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One fruitful strategy of tackling quantum gravity is to adapt quantum field theory to the situation where spacetime geometry is dynamical,
implement diffeomorphism symmetry in a way that is compatible with regularization and renormalization. It has taken a while to addres
underlying technical and conceptual challenges and to chart a quantum field-theoretic path toward a theory of quantum gravity that is
essentially unique and can produce "numbers" beyond perturbation theory. In this context, the formulation of Causal Dynamical Triangul
(CDT) is a quantum-gravitational analogue of what lattice QCD is to nonabelian gauge theory. Its nonperturbative toolbox builds o
mathematical principles of "random geometry" and allows us to shift emphasis from formal considerations to extracting quantitative results
spectra of invariant quantum observables at or near the Planck scale. A breakthrough result of CDT quantum gravity in four dimensions
emergence, from first principles, of a nonperturbative vacuum state with properties of a de Sitter universe. | will summarize these findings, hit
the nonlocal character of observables in quantum gravity and describe the interesting physics questions that are being tackled using the ne
of quantum Ricci curvature.
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My perspective on quantum gravity

X

Aim: construct a fundamental theory of quantum gravity as a non-
perturbative, diffeomorphism-invariant quantum field theory of
dynamical geometry and study its properties in a Planckian regime.

This presents major technical, physical and conceptual challenges:
dealing with QFT infinities and the absence of a fixed background
spacetime, devising appropriate numerical and renormalization
methods, (re-)deriving the classical limit and phenomenology.

This is possible. Major advances towards this goal have been made
in the research program of Causal Dynamical Triangulations (CDT).
It sets a concrete frame of reference - beyond “formal” matters - for
what we may reasonably expect to be able to achieve in our quest
to relate Planckian quantum gravity to “real”, observable physics.
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Why should you care?

qua';ltum gravity: nontrivial, unexpected results despite non-exotic
ingredients; functioning computational framework (= our “lab”) to
evaluate quantum observables beyond perturbation theory;
“CDT is to gravity what lattice QCD is to nonabelian gauge theory”

symmetry: diffeomorphism symmetry is very different from local
gauge symmetry; we finally understand how to implement it
consistently in a nonperturbative quantum theory of gravity

“demystification”: quantum (field) theory and general relativity are
perfectly compatible; CDT provides a bottom-up realization of QG:
causal structure is essential, unitarity is realized

cosmology: the most likely phenomenological predictions will involve
early-universe quantum physics, but derived from the full theory
without an a priori symmetry reduction (unlike quantum cosmology)
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What’s the problem with quantum gravity?

L3
e General Relativity = theory of spacetime, not on (a fixed) spacetime
e quantum theory based on perturbative split g (x)= nﬁﬂ”k+ huy (x)

on a fixed Minkowskian background is nonrenormalizable
M. Goroff, A. Sagnotti, NPB 266 (1986) 709

e standard relativistic quantum field theory (QFT) not applicable, no
blueprint beyond perturbation theory (except nonperturbative lattice
QCD, but this has a fixed background, different gauge symmetry)

® no experiments or observations to guide theory-building

® (nonperturbative) QG = 2000: arguing about the “best approach”,
however, no-one knows which observables to compute, and how

e QG = 2000 (post extended-objects era): renaissance of “good old

QFT”/the path integral, we have learned how and what to compute

R.L. et al.: “Quantum Gravity in 30 Questions”, arXiv: 2206.06762
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(Causal) Dynamical Triangulations: the basics

gravitational

action
e superposition principle: path integral over Dy eiSens (g]
metrics on a manifold M, a nonperturbative,
‘ i . i Lor(M
Lorentzian “sum over (spacetime) histories” g€ szf((M))

e CDT builds on Euclidean (=Riemannian) “Dynamical Triangulations”:
a weighted sum over all spherical gluings of N equilateral triangles, a
piecewise flat implementation of the formal 2D path integral f/Dg e-Sld!

# . ® 2D random geometry is a hot topic in maths!
a suitable continuum limit N » oo gives rise to
the Brownian sphere s. Sheffield, arXiv:2203.02470

«. typical 2D random surface (© T. Budd
g ( ) elementary 2D triangular building blocks

e there is an inequivalent, exactly soluble Lor-

o 3 - - . 3 2 2
entzian version, using triangulations with well %5 &2 X bt
defined causal structure, 1. Ambjgrn, R.L., NPB 536 (1998)
a07, which also gives interesting results in D>2! 3 £

Euclidean/ Minkowskian/

Riemannian (DT) Lorentzian (CDT)
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Putting quantum gravity on a lattice, correctly

Genetal strategy: lattice acts as a regulator, with UV cutoff a; search for
a continuum limit by approaching a second-order phase transition in the
limit @ = 0 while renormalizing bare couplings appropriately; attain
universality (independence of regularization); this is not “discrete QG”

e “reaches where other methods don’t”, subject to numerical limita-
tions; if it exists, continuum theory is essentially unique

® “naive” lattice QG (= 1979): put various first-order formulations of GR
(tetrad e A + spin connection w,A8) on a fixed hypercubic lattice;
problem: diffeomorphism symmetry badly broken; no interesting results

® “not-so-naive” lattice QG (= 1981): based on “GR without coordinates”

(M, guu(x)) = (T, {£i2, i=1,...,n}), Sgrav[guv] = SReaae(T, {£;2})
T. Regge, Nuovo Cim. A19 (1961) 558

e diffeo-invariance manifest, work directly on G(M),

CDT (#2 = # a?) implementation is labelling-invariant
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Putting quantum gravity on a lattice, correctly

Genetal strategy: lattice acts as a regulator, with UV cutoff a; search for
a continuum limit by approaching a second-order phase transition in the
limit @ = 0 while renormalizing bare couplings appropriately; attain
universality (independence of regularization); this is not “discrete QG”

e “reaches where other methods don’t”, subject to numerical limita-
tions; if it exists, continuum theory is essentially unique

® “naive” lattice QG (= 1979): put various first-order formulations of GR
(tetrad e A + spin connection w,A8) on a fixed hypercubic lattice;
problem: diffeomorphism symmetry badly broken; no interesting results

e “not-so-naive” lattice QG (= 1981): based on “GR without coordinates”

(M, gu(x)) = (T, {£i3, i=1,...,n}), Sgrav[guv] = SReaae(T, {£;2})
T. Regge, Nuovo Cim. A19 (1961) 558

e diffeo-invariance manifest, work directly on G(M),

CDT (#2 = # a?) implementation is labelling-invariant
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The path integral according to CDT s

version of action

aige Y CDT ; ; 4
Z:f’DgeS[g], S:lﬁleN/d‘lx l9|(R[g]—2A) —= Z = lim Z ﬁes 7]

N— o0

causal
g(M) M triang. T \
T L o \ ¥ )
geometries = Lor(M)/Diff(M) cosmological constant # symmetries of T

e we are not interested in finite triangulations, but a regularization-
independent continuum limit N » oo, for finite physical volume V=N a4

e CDT spacetimes obey discrete “global hyperbolicity”

e evaluating Zin 4D requires numerical methods,
which require an analytic continuation to real Z
(Wick rotation): in £Z=-a £, a>0, continue a - -«

(3.1) H 1GR))

“time layer” of a CDT configuration in 3D

£:°>0 e no coordinate redundancy:
22<0 edge lengths + gluing data = geometry 7 @E £=11/3
y @ curvature captured by deficit angle ; ‘
€ (but sum diverges in cont. limit) T |
building block 2D triangulation with Gaussian curvature &
of 4D CDT
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CDT quantum gravity: results

e we have a computational framework — what can we do with it?

e physics of quantum spacetime is captured by expectation values
. 1 .
(0) =~ / Dg Olgle %9l of quantum observables ©

“the point x” is an

e diffeomorphism-invariant observables ARy ICeLCOnEERE
in pure gravity are nonlocal integrals of

scalars like /d%\@R(w) i
M

e “expectation management”: your favourite (semi-)classical question
may not have a Planckian implementation (this is a feature)

e true “guantum signature”: CDT predicts a reduction 4 = 2 of the
(average) spectral dimension of spacetime@#£€p;, 1. Ambjgrn, . Jurkiewicz, R.L., PRL
95 (2005) 171301 — UNiversal in quantum gravity? s. carlip, caG 34 (2017) 193001

e to understand 4D quantum geometry, must go beyond “dimensions”
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