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Abstract: Asymptotically safe quantum gravity might provide a unified description of the fundamental dynamics of quantum gravity and matter. The
realization of asymptotic safety, i.e., of scale symmetry at high energies, constraints the possible interactions and dynamics of a system. In thistalk,
| will first introduce the scenario of asymptotic safety for gravity with matter, and explain how it can be explored using functional methods. | will
then emphasize, how the constraints on the microscopic dynamics of matter arising from quantum scale symmetry can turn into constraints on the
gravitational dynamics, both by exploring the asymptotically safe fixed-point structure, and by exploring resulting infrared physics.
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Why Matter in Quantum Gravity?

Standard Model General Relativity
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Why Matter in Quantum Gravity?

Standard Model General Relativity
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Scale of divergence: Epp > Mp, Scale of QG:Mp) = 4 /g—;

Quantum nature of spacetime: might provide UV-completion for GR and SM!
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Outline

e Asymptotically safe quantum gravity
» FRG studies
» Constraints from the U(1) sector
» Constraints from scalar fields?
» EDT studies

» Newtonian Binding
» de Sitter Volume profile

Marc Schiffer, Perimeter Institute
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity

o Key idea of asymptotic safety:

Quantum realization of
scale symmetry
» imposes infinitely many conditions on
theory

Marc Schiffer, Perimeter Institute
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Asymptotically Safe Quantum Gravity

® Perturbative quantum gravity:

loss of predictivity Asymptotic Safety

® Key idea of asymptotic safety:

Quantum rea|izati0n Of / Asymptotic Freedom
scale symmetry

» imposes infinitely many conditions on 10 In(k/ ko)

theory Asymptotic freedom:

» Examples for AS: N
gauge-Yukawa systems (perturbative) ree fixed point, o, =0
Asymptotic safety:

Gross-Neveu, Wilson-Fisher, etc. interacting fixed point, G, # 0

Marc Schiffer, Perimeter Institute
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Tools to discover asymptotic safety in gravity

® Perturbative methods

® |attice methods (EDT/CDT)

® Functional Renormalization Group

Marc Schiffer, Perimeter Institute
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Comparison: functional and Lattice methods

_ ® | attice methods:
® Functional methods:

» extract lattice correlators, order

» extract scale dependence of
parameters, ...

couplings
Ping » AS: continuous phase transition

» AS: kOrg=10

: Py P finite size effects,
P need truncations, artificial

extrapolations, "guessing” of

background, ...
relevant parameters, ...

Marc Schiffer, Perimeter Institute
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Tool: Functional Renormalization Group

Main idea:

include quantum fluctuations step by step

. 2 .
e~ Tkl¢] /Dgo ¢ Slel=3 [, e(=p) Rr(p*)¢(p) R > 0if p? < k? (supression)
= 0if p? > k? (nosupression)

. momentum
Flow Equation MR 4
[Wetterich, 1993], [Ellwanger, 1993], [Morris, 1994], [Reuter, 1996] 0 k

)
kO, = . STr ((Ff) + Rk) kakRk)

e

— search for fixed points kdig; = 0

— describe RG-flow in theory-space
I'x : requires truncation
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Predictivity in asymptotic safety

scale invariance our universe at low energies

s

107 10 % i 10% 10%
k‘ / {\'ﬂ }i.' / k(_;

Irrelevant direction: Relevant direction:
prediction in IR free parameter
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AS in pure gravity

Invariants

A+R
R® + Ry R™

o \ UV
w Cpo Cex

Relevant: ¥, < 0, free parameter

Irrelevant: 4, > 0, prediction

Fluctuation approach:
Form-factor expansion:

Marc Schiffer, Perimeter Institute
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Current 'hot topics’

¢ Key questions for asymptotically safe quantum gravity (FRG):

» Convergence

» Lorentzian signature

» Unitarity and scattering amplitudes

» Interplay of gravity and matter

Marc Schiffer, Perimeter Institute
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AS in gravity-matter systems

(\matter
tells spacetime how to curve

G,uu = SWGNTHU

spacetime
tells matter how

® Key questions for gravity-matter systems:
» Does the gravity fixed-point allow for the inclusion of SM-matter?

» Does ASQG support a UV-complete matter sector?
Does a UV-complete matter sector pose constraints on gravity?

» |s there a viable phenomenology?

Marc Schiffer, Perimeter Institute
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The U(1) sector of the Standard Model

Marc Schiffer, Perimeter Institute
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The U(1) sector of the Standard Model
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! ~0, for k < Mp
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Metric fluctuations might induce a UV completion of the U(1)-sector.
= Upper bound on g, (k) (i.e., constraints on gravity)
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Induced interaction

® Example: Abelian gauge field 4,
By — 0y — 04,

» From kinetic term:

7
Skin = TA A%, /gF,, F"

® Schematically:

Buy = Bo(G) + wo By (G) + us By

wo k¢
Sint 28 _/ddwx/?(l vt W)z
B%(G)

® Jreal FP only for By < vy

UV-completion of induced interactions: might impose constraints on gravity

Marc Schiffer, Perimeter Institute
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The U(1) sector in d > 4

* By = 9v (5= — fy(d) + O(6})

= UV-completion shifts into more strongly coupled regime

G

‘I:l UV-completion ] 200 _‘: UV-completion |

9% 0 —-15 -10 ) _ Y20 —15 —10 =05
A
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The U(1) sector in d > 4

® Boy = 9v (% — fy(d)) + O(g3)

= UV-completion shifts into more strongly coupled regime

® Strongly coupled regime: might feature new divergences in matter sector

CRIREIKRKR

| ‘\UV-completion ! 9.0.0. 0.9,
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. Excluded strong- }

U(1) gauge sector might remain UV-incomplete in d > 6, even in the presence of gravity.
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Positivity bounds for photon-gravity systems

® Based on
® Under some assumptions:

see also (Wick-rotation,

Photon-gravity system: scale dependence of G, A, ...)

ZA C1 2 C2

[=2Ap 9 (@2, 2
Pt (F) 4y

Positivity bounds:

constraints on Wilson coefficients;

derived demanding unitarity, locality,

microcausality, and Lorentz invariance

More subtle in gravity: massless graviton

® (Standard) bounds:

4cy + 3co

doy > -3¢y, —rtoe
2 B l461—|—62|
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Positivity bounds for photon-gravity systems

® Based on

see also ® Under some assumptions:
(Wick-rotation,

scale dependence of G, A, ...)
. ZA C1 2 (6) — T
i 4F2+(Fa) +k4F1

k4 1.75 Disfavored __

strong — gravity ]
® Positivity bounds: 1.50

® Photon-gravity system:

regime

constraints on Wilson coefficients; 1.95
: Reuter FP

derived demanding unitarity, locality, Sk ¢

microcausality, and Lorentz invariance -

More subtle in gravity: massless graviton 050

0.25 F Positivity-bounds Positivity-
[ satisfied bounds

® (Standard) bounds: : J violated

A

—0.2 0.0

4cy + 3co

doy > -3¢y, —rtoe
. B ’4C1+C2\
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Evidence for asymptotic safety from Euclidean Dynamical Triangulations

® Discretization of spacetime in terms of triangulations
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Lattice quantum gravity in d =4

® Discretization of spacetime in terms of
triangulations

1
/Dg 6—3[9] - Z . ¢~ OER
7 Or

® in d = 4: no physical phase, no indications

for higher-order transition in xo-K4 - space

® CDT: impose causal structure

Marc Schiffer, Perimeter Institute
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Lattice quantum gravity in d =4

® Discretization of spacetime in terms of

triangulations

No

/Dge_s[g] %ZCL M_O(tj)’g ¢~ JER
i =

® in d = 4: no physical phase, no indications

for higher-order transition in x2-k4 - space

® CDT: impose causal structure

® EDT: include measure term

Marc Schiffer, Perimeter Institute
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Newtonian binding energy from EDT

Lrer=1
Lot =1.28
+ Eref = 1.59

—

00 01 02 0.3 04
1/V
® Use matter as probe for geometry
® Continuum, non-relativistic limit:

® Binding energy and renormalized Ey, = Gf) (in d=4)

mass from lattice correlators e EDT fitt a = 4.6+ 0.9
® Fit binding energy E, = A m® = d=3.9+0.2

Marc Schiffer, Perimeter Institute
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Rejection free algorithm for EDT

® Challenge:
acceptance rate p drops:

K:Q :3.0 : p "y 3 . 10—5; . .. i; E;}g: model |
ke =3.8, p~5-1075;
kg =45, p~1-107°;

® Generalize algorithms used in

studies of dynamical systems

107 1073
(e.g., growth of crystals) acceptance

® Proof of principle: 2d Ising model

Significant speedup: allows to simulate efficiently at larger s2 (finer lattices)

Marc Schiffer, Perimeter Institute
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Towards a de Sitter universe in EDT?

. . re = 0.5886,3 = 1.0
® Shelling function n4(7): counts ; S e e [

. . . Ky = 2.45, 8 = —0.520
number of four-simplices at geodesic 20F i

3 . ko =3.8,3=—0.88
distance 7 away from source-simplex. 151 A

de Sitter

® For de Sitter with dy = 4:

ng (1) ~ (:083(7')

® Peak-height: order parameter of
AB-transition

Extract relative lattice spacings via semi-classical analysis
(match with continuum saddle-point approximation)

a2 = 2.45) = 1.524(53), Lrei(ki2 = 3.4) = 0.860(33), Lrei(r2 = 3.8) = 0.780(91)

| attices become finer for larger ko
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Summary

® Asymptotic safety: quantum realization of scale invariance

® FRG studies:

» Gravity-matter interplay:
might constrain gravitational dynamics
from UV considerations
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Summary

® Asymptotic safety: quantum realization of scale invariance
® FRG studies:

» Gravity-matter interplay:
might constrain gravitational dynamics

from UV considerations . . . .
o5 —}— k3 =05886,8=15 ]
and IR constraints i
: ] — =308--0746 ]
» OUtIOOk' —— k=38 5=—-0.88

. . . - o Ulor —— kp=4.18=-09 ]
Investigate induced interactions for gy # 0 : T Ao

e EDT studies:

» Might feature well behaved non-relativistic

limit
» Might approach de Sitter shape of universe
» Outlook:
Combine new algorithm with dynamical matter

Thank you for your attention!
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