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Abstract: To study the continuum limit of a microscopic model of gravity we need microscopic observables that have a clear interpretation in
of continuum geometry. In general the construction of such observables is notoriously difficult. In the model of causal dynamical triangul:
(CDT) it is clear what the microscopic observables are, but at present the only known well-behaved observables with a continuum interpreta
spatial volumes. In this talk | will demonstrate what it takes to go beyond these by introducing the moduli as observables for CDT ir
dimensions with spatial topology of the torus. Measurements of these observables using computer simulations provide valuable clues concer
effective action describing CDT in the continuum. In particular | will present numerical evidence indicating that the effective kinetic term is
described by a modified Wheeler-De Witt metric like the one appearing in Horava-Lifshitz gravity.
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Introduction

» Given some quantum gravity path-integral, how do we
determine its effective dynamics?
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Introduction

Given some quantum gravity path-integral, how do we
determine its effective dynamics?

Ultimately the only correct way is by studying microscopic
observables with a continuum interpretation!

lrue for any approach, however in CDT one is constantly

reminded of this: measurement < algorithm that assigns
numbers to CDT configurations <= observable.

Succes story in CDT: spatial volumes as observables.
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Challenges

» Construct observables that measure macroscopic shape in a
meaningful way.
= This is perhaps the hardest part. In fact: whole journals are
dedicated to shape recognition in medical imaging., computer
graphics, etc. However the random geometries in CDT are much
wilder.
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Challenges

» Construct observables that measure macroscopic shape in a
meaningful way.
= T his is perhaps the hardest part. In fact: whole journals are
dedicated to shape recognition in medical imaging, computer
graphics, etc. However the random geometries in CDT are much
wilder,

» Construct a class of possible effective actions and work out for each
one exactly what correlations in the measurements it predicts.

» Determine the boundary conditions for the path integral that
maximize the information contained in the correlations.
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Challenges

» Construct observables that measure macroscopic shape in a
meaningful way.

» This is perhaps the hardest part. In fact: whole journals are
dedicated to shape recognition in medical imaging., computer
graphics, etc. However the random geometries in CDT are much
wilder,

Construct a class of possible effective actions and work out for each
one exactly what correlations in the measurements it predicts.
Determine the boundary conditions for the path integral that
maximize the information contained in the correlations.

Iry to match correlations to the effective actions (analytically or
numerically).
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Outline

Introduction to CDT in 241 dimensions
» Previous results for spherical topology
Effective actions for CD1

» Conformal mode problem
» Alternative ansatz a la Horava—Lifshitz

Moduli in CDT with torus topology

= Introduce moduli as observables
» Boundary conditions
= Comparison with ansatz

Summary and outlook
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CDT in 241 dimensions

» Causal Dynamical Triangulation is a regularization of the Euclidean
path integral over geometries

7 D&.: e Ser (2] iy Z, DT E 1 e Scor[T) )
Diff ) Cy
. triangulations 7
» Triangulations T are built from equilateral

tetrahedra. T he sum is over inequivalent

ways of putting them together.

» “Causal” in CDT means that we only
allow triangulations that are foliated by 2D
triangulations with constant topology.
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CDT in 241 dimensions

Causal Dynamical Triangulation is a regularization of the Euclidean

path integral over geometries
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triangulations 7

Iriangulations T are built from equilateral
tetrahedra. The sum is over inequivalent

ways of putting them together.

“Causal” in CDT means that we only
allow triangulations that are foliated by 2D
triangulations with constant topology.

'he Euclidean Einstein—Hilbert action

Slg] -x [ d*x./g(R — 2A\) evaluated on
the piecewise linear geometry leads to

b-([)f[]] k:,N; A’(JN(].
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Monte Carlo simulations

» [ he fixed volume partition function reads
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Monte Carlo simulations

>

S

I he fixed volume partition function reads

20y = 3 i A A
’ VWV, W
[ he expectation value of an observable

O: T — O(T) is given by

<C)>Nz

We use Monte Carlo methods to approximate these:

l n
<()>N< ~ n E (’)( IJ‘)‘

j=1

where the { 7;} is a large set of random triangulations generated by

applying a large number of random update moves satisfying a
detailed balance condition.
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Effective actions for CDT

» Given a set of observables f; : {CDl triangulations} — [,
i = 1.....k, measuring large scale geometry, we can write

Zepr (N3) = Z (ll e —kolNo — / dfy / cdfs - - - / df, e ~Sarr [f1]

[}

where S [f;] = — log (S 1L[L“LL1H”‘"M').

7

C7
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Effective actions for CDT

» Given a set of observables f; : {CDT triangulations} — R,

i = 1.....k, measuring large scale geometry, we can write

Zcepr (N3) = Z (l e~ koo — /dfl / dfy - - - / dfie Serr [£1] (1)
—i . : L

where S [f;] = — log (\: i("-;"_-(L.U_ka-_an).

! L

What does the effective action look like around its minimum as

Ng > OO ¢

Main question: if we could take the observables f; to be a complete
set describing “the continuum geometry’, would S_4 have anything
to do with the Einstein-Hilbert action?
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Effective actions for CDT

Given a set of observables f; : {CDT triangulations} — IR,

i = 1.....Kk, measuring large scale geometry, we can write

Zepr (N3) = Z (lJT e koo — / dfy / dfs - - - / df, e Serr [£1] (1)
T : ' '

where S [f;] = — log (\: i“'—f—"—(L-U-H*"‘”M').

7 Cr
What does the effective action look like around its minimum as
Nz — 0!
Main question: if we could take the observables f; to be a complete
set describing ‘“the continuum geometry’, would S.4 have anything
to do with the Einstein-Hilbert action?
We can learn about S.¢[f;] by measuring expectation values {f;) and
correlations (f;f;).
Simplest set of observables in CDT1: { V(t)}:, spatial volume V(t) at
time .
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Effective actions for CDT

Given a set of observables f; : {CDT triangulations} — IR,

i = 1.....k, measuring large scale geometry, we can write

Zepr (N3) = Z (l e~ koo — / dfy / dfy - - - / dfie Serr [£1] (1)
—i s . : .

where S.¢[fi] = — log (\: 7 L=t ) - ;‘,_,N..)‘

C7
What does the effective action look like around its minimum as
Nv, — 0!
Main question: if we could take the observables f; to be a complete
set describing “the continuum geometry’, would S_4 have anything
to do with the Einstein-Hilbert action?
We can learn about S.¢[f;] by measuring expectation values {(f;) and
correlations (f;f;).
Simplest set of observables in CDT1T: { V(t)}:, spatial volume V(t) at
time .
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Spherical topology
» Take the topology to be S x S§?

(periodic boundary conditions).
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Spherical topology

» [ake the t()l)()l()g\_/ to be S x S°?

=)

(periodic boundary conditions).

» (V(t))
“stalk' .

» - . @
x cos“(y/cit) plus minimal
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Spherical topology
» Take the topology to be S! x sS4
(periodic boundary conditions).

(V(t)) ox cos?(/cit) plus minimal
“stalk’ .

Classical solution to

.5,.”'[\/] O / (’J’f \/

Also correlations (V(t)V(t’)) well-described by this action for
suitable values cp.c1 > 0.

Euclidean Einstein—Hilbert action [ d®x./g(—R + 2A) evaluated on
spherical cosmology ds? dt? + V(t)dQ? gives

SEH K / dt Y; 2AV
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