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Abstract: <p>| offer a persona perspective on the causal dynamical triangulations approach to the construction of quantum theories of gravity. After
briefly introducing the approach's formalism and results, | illuminate this perspective with 3+1 vignettes of recent and ongoing research.
Specificaly, | review attempts to locate an ultraviolet fixed point through renormalization group analyses;, | report measurements of the
homogeneity of the approach's quantum geometries; | discuss efforts to determine the large scale effective action in the case of 2+1 dimensions; and
| suggest a speculative possibility for reviving the Euclidean dynamical triangulations approach.</p>
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Quantum gravity as quantum field theory

Will the quantum theory of gravity prove to be yet another triumph of the
paradigm of the quantum theory of fields?

Facts to keep in mind
e Linstein gravity is perturbatively nonrenormalizable. ['t Hooft and Veltman 1974],
[Goroff and Sagnotti 1986]
e Perturbative quantum Einstein gravity is a consistent effective field theory.
[Donoghue 2012]
e The Planck length ¢p generically sets the scale of perturbative quantum
gravitational effects.
Potential responses
e Perturbatively renormalizable modified theories of gravity [Stelle 1977], [Horava
2009], et cetera
e Asymptotic safety [Weinberg 1979], [Reuter 1996]
e Non-field-theoretic quantum gravity (loop quantum gravity, causal sets, et cetera)
Nonperturbative field-theoretic approaches
e [xact renormalization group
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Causal dynamical triangulations

A prescription for making sense of the gravitational path integral patterned
on standard lattice quantum field-theoretic techniques
O Restrict the path integration to ‘causal’ spacetimes.
e A causal spacetime admits a global foliation by spacelike hypersurfaces all of the
same topology.
® Regularize causal spacetimes by causal triangulations.

e A causal triangulation 7. is a piecewise-Minkowski simplicial manifold admitting
a global foliation by spacelike hypersurfaces all of the same topology.
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[Jordan and Loll 2013]
® Replace the formal path integral @/ [h| with the concrete path sum As[I].
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O Compute the path sum Ax[I7.

® Take the continuum limit (if it exists).
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Causal dynamical triangulations in practice
A prescription for making sense of the gravitational path integral patterned
on standard lattice quantum field-theoretic techniques

@ Restrict the path integration to ‘causal’ spacetimes.

® Regularize causal spacetimes by causal triangulations.

® Replace the formal path integral @4 [h] with the concrete path sum Ax[I7.
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@® Wick rotate to the Euclidean domain.

- 1 iSe1[T.]/ ki 1 _SsE1/k
As[l] = Z m(,s(,l[ﬂ]/r — Zy[l] = Z T Sg [Te)/H

Telara =L ' Talara=F

® Run Monte Carlo simulations of representative causal triangulations.
® Wick rotate back to the Lorentzian domain.

@ Take the continuum limit (if it exists).

Pirsa: 14120007 Page 5/29



First key result: phase structure
Phase A
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Quantization of (3 + 1)-dimensional Einstein gravity ’
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Second key result: classical limit

Large scale effective action for the discrete spatial volume N3(7)

_ _ 2
ssm2012{[N3<T+QN35,,‘.’;<"‘ 2 +czN§/3(r>+c3Na(v-)}

T

Corresponding effective action for the continuous spatial volume V3(%)

2
! [dV3(2) /di] 1/3
SEV = —— [ dt/on + 927223V 3 () — Ayen Val(t
eff [ 3] 247 Gron gtt g6t Va(?) ( ) 3" (1) renV3(t)
1-point function (N3(7))
Extremum: Euclidean de Sitter space oo f T e T
o 1200 |
V3(Eds)(t) = 271‘21’.33 cos® ( b ) 1000 |
Las .
R 800
=
Finite size scaled V 600}
N, T 400 ¢
(N$E®) (1)) o 4 cos® 200 |
2 SON;M soNdl/4 [ e B s

Pirsa: 14120007 Page 7/29



Second key result: semiclassical limit

Connected 2-point function (ns(7)ns(7’)) of fluctuations n3(7) = N3(7) — (N3(7))

/ 2N 7 T £y
(na(T)n3(7")) = YNy F 1/4° 1/4 with 7% ~ GrenAren ~ 7~
soNy" solNy, 2n

Connected 2-point function (v3(t)vs(t’)) of fluctuations vs(7) = Va(t) — L”'3(E"IS)(I.)
525 2 [Va]

(va(t)ua(t))) = = (T)m,s( D

at (.)('ug(f))

V3 ( t)=0

Eigenvectors Eigenvalues

A AR LA

| 3
\/4‘ E 150000
=
15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0 S5 10 15 g) 100000 |

Aol ARA | AR

-/ v v — U U \Vas VUU\/ w 0(; .' bttt tiesac iazaas

5 10 15 20 25 30
Nodes

L A L AR L " L L L L " L L 1N " L L
15-10 -5 0 5 10 15 15-10 -5 0 5 10 15 15-10 -5 0 5 10 15
T

Pirsa: 14120007 Page 8/29



Pirsa: 14120007

Third key result: quantum mechanical effect

Diffusion on a Wick rotated causal triu.nwuln.ti(m B

K(s,s,o+1)=(1-p)K(s,s

Return 1)1'nlml)ilitv P(o)
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Third key result: quantum mechanical effect

Diffusion on a Wick rotated causal triem0'111:1.1‘,1011 e
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First vignette: Renormalization group flows
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Renormalization group flows from lattice data
Delineating renormalization group trajectories
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Measure O(¢)

Agreement of measurements of the physical observable O(¢) before and after
the renormalization group transformation

Implementing renormalization group transformations
Standard technique: Repeatedly coarse grain each of the causal triangulations
in an initial ensemble.
Alternative technique: Directly generate ensembles of causal triangulations
characterized by different ranges of scales by varying
the control parameters T', Ny, Ko, and A.
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Status report on renormalization group analyses

e My renormalization group scheme [JHC 2014a, 2014b]

e Model: Minisuperspace approximation of the Euclidean Einstein-Hilbert
action with Euclidean de Sitter space (plus quadratic fluctuations) as
the ground state

e Observables: Vi, GrenAren, and Dg(o), not (N3(7)), (na(7)ns(7")), or so

e Status: Insufficiently many physical observables to delineate renormalization
group trajectories

e Ambjorn et al’s renormalization group scheme [Ambjgrn et al 2014]

e Model: Minisuperspace approximation of a Euclidean Horava-Lifshitz action
with deformed Euclidean de Sitter space (plus quadratic fluctuations)
as the ground state

e Observables: Vi, GrenAren, and Dg(0), also (N3(7)), (ns(7)ns(7’)), and sg
e Assumption: Lattice spacing is constant for all values of Ko and A in phase C

e Status: Tentative evidence for an ultraviolet fixed point along the BC phase
transition
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Second vignette: Homogeneity measures
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Scale-dependent homogeneity measures

e Motivation
e Define novel physical observables
e Derive spectrum of primordial cosmological perturbations from causal
dynamical triangulations

e [nspiration
e Techniques to assess the homogeneity of our own universe
e Galaxy redshift surveys [Scrimgeour et al 2012]

e Application
e Measure homogeneity of the quantum spacetime geometry
e Measure temporal evolution (in the distinguished foliation) of the
homogeneity of the quantum spatial geometry

[JHC 2014c]
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Volumetric homogeneity measure

e Number of simplices within graph distance r

Ns(r) = w— ), N(Aa(r"))
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Finite size scaling of spacetime volumetric homogeneity

Ensembles of causal triangulations in phase C (7. 2 S? x S, kg = 1)
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Temporal evolution of spatial volumetric homogeneity
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Scaling of inhomogeneity with discrete spatial volume
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Temporal evolution of spatial volumetric homogeneity
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Spectral homogeneity measure

e Return probability Py(o) = K(s,s,0)

e Mean

- , 1
\\\ I‘J[])((T)] — T Z ])q(ﬂ')
YD seT
e e Variance
. ‘ l \ 2
‘ [ Var[P(0)] = - ;{11(0) — E[P(0)]}
' ' e Spectral dimension
o Py(o) D B ‘)(llllE[p((T)]
0 1 sl0) = =2 dlno
1 1/4
2 1/4 :
3 5/32 e Homogeneity measure
1 17/128
/ Hypeo(0) = (Var[P(o)])

1 -: -
— = S (M) e S T Na[Pr(o)
T

[JHC 2014c]

Pirsa: 14120007 Page 21/29



Spacetime spectral homogeneity

Ensembles of causal triangulations in phase C (7. 2 S? x S!, kg = 1)
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Third vignette: Effective actions in 2 + 1 dimensions
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A sample of transition amplitudes

Fixed initial and final leaves of the distinguished foliation (7. 2 S? x [0, 1])

Varying T', fixed Nj, fixed No(9T.) = 4
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[JHC and Miller 2013], [JHC, Houthoff, Lee, and Miller 2017?]
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Second key result: classical limit

Large scale effective action for the discrete spatial volume N3(7)
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Determining the large scale effective action

e Benedetti and Henson provide evidence for the effective action of
(2 4+ 1)-dimensional projectable Horava-Lifshitz gravity
e Explanation of the ‘spacetime condensation’ of phase C
e Fits of deformed Euclidean de Sitter space to 1-point function (N2(7))
e Proposed scaling relations

[Benedetti and Henson 2014]

e Comprehensive statistical analysis

e Consider several effective actions: Einstein gravity, projectable
Horava-Lifshitz gravity, fourth order gravity, et cetera

e Perform fits to 1-point function (Nz(7)) and to connected 2-point function
(na(T)n2(r"))
e Perform statistical analysis to infer best explanation
e Numerical tests of proposed scaling relations

[JHC, Houthoff, Lee, and Miller 2015]
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Zeroth vignette: Euclidean dynamical triangulations

Pirsa: 14120007 Page 27/29



Pirsa: 14120007

Reviving Euclidean dynamical triangulations

Renormalization group flows of
quantum Einstein gravity
(Einstein-Hilbert truncation)
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[Rechenberger 2014] A

Corresponding phase diagram
(Fixed 0 < Ax < A, Varying 0 < G < o0)

Undiscovered
second order
phase transition

Known
first order
phase transition

Partition function of Euclidean dynamical triangulation
Zepr = Y7 i(T) er2N2=ralNa for gy ~ G=1 and kg4 ~ G1A

Search for a second order phase transition at kg ~ O(10)
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Key questions facing causal dynamical triangulations

@® Does causal dynamical triangulations admit a continuum limit in the
form of an ultraviolet fixed point?

e Not a necessary condition for viability (though probably a necessary
condition for continued interest)

e [Further numerical studies near the BC phase transition, near the
(hypothetical) ABC triple point, and at (hypothetical) end of AC phase
transition

e [urther physical observables from numerical data for tracing
renormalization group flows

® Does causal dynamical triangulations admit a Newtonian gravity limit?
e A necessary condition for viability

e Attraction between quasi-point particles constructed as bundles of
quasi-local energy (with K. Lee)

® Can one formulate an Osterwalder-Schrader-type theorem for causal
dynamical triangulations?
e A necessary condition for interpretation of numerical results

e Start from [Ashtekar, Marolf, Mourdao, Thiemann 2000]
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