MS, Unmuth-Yockey: 2021]
g
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The Saddle point approximation in EDT Il

® Saddle point approximation:

A2
(Ny) ~ 5 = A~ |ka — KGNy

4(kg — KS)

Use finite-volume scaling of k4 to test recovery of semi-classical limit
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The Saddle point approximation in EDT Il

® Saddle point approximation:

[Ambjorn, Goerlich, Jurkiewicz, Loll, 2012]

<N4>2m :>AN‘/€4—H}4‘\/N4.

Use finite-volume scaling of k4 to test recovery of semi-classical limit

® Match lattice saddle point approximation with continuum calculation:

Z(ka, K1) GXp<AQ(“2)>

4(ky — KY)
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The Saddle point approximation in EDT Il

® Saddle point approximation:

[Ambjorn, Goerlich, Jurkiewicz, Loll, 2012]

<N4>2m :>AN‘/€4—H}4‘\/N4.

Use finite-volume scaling of k4 to test recovery of semi-classical limit

® Match lattice saddle point approximation with continuum calculation:
AQ(KJQ) 3
Z(Ky, kKa) R exp| ——————— | = exp| —

(2, K4) p(4(/{4 — KS) Plaa

Assumption: Continuum is dominated by de Sitter instanton [Hawking, Moss, 1087]
Extract G from lattice data:

G a\? g?el
7 ~ (Z) o s : slope of k4 (Ny) ,

Marc Schiffer, Radboud University Nijmegen 9



Numerical result: finite volume scaling

Example at 8 = —0.6, ko = 2.245:
Best Fit
6.788 I X Fit range | |
> 4 X Data
X

. x ]
16786 F x 1
x ]
6.784 i
* 4

0.000 0.005 0.010 0.015

1/v/Ns

Extract slope s: k4(Ny) = A+ sﬁ
Fit result: s = —0.393 4+ 0.022
Recovery of semi-classical scaling!

[Bassler, Laiho, MS, Unmuth-Yockey; 2021]
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Numerical result: the Newton coupling

® Extract slope for all ensembles

® Compute G for each of the
ensembles
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Numerical result: the Newton coupling

+ La=159 L =08
15 b =1.28 ¥ ola=0 ]

® Compute G for each of the b =1

® Extract slope for all ensembles

ensembles clof ]

® Perform continuum, infinite - 

volume limit extrapolation:

/@

HG 0
G = 5a + Il + Jole + Ka, 0.0 0.2 0.4 0.6
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Numerical result: the Newton coupling

+ =159 + 0,=08
151 b = 1.28 f =0

® Compute G for each of the b =1

® Extract slope for all ensembles

ensembles clof ]

® Perform continuum, infinite - 

volume limit extrapolation:

/@

HG 0
G = 5a + Il + Jole + Ka, 0.0 0.2 0.4 0.6

Continuum, infinite volume limit: G/E?id =143+ 3.6
= gﬁd ~ 0.26 Epl

[Bassler, Laiho, MS, Unmuth-Yockey; 2021]
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Numerical result: the Newton coupling

+ La=159 L =08
15 b =1.28 ¥ ola=0 ]

® Compute G for each of the b =1

® Extract slope for all ensembles

ensembles clof ]

® Perform continuum, infinite - 

volume limit extrapolation:

/@

HG 0
G = 5a + Il + Jole + Ka, 0.0 0.2 0.4 0.6

Continuum, infinite volume limit: G/E?id =143+ 3.6
= gﬁd ~ 0.26 Epl

[Bassler, Laiho, MS, Unmuth-Yockey; 2021]

To date: lgp ~ 0.0570p;  asp ~ 1.3/0p;

[Dai, Freeman, Laiho, MS, Unmuth-Yockey; 2025]
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Towards de Sitter geometries in EDT

® Shelling function n4(p): counts
number of four-simplices at geodesic
distance 7 away from source-simplex.

Taken from [van der Duin, Loll, MS, Silva; 2025]
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Towards de Sitter geometries in EDT

® Shelling function n4(p): counts
number of four-simplices at geodesic

distance 7 away from source-simplex.

® For de Sitter with dy = 4:

na(p) ~ cos’(p)

Taken from [van der Duin, Loll, MS, Silva; 2025]
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Towards de Sitter geometries in EDT

® Shelling function n4(p): counts

—— k2 =0.5886,5 =15
Ko = 175665, 8 = 0
Ky =245, = —0.520 ]

— de Sitter

number of four-simplices at geodesic
distance 7 away from source-simplex.

® For de Sitter with dy = 4:

na(p) ~ cos*(p)

® Peak-height: order parameter of 02 46 8 w12 i
AB-transition
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Towards de Sitter geometries in EDT

® Shelling function n4(p): counts 0.25} —— 2= 05886, = 15
. . . Ky = 1.75665, 3 = 0
number of four-simplices at geodesic 020k Ko = 245, = —0.520 ]
i i ’ —— Ky =3.0,8=—0.746
distance 7 away from source-simplex. ) — r=380=—088
3("1 T —— ky=41,=-0930 |
® For de Sitter with dyg = 4: g 010 — de Sitter
na(p) ~ cos*(p) 005
000 L L L L L L L
® Peak-height: order parameter of o2 4 6 p8 012 14
AB—tranSItIOH [Dai, Freeman, Laiho, MS, Unmuth-Yockey; 2023, 2024]

’ Lattice volume profiles: approximate de Sitter profile better for larger o ‘
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Phase diagram of EDT

® |dea:
follow AB-line towards large k2 and
negative (3
e Key open questions:
» [s there a physical phase?

» Four-dimensional geometries
» Semi-classical limit
» Physical volume profiles

» Is there a continuum limit?

» Decreasing lattice spacings

l— 2
\
=

Branched
Polymer
Phase

continuum
limit?

Collapsed
Phase

Crinkled
Region

D

[Ambjorn, Glaser, Goerlich, Jurkiewicz, 2013]
[Coumbe, Laiho, 2014]

(Tentative) evidence for continuum limit and physical phase in 4d EDT. ‘

Marc Schiffer, Radboud University Nijmegen

13




Motivation: Exploring AS with functional and lattice methods

® Functional methods:

P extract scale dependence of
couplings/operators

» AS: kOrg =0

» semi-analytical treatment,
inclusion of matter, connection
to low-energy physics, ...

» need approximations on
dynamics, regulator, gauge
fixing, ...

® | attice methods:

>

>
>

extract lattice correlators, order
parameters, ...

AS: continuous phase transition
manifest background
independence and gauge
invariance, estimate of
(statistical) errors, ...

finite size effects,
extrapolations, " guessing” of
relevant parameters, ...

Use different methods in concerted fashion to extract evidence for and physical
features of asymptotically safe quantum gravity.
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Motivation: Exploring AS with functional and lattice methods

® Functional methods:

P extract scale dependence of
couplings/operators

» AS: kOrg =0

» semi-analytical treatment,
inclusion of matter, connection
to low-energy physics, ...

» need approximations on
dynamics, regulator, gauge
fixing, ...

® | attice methods:

>

>
>

extract lattice correlators, order
parameters, ...

AS: continuous phase transition
manifest background
independence and gauge
invariance, estimate of
(statistical) errors, ...

finite size effects,
extrapolations, " guessing” of
relevant parameters, ...

Use different methods in concerted fashion to extract evidence for and physical
features of asymptotically safe quantum gravity.

Concrete example: critical exponent of scalar mass

Marc Schiffer, Radboud University Nijmegen
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©,,2 from CDT

Based on [van der Duin, Loll, MS; WIP]

® Use quenched approximation

® |nvert L to compute propagator
Lt
Slvalttlce = Z o ny ¢y »
z,y

with Ly = (Dy +m3)0uy — Asy -
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©,,2 from CDT

Based on [van der Duin, Loll, MS; WIP]

® Use quenched approximation

4000 —— Nay =8k
® |nvert L to compute propagator 3500 1o
—— Nap =22k
® Fit to continuum propagator to gm e
extract renormalized mass ;:Z:
élSOO
% 1000
500
0

0 5 10 15 20 25 30 35
r (dual distance)
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©,,2 from CDT

Based on [van der Duin, Loll, MS; WIP]

® Use quenched approximation

Invert L to compute propagator

Fit to continuum propagator to
extract renormalized mass

® Here: use de Sitter propagator
Fit radius from volume profiles
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©,,2 from CDT

Based on [van der Duin, Loll, MS; WIP]

® Use quenched approximation ; ; ; ; ; ;

® |nvert L to compute propagator 20 el 1
® Fit to continuum propagator to 15} ]
extract renormalized mass 5 e

) S0} e .
® Here: use de Sitter propagator < a=losli0004
L p = 0.666 =+ 0.004

Fit radius from volume profiles 05 1

S = mgg =amf
® Extract ©,,2 from (volume) 00f ¢ ¢ Fteddaa
00 05 10 15 20 25 30

scaling of meg(mg)

m
[Jha, Laiho, Unmuth-Yockey; 2018] 0
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Based on [Gyftopoulos, Portas-Chiesa, Reichert, MS; WIP]

® O,,2 computed extensively

see e.g., [Narain, Percacci; 2009], [Narain, Rahmede; 2010], [Percacci, Vacca; 2015], [Labus, Percacci, Vacca; 2015],

[Pawlowski, Reichert, Wetterich, Yamada; 2018], [Wetterich, Yamada; 2019], [Pastor-Gutierrez, Pawlowski, Reichert; 2023], .

® Here: take all operators into account, which contribute to ©,,2 at O(G?) (NLO).

See also [de Brito, Reichert, MS; 2025]
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©,,2 from FRG

Based on [Gyftopoulos, Portas-Chiesa, Reichert, MS; WIP]

® O,,2 computed extensively

see e.g., [Narain, Percacci; 2009], [Narain, Rahmede; 2010], [Percacci, Vacca; 2015], [Labus, Percacci, Vacca; 2015],

[Pawlowski, Reichert, Wetterich, Yamada; 2018], [Wetterich, Yamada; 2019], [Pastor-Gutierrez, Pawlowski, Reichert; 2023], . . .

® Here: take all operators into account, which contribute to ©,,2 at O(G?) (NLO).

See also [de Brito, Reichert, MS; 2025]

® These include: R¢?, R2¢?, C?¢?, (¢[0p)d?, F2¢2, (Y IDr))¢?
® Results (preliminary):

©,,2 =04 (Ns =1); 0,,2 = 2.04 (SM matter)

R¢? is irrelevant

® Ahead: stability analysis, estimate of systematic uncertainties
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Summary: Exploring AS with functional and lattice methods

® Functional methods: ® | attice methods:

» extract scale dependence of » extract lattice correlators, order
couplings/operators parameters, ...

» AS: kOrGg=0 P AS: continuous phase transition

» semi-analytical treatment, » manifest background
inclusion of matter, connection independence and gauge
to low-energy physics, ... invariance, estimate of

(statistical) errors, ...

» need approximations on > finite size effects,
dynamics, regulator, gauge extrapolations, " guessing” of
fixing, ... relevant parameters, ...

Use different methods in concerted fashion to extract evidence for and physical

features of asymptotically safe quantum gravity.
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Summary: Exploring AS with functional and lattice methods

® Functional methods: ® | attice methods:

» extract scale dependence of » extract lattice correlators, order
couplings/operators parameters, ...

» AS: kOrGg=0 P AS: continuous phase transition

» semi-analytical treatment, » manifest background
inclusion of matter, connection independence and gauge
to low-energy physics, ... invariance, estimate of

(statistical) errors, ...

» need approximations on > finite size effects,
dynamics, regulator, gauge extrapolations, " guessing” of
fixing, ... relevant parameters, ...

Use different methods in concerted fashion to extract evidence for and physical

features of asymptotically safe quantum gravity.

Concrete example: critical exponent of scalar mass

Thank you for your attention!
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