THE ACTION OF A CAUSAL SET

by

Dionigi Maria Teofilo Benincasa

Submitted to the Department of Physics at Imperial College London in

partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Physics
of Imperial College London

March 2013



Declaration

I declare that this work is entirely my own, except where otherwise stated.
Most of Chapter 3 will appear in a joint paper with Fay Dowker [1]. Most
of Chapter 5 appears in [2]. Most of Chapter 6 will appear in a joint paper
with Fay Dowker and David Rideout [3]. All simulations, except those of
Chapter 5, were done using the CausalSets toolkit in the Cactus framework

(www.cactuscode.org) developed by David Rideout.

Dionigi M. T. Benincasa May 2013

Acknowledgements

I want to thank my supervisor Fay Dowker, for being what I can only de-
scribe as the best supervisor I could have ever hoped for. Her guidance
throughout my PhD has been invaluable, and her patience with me greatly
appreciated.

I want to thank Rafael Sorkin for the many hours spent explaining things
to me. His supreme intellect, boundless knowledge and constant creativity
have been a continuous source of inspiration.

I want to thank David Rideout for teaching me almost everything I know
about programming, and always being helpful with simulations.

I want to thank my friends Michel, Andre, Stefano and Jurgis for sharing
the PhD experience with me, and always being interested in discussing my
work with me.

I want to thank my dear love Giovanna, for sticking with me every step
of the way, and providing constant love and support over the last 7 years.

I want to thank my aunt Silvia, whose generous support allowed me to
continue my studies at a crucial stage of my life. I will be forever grateful
to her.

Finally I want to thank my family, especially my mother and father,
for being the foundations on top of which I've been able to build my life.

Without their constant love and support I would not be where I am now.



Abstract

A causal set is a model for a discrete spacetime in which the “atoms of
spacetime” carry a relation of ancestry. This order relation is mathemat-
ically given by a partial order, and is is taken to underly the macroscopic
causal notions of before and after. The work presented in this thesis pro-
poses a definition for the action of a causal set analogous to the continuum
Einstein-Hilbert action.

The path taken towards the definition of this action is somewhat indirect.
We first construct a retarded wave operator on causal sets well-approximated
by 4-dimensional spacetimes and prove, under certain assumptions, that this
operator gives the usual continuum d’Alembertian and the scalar curvature
of the approximating spacetime in the continuum limit. We use this result
to define both the scalar curvature and the action of a causal set. This defi-
nition can be shown to work in any dimension, so that an explicit form of the
action exists in all dimensions. We conjecture that, under certain conditions,
the continuum limit of the action is given by the Einstein-Hilbert action up
to boundary terms, whose explicit form we also conjecture. We provide evi-
dence for this conjecture through analytic and numerical calculations of the
expected action of various spacetime regions.

The 2-dimensional action is shown to possess topological properties by
calculating its expectation value for various regions of 2-dimensional space-
times with different topologies. We find that the topological character of the
2d action breaks down for causally convex regions of the trousers spacetime
that contain the singularity, and for non-causally convex rectangles.

Finally, we propose a microscopic account of the entropy of causal hori-
zons based on the action. It is a form of “spacetime mutual information”
arising from the partition of spacetime by the horizon. Evidence for the
proposal is provided by analytic results and numerical simulations in 2-
dimensional examples. Further evidence is provided by numerical results for
the Rindler and cosmic deSitter horizons in both 3 and 4-dimensions, and for

a non-equilibrium horizon in a collapsing shell spacetime in 4-dimensions.
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Chapter 1

Introduction

1.1 Quantum Gravity

The last 80 years have seen many attempts at solving the problem of quan-
tum gravity; that is, trying to construct a framework within which gravity
can be consistently described quantum mechanically. Some attempts have
been more successful than others, in the sense that they have provided useful
insights into what such a theory might look like, but so far none are fully
understood theoretically, let alone confirmed experimentally. The various
approaches differ widely — it suffices to look at the two most popular ap-
proaches, string theory and loop quantum gravity, to see how different they
can bel!. This can be traced back to two important aspects of the situation
fundamental physics finds itself in: an almost total lack of experimental
evidence to guide us in any particular direction, together with the lack of
general consensus regarding the fundamental principles which will underly
the theory of quantum gravity (QG). The latter point is perfectly highlighted
by Hawking’s famous black hole information paradox [4], and the subsequent
flurry of work which followed since [5, 6], which shows a clear inconsistency
between the basic principles of quantum mechanics, general relativity and
locality, when these are put together in trying to understand the evaporation
of black holes [7]. These studies, together with other unresolved puzzles in
fundamental physics, show us that physics is at a crossroads — only some of

the principles we believe to be fundamental can survive the transition to a

Tt is worth pointing out that sting theory is an attempt at something much more
grand than “simply” unifying gravity with quantum mechanics; it tries to unify all the
forces of nature.



1.2 Causal Sets as a Basis for Quantum Gravity

theory of quantum gravity — and it is our job as physicists to explore the
various possibilities. Causal set theory is one such route, and will be the
subject of the rest of this thesis.

In the rest of this Chapter we will explore some of the ideas underlying
causal set (causet) theory. In Chapter 2 we define causal sets more precisely
and introduce the mathematical tools required for the rest of the thesis.
Chapter 3 is concerned with the construction of a wave operator on causal
sets and is largely based on both published and unpublished work [8, 1]. In
Chapter 4 we use the causet wave operator to define an action for causal
sets and explore its properties both numerically and analytically. Chapter
5 is devoted to the study of the (2 dimensional) causet action of causal sets
well-approximated by 2 dimensional Lorentzian spacetimes, and a possible
relation to the Lorentzian version of the Gauss-Bonnet theorem is investi-
gated. Again this work is based on published work [2]. In Chapter 6 a
conjecture for a novel interpretation of the entropy of any causal horizon,
which makes use of the causal set action, is given. Numerical evidence is
provided for this conjecture and consequences of the results are explored.
Chapter 7 wraps up the thesis by providing an overview of the work covered,

discussing also current and future work.

1.2 Causal Sets as a Basis for Quantum Gravity

Twentieth century physics has given us the two most successful theories of
physics ever, Quantum Mechanics and General Relativity. In GR, spacetime
is elevated from the absolute, fixed, background role it played in pre-general
relativistic physics, to the same status as the matter which it supports?, thus
becoming a physical, dynamical structure in itself. Its physical nature is usu-
ally represented by a metric field, whose dynamical evolution and interaction
with matter is determined by the Einstein equations. The spacetime points
themselves do not possess any individuality per se, but rather act as carri-
ers for the metric and matter fields. This does not however imply that the
underlying spacetime manifold is formless, since its points in fact carry first
a foremost topology and differentiable structure. These structures though,

unlike the fields they support, remain absolute. The kinematical structure

2Matter here is taken to mean anything that is not spacetime itself, e.g. a massive
particle, the electromagnetic field etc.



1.2 Causal Sets as a Basis for Quantum Gravity

of GR thus comprises a 4 dimensional manifold M, and a Lorentzian metric
g on M. We will see in the next chapter that this dual structure can be
replaced by something arguably more primitive, causal structure (denoted
<) together with volume information, V.

Now any approach to Quantum Gravity must begin its journey by defin-
ing the kinematics of the theory. In other words it must define what it is it
wants to “quantise” (having done this, it must then say what it means by
“quantising”). The infinities of existing theories, namely the divergences of
Quantum Field Theory, the singularities of GR, the infinite entropy of black
holes in the absence of a cutoff and the non-renormalisability of gravity,
suggest that the spacetime continuum of GR is not the correct kinematical
structure to quantise (however this quantisation may proceed). Indeed, all
of the above infinities indicate that the spacetime continuum should be re-
placed by something fundamentally discrete. This discrete substratum must
possess the property that at sufficiently large scales it reduces to the space-
time continuum of GR, approximately. When spacetime is expressed as the
pair (M, g), it is hard to see what such discrete structure might be. However,
when expressed as the pair (<, V') things look more promising. The causal
set approach to QG is based on the hypothesis that the discrete substratum,
underlying the spacetime continuum, is a locally finite partial order, where
the order relation, <, is taken to underly the macroscopic causal structure
<, and the number of elements N corresponds to the volume V.

Having defined the kinematical structure, we must now specify what we
mean by quantisation. There are two main approaches to quantisation, the
canonical, “state vector/observable” quantisation based on the Hamiltonian,
and the Sum-Over-Histories approach based on the Lagrangian. From the
early days of quantum mechanics it was argued by Dirac that an approach
to quantum theory based on the Lagrangian would probably be more fun-
damental than one based on the Hamiltonian, since the former is relativis-
tically invariant whereas the latter is “essentially nonrelativistic”. It should
therefore come as no surprise that the causal set approach, which is rooted
in spacetime causal structure, and is therefore essentially relativistic, fits
naturally in the SOH framework. As it is usually taught in undergraduate
courses, the SOH approach (more commonly known as the Path Integral ap-
proach) is seen as an equivalent alternative to the canonical approach (which

in most cases it is), but whose interpretation still relies on the mathematical

10



1.2 Causal Sets as a Basis for Quantum Gravity

machinery of the canonical Hamiltonian approach. The point of view we
will take, however, is that the SOH should be viewed as a free standing for-
mulation of quantum mechanics, whose interpretation can be made precise
independently of the machinery used in canonical quantum theory. In par-
ticular, we view the SOH as a generalised stochastic dynamics, characterised
by a non-classical (quantum) measure which allows for interference between
pairs of histories.

It is not the scope of this thesis to give precise meaning to the SOH 2, or
how to use the SOH to define a quantum dynamics for causal sets. The only
thing we will mention is that in the free standing SOH formalism the history
itself plays the central role. This history can be whatever we want and in
particular, it can be a causal set. So it should be intuitive, if not clear, why

quantum causal set dynamics will likely be based on a SOH, which write we

7=3esl,
c

where the sum is over the space of causal sets C, and S|C] is the action of a

as

causal set.

3The interested reader can look at [12] for an introduction to the particular inter-
pretation of the SOH that we have in mind. Or [11] for a good review of the SOH in
general.

11



Chapter 2

Causal Sets

As mentioned in the previous chapter, causal set theory is an approach to
quantum gravity in which the fundamental structure of spacetime is pos-
tulated to be discrete, and where the only information carried by the sets’
elements is causal order, which mathematically defines a partial order. This
idea was originally proposed independently by Myrheim [14], t'Hooft [15]
and Bombelli et al. [16], and has been championed by Sorkin ever since.
The causal set approach rests on theorems by D. Malament [17], Levichev
[18] and Hawking et al. [19] which state that for distinguishing spacetimes
one can recover topological, differentiable and metric structure, up to a con-

1. Therefore in the continuum,

formal factor, from causal structure alone
causal order and volume information together are enough to recover the full

geometry of the spacetime, schematically we could write
“Order + Volume = Geometry”.

As was first pointed out by Riemann [20], in a “discrete manifold” volume
information is simply given by counting the number of points. Thus, if the
order relation of a causal set provides the causal structure and the number
of elements encodes the volume, then a causal set is capable of giving back

the full geometry on scales much larger than the discreteness scale. This is

!The precise statement in Malament’s theorem is that if there is a bijective map between
two past and future distinguishing spacetimes that preserves their causal structure then
the map is a conformal isomorphism.

12



2.2 Definition

neatly encapsulated in Rafael Sorkin’s slogan
“Order + Number = Geometry”.

For a more complete review of causal sets see [21, 22, 23, 24].
In the rest of this chapter we define the necessary mathematics needed

in the rest of this thesis.

2.1 Definition

A causal set is a locally finite partial order, i.e. it is a pair (C, <) where C

is a set and = is a partial order relation on C which is
1. Reflexive x <
2. Acyclice Ry<x=x=y
3. Transitive x |y 2z =1z <z, Vx,y,z € C.

Local finiteness is the condition that the cardinality of any order interval
is finite, i.e. |I(z,y)| < oo, where I(z,y) = {z € Cly =< z <X z}. We will
write z < y when < y and « # y. We call x < y a link if x < y and

n(z,y) := I(x,y) — 2 = 0. Links are the irreducible relations in a causet.

2.2 Sprinklings

A basic question about a causal set is, under what circumstances can we
claim that a spacetime (M, g) is a good approximation to an underlying
causal set C? To answer to this question we introduce the notion of a
sprinkling. A sprinkling is a way of generating a causet from a d-dimensional
Lorentzian manifold (M, g). It is a Poisson process of selecting points in M
with density p so that the expected number of points sprinkled in a region of
space-time volume V' is pV. This process generates a causet whose elements
are the sprinkled points and whose order is that induced by the manifolds
causal order restricted to the sprinkled points. We say that a causet C is well
approximated by a manifold (M, g) if it could have been generated, with
relatively high probability, by sprinkling into (M, g). Note that this process
is kinematical, i.e. it is not how causal sets will be generated dynamically.

An essential property of the sprinkling process is that it is Lorentz invariant.

13



2.2 Sprinklings

time

Figure 2.1: A sprinkling of a region of 2D Minkowski spacetime spacetime
with links. Note how each point has a large number of nearest neighbours,
and how these lie close to the boundary of its casual future or past.

This ensures that the causal sets produced this way are Lorentz invariant
[25].

The interplay between discreteness and Lorentz invariance results in a
radical (but causal) kind of nonlocality. This can be seen as follows: since the
causal set elements, or “atoms of spacetime”, that are nearest neighbours to
a given atom will be of order one Planck unit of proper time away from it, the
locus of such points in the approximating continuum Minkowski spacetime is
a hyperboloid of infinite spatial volume, on which Lorentz transformations
act transitively. The nearest neighbours therefore will (loosely) comprise
this hyperboloid and so there will be an infinite number of them. Where
curvature limits Lorentz symmetry, it may render the number of nearest
neighbours finite but it will still be huge so long as the radius of curvature
is large compared to the Planck length. This effect can be seen clearly in
figures 2.1 and 2.2, which show sprinklings into finite regions of M? and 2d
de Sitter respectively, with links.

14



2.2 Sprinklings

~0OYNONTOR
©06S 9999

Figure 2.2: A sprinkling of a region of 2D de Sitter spacetime with links.
Note how each point has a large number of nearest neighbours, and how

these lie close to the boundary of its casual future or past.

15



Chapter 3

Causal Set d’Alembertians

3.1 Lorentz Invariance, Discreteness and Non-locality

We showed in the previous chapter that the discreteness and Lorentz in-
variance of causal sets together result in a radical kind of nonlocality. This
nonlocality, were it incorrigible, would block causal sets from being useful
phenomenologically and threaten to derail the causal set programme alto-
gether. There is growing evidence however that the nonlocality of Lorentz
invariant discrete structures can be tamed. For example there is a quasi-
local scalar wave operator, B®, for fields on causal sets well-approximated
by 2 dimensional Minkowski spacetime [26, 21]. This operator tends to the
exact (2-dimensional) continuum flat scalar d’Alembertian in the continuum
limit. In this chapter we extend this result to 4 dimensions, with the in-
troduction of an analogous operator B®). We will also prove, under certain
conditions, that when B@ is applied to scalar fields on causal sets which
are approximated by 4-dimensional Lorentzian spacetimes, its mean tends
in the continuum limit to the curved space operator, O — %R, where O is the

curved spacetime scalar d’Alembertian and R is the Ricci scalar curvature.

3.2 The 4-dimensional Causet d’Alembertian

We begin by defining some important quantities which will be used through-
out the rest of this thesis. Given a point x € C we define the set of all its

past nearest neighbours to be
Ll(x) = {yEC |y<x, n(a:,y) :0}7 (31)

16



3.2 The 4-dimensional Causet d’Alembertian

where n(z,y) = |I(z,y)| — 2. We refer to this set of elements as past layer
1. We can generalise this by defining the sets of next nearest neighbours,
Lo, next next nearest neighbours, L3, and so on. In general the i-th past

layer is defined as
Li(z):={yeC|y<zandn(z,y) =i—1}. (3.2)

Now consider the following discrete retarded operator B, on a causet C,
[8]. If ¢ : C — R is a scalar field, then

Bola) i= — [~ 0(a)
Y -9 Y 416 Y =8 Y )ew)]. (33
yeLq(x) yELa(x) yELz(x) yELa(x)

where [ is a length. B is defined on scalar fields on any causal set but
is particularly relevant for causal sets that are well-approximated by a 4-
dimensional Lorentzian manifold, (M, g).

Let ¢ be a real test field of compact support on M and x € M. If
we sprinkle M at density p, include = in the resulting causet C, then, as
mentioned in section 2.2, Ly(z) C C will be a very large set whose elements
lie in the causal past of z, J~(z), and hug the boundary of J~ (z), their locus
being roughly that of the surface of points which lies one Planck time away
from x. The elements of Lo(x) will also be distributed down the inside of
the boundary of J~ (), just inside layer 1, and so on. The value of B¢(x) on
C looks like a highly nonlocal quantity, involving the value of ¢ at enormous
numbers of points outside any fixed neighbourhood of .

The sprinkling process at density p produces, for each point z of M, a
random variable whose value is B¢(x) on the realisation C of the process.
The expectation value of this random variable is given by the spacetime

integral

Bo(x) = E(Bo(x)) = “fg [~ o(x)

v p / dy Vg o) e S -9+ 82 — 2], (34)
yeJ—(z) 3

where £ := pV (y), V (y) is the volume of the causal interval between z and y.

To prove this imagine discretising the sprinkled spacetime into small cells of

17



8.8 Proof: Sprinklings of Minkowski Spacetime

volume AV, labelled by I, and let m; be the number of elements sprinkled
between x and the I-th cell. Define a random variable x; by

1 if cell I is filled

X1 (3.5)

0 otherwise.

then E(x7) = pAV +h.o.t.. The mean of the sum over the first layer, L;, is

O S xao) = () x Plmy = 0)p(y) = > pAV e V1(y), (3.6)
I

I yely 1

where we used angled brackets to denote expectation values, V7 is the volume
of the causal interval between x and the I-th cell, and the first equality holds
because the two random variables are independent. Taking the limit in which

the cells become infinitesimally small, AV — dV we get

| paveeng) (3.7)
y€J~(z)
And similarly for the sums over the other layers.

We can see that the integrand in (3.4) is small wherever £ is large,
i.e. wherever the spacetime volume of the causal interval between x and
y is larger than a few Planck volumes. But, £ is small for the part of
the integration range which is exactly that region close to the boundary of
J~(z). In the following sections we will prove that, for large enough p, Bo(z)
is effectively local and is dominated by contributions from a neighbourhood
of x: the contributions from far down the boundary of J~(z) cancel out. In

particular we will prove

lim Bo(x) = 06(z) — 5 R(x)o(x) (3.8)

p—00

under certain assumptions about the support of ¢ in (./\/1(4),g).

3.3 Proof: Sprinklings of Minkowski Spacetime

Before proving the curved spacetime result (3.8), it is instructive to con-
sider the simpler case of a sprinkling in M* for which we will show that

lim, o Bp(z) = O¢(x). This will provide the basic framework on which
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8.8 Proof: Sprinklings of Minkowski Spacetime

the curved spacetime proof rests.

Choose x as the origin of cartesian coordinates {y*} and in that frame

define the usual spatial polar coordinates: r = \/Zf’zl(yi)Q, 6 and . Null

radial coordinates are defined by u = %(yo —r)and v = %(yo + 7). For
convenience in what follows, so that we don’t have negative coordinates to
deal with, we use time reversed coordinates, y° — —1° so that © — —v and
v — —u. The volume, V(y), of the causal interval between {y*} and the
origin is V (y) = Fu?v?.

Let us take the region of integration R to be the portion of the causal
past of the origin for which u? +v? < L?, where L is large enough that the
support of ¢ is well within R. R can be split into 3 parts:

Wi={yeR|0<u<v<a} (3.9)
2

W2::{yeRyagng,ogug%} (3.10)

W3 ::R\(WlLJWQ), (3.11)

where a > 0 is chosen small enough that the expansions of ¢ used in the
following calculation are valid, and is independent of p. Wi is a neighbour-
hood of the origin, W5 is a neighbourhood of the past lightcone and bounded
away from the origin and Wj is a subset of the interior of the causal past
that is bounded away from the lightcone.

Consider first the integral in (3.4) with the range of integration restricted
to W3

Q| =~

y d'y d(y)e VW x (1 -9V (y) +8(pV(¥))> — - (pV (¥))%).  (3.12)

V(y) is bounded away from zero in W3, indeed V' (y) > Vipin = §a” so

(3.13)

H) (1~ 99V () + 8V (1)~ (Y ()?)

< e_mein /
W3
1

which tends to zero faster than any power of p~" as p — oco.
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8.8 Proof: Sprinklings of Minkowski Spacetime

Consider now the integral over W5. Note first that

4 o
_50.—95—%852——553)::Ck_5 (3.14)
where
R 4 1 3
O::§(H+§)(H+1)(H+§) (3.15)
4

= 1+9H1+8H2+§H3 (3.16)

and an
H, = p”W and H=H;. (3.17)

Jun
w

O annihilates p~2, p~t and p~2. The integral we are evaluating can be

rewritten as Jo = @_[2, where

L a2
P :/ dv/ du/ng %(v —u)2p(y)e VoW, (3.18)
a 0

We will show that Jo tends to zero faster than p_% and so makes no contri-
bution to the limit. Let g(u,v) := [ dQ (v — u)?¢(y), then

2
L a_
I :/ dv/o dug(u,v)e_p%“%Q, (3.19)
a

where we used the fact that 72 = 2uv. Integrating by parts in « and ab-

sorbing 7 /6 in the definition of p gives

/ dv/v du g(u,v) e Putv?

_ /Ldv Vmerf(a \f ferf(uv\f)
o 2\/pv 2,/pv
2

v 1 L v a
;lvﬁm; v)—pb / d—ﬁerfc(aﬂmg(;,v)

ul(u,v)

M\H

=p
a

%/‘“/ dun/ erf (wvs/B)g.u (1, v) (3.20)

The first term of (3.20) vanishes on application of O. Since v > a, the second
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8.8 Proof: Sprinklings of Minkowski Spacetime

term tends to zero exponentially in the limit p — oo, as do all derivatives of
the second term w.r.t. p. Thus o acting on the second term gives something
that tends to zero exponentially fast in the limit. For the third term we use

the following property of )

A f 2 .
o <er(\/ﬁuv)> = = Peri?, (3.21)
VP VT
where P = 2 H+1)(H+3) (P annihilates p~! and p_%), so we get
2
—73/ dv/ duw gy (u,v)e P, (3.22)
a 0

We repeat the steps of integrating by parts and discarding terms that vanish
in the limit. We have to do it twice more before we obtain an integral we

can bound. So,

a2
L B3 2.2
/ dv/ duu gy (u,v)e "
a 0
L

dv L dv 2,2 a?

1 1 av

= —p - 0, 0 p ,
/a 202 g’u( v) /a 202 © g,u( v v)

2
L a®
d v
- pil / ﬁ /O du eipu%zg,uu(lh U) : (323)

The first term is killed by P and the second term (and its p derivatives) tends

to zero exponentially fast as p — oco. The final term gives, on integration

by parts,
s (L dv a?
—p 2 g 47)3\/% <9,uu(vav) —g,uu(O,v)>
s [ dv a?
2 2 fi 2 uu\" "
T / VR etfe(a ) g ()
a,2
s fPav [V
+p 2 Y] du /7 erf (uv/p) gy (U, v). (3.24)
a 0

The first term is killed by P and the second and its derivatives are expo-
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8.8 Proof: Sprinklings of Minkowski Spacetime

nentially small. The third and final term on application of Pis

M\w

/ 403 / duv/m erf (uv/p) g uun (1, v)

= —/ dv/ ’ duu3e*pu2v2gyuuu(u,v). (3.25)

We can now bound this term

2 2
L a_ L a_
v _ 2.2 v _ 2,2
/ dv/o duu’e P G (u,v)| < nguqu/ dv/o duue P
a a

(3.26)
where ||gyuul|y is the uniform norm of g .. over the integration range. The

remaining integral can be done

L % 3 —pu2v2 1 1 -2
) dv ; duu’e =62 " 63)" (3.27)

up to exponentially decaying terms as p — oc.

Now consider the contribution coming from the near region, I;. Since
the integral is over a small neighbourhood of the origin we can expand the
field as

B() = 9(0) +4"0,(0) + 5y 0,0(0) + 4P Y Vyualy), (3:28)

where ¥, (y) is some smooth function of the y#. Plugging this into I; and

performing a few simple integrations gives

a v o 2 2o )
O /0 d /0 du / ng(U2u)¢(0)e_p6“ - ;(1 _ e B g(0), (3.29)

— ( G\f (1 — e srty ‘/f“ezpa“) $.4(0) (3.30)

a3 p?

for the first two terms of (3.28). After multiplying by p%/2, (3.29) cancels

with the delta function term in (3.38) (up to exponentially small terms)
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8.8 Proof: Sprinklings of Minkowski Spacetime

while (3.30) goes to zero in the limit p — oco. The third term in (3.28) is

that of most interest to us, it gives

p2(9/ dv/ dU/dQQ v—u yy”qﬁw( Je~ PEu

= 36(0) - A0+ = (040 +304(0) (33D

aQW\f

up to exponentially small terms. Finally we need to show that the integral

O [ v [Fau 10 e B (332)
0 0

does not contribute in the limit. Integrating over the angles one finds that

the above is given by a sum of integrals of the form
(’)/ dv/ duu™v"™ P (u,v) e m4n=5 (3.33)

where 1 (u, v) is some unknown function which involves at least three deriva-
tives of ¢. These integrals are shown to go to zero in the limit in appendix
A. We can see that (3.31) contains the only term which survives in the limit

p — 00, the d’Alembertian O¢, which proves the result.

3.3.1 Corrections

We can estimate the size of the corrections to the limiting value of the causet
d’Alembertian, B, at finite p. If spacetime truly is fundamentally discrete
then such corrections can play an important phenomenological role.

Using (A.13) we find that, to first order, the corrections go like

_1
[16""[11p™2 log(pa®), (3.34)

where [|¢""||; is the uniform norm of the fourth derivative of ¢ in Wy. So
B¢ will be a good approximation to O¢ when the characteristic length scale
X over which ¢ varies satisfies A2 > [? log(7). This inequality expresses the
simple fact that the causal set cannot support waves whose wavelength is
smaller than the discreteness scale itself. There are other corrections coming
from Wy, (3.26)-(3.27), which lead to the following extra conditions for B
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3.4 Proof: Sprinklings of Curved Spacetimes

to be a good approximation to O at finite density

l2 2 4

~ ° - =~
Sldall <06, Sllumlk <06, lldunll <06 (335)

where ¢ = [ dQ ¢.

3.4 Proof: Sprinklings of Curved Spacetimes

Having proved the result for flat spacetimes we now prove it for sprinklings
into curved spacetimes. We assume that the field ¢ is of compact support,
and that J~(x) N supp(¢) is contained in a normal neighbourhood of the
origin (further details about the assumptions will be given at the relevant
stages of the proof). These assumptions will allow us to expand the metric
and the volume of causal intervals around their flat limits, and hence to
closely mimic the flat spacetime proof of the previous section in the sense
that we will do the integrals by splitting the region of integration into three
parts and show that only the contribution coming from a small neighbour-
hood of the origin is non-zero in the limit.

Consider first the integral in (3.4) with the range of integration restricted

to the complement of any neighbourhood, U of 0J~ (x):

/ d'y /=g d(y)e VW
J~ (z)\U

4

X (1= 90V (y) +8(pV ()" = 5(pV(®))*). (3.36)

V(y) is bounded away from zero over J~(x) \U. Since, otherwise there’d be
a point p in the interior of J~(x) which is timelike related to z but such that
the volume of the causal interval between p and z is zero, a contradiction.
So

[ty =g o) eI - 99V () + 8V ()~ 5 (Y ()°)
J—(2)\U

<ot [ Vo) - 99V ) + SV - 36V 0
T (2)\U

(3.37)

1

which tends to zero faster than any power of p~" as p — oco. Therefore, to
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3.4 Proof: Sprinklings of Curved Spacetimes

prove the result, we need only show

m WP 4y = &1 _ 2_ 4
Jlim Y [ o) bp [y Vo) et -9+ 8 g

00(2) — 3 R)o(), (3.39)

for any single neighbourhood, U, of 9.J (x), which we may take as small as
we like.

Consider “partitioning” this neighbourhood into a normal neighbour-
hood N of z and a neighbourhood of the light cone bounded away from
the origin, M, such that their union contains 0J~ (x) N Supp(¢). Define

null Riemann normal coordinates in N: ¢ := y°, r? = Zi:1,2,3(yi)27 null
coordinates u = %(t —r)and v = %(t + ), and the usual polar angu-

lar coordinates, 6 and ¢, together with global Fermi normal coordinates
(w, 2,0, ) defined in the next section, in M. Again we use time reversed
coordinates, t — —t so that v —» —v, v - —u, w —» —z and z — —w.
Consider the subsets W7 and W5 of AV and M respectively:

Wyi={yeU|0<u<v<a}, (3.39)
Way:={yel|d <w<L 0<z<Aw,0,9)}, (3.40)

where where L > 0 is large enough so that W U Wy contains 0J~ (z) N
Supp(¢), a > 0 is chosen small enough so that the derivatives taken in the
following calculations are defined and so that the correction to the first term
in the expansion of V(y) in proper time is small, and A = A(w, 6, ¢) is also
“small” in a sense which will be explained at the appropriate step in the
proof. a’ is chosen small enough such that regions W and Wj overlap (see
figure (3.1)) in a subregion, W7 N Wy C Wi, which is bounded away from
the origin. It follows from the “near region” proof in section 3.4.2 that any
contribution coming from a subregion of Wi which is bounded away from
the origin is zero in the limit, so that this overlap does not contribute in the
limit. Again let J; = @Ii where

L= [ atyv=goe s (3.41)
W;
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3.4 Proof: Sprinklings of Curved Spacetimes

Figure 3.1: A sketch of the neighbourhoods N and M, and the regions of
integration Wy C N and W C M.

3.4.1 Down the light cone

We begin by proving that the the contribution coming from Ws, namely
Ja, goes to zero in the limit. Choose a normal neighbourhood of the origin
together with a Riemann normal coordinate (RNC) system centred at the
origin, and fix a set of null vectors, N (0, ¢), parametrized by 6, ¢ according
to the RNC. On each null geodesic v(0, ¢) defined by parallely transporting
N(0,¢) along itself we define affine coordinate w. The final coordinate is
given by affine distance z along a null geodesic A from “base point” p on
(0, ¢) with coordinates (w, 0,60, ¢), whose tangent vector, when parallely
transported to the origin of the coordinates is N(m — 6,7 + ¢). We assume
there is a neighbourhood of the lightcone in which coords (w, z,0, ¢) exist
and such that in a neighbourhood of any null geodesic (0, ¢), Fermi Null
coordinates (zT, 27, x',22) [27] defined using the two null vectors at the
origin, N (6, ¢) to define 2 and N(m — 6,7 + ) to define z~, coincide to
the extent that the point (w, 2,0, ¢) is the point (z+ = w, 2~ = z,2% = 0).
We want to bound p%@IQ where

L -~
I = / duw / a0, / VI o /g5 (0 — 2Poly)e W, (3.42)
a 0
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3.4 Proof: Sprinklings of Curved Spacetimes

JdQy = [ do f027r desin® and h(w, 0, ) is some unknown function which

we define shortly. It is shown in appendix B that in the limit z — 0
V(y) = 2*h(w,0,¢) + 2g(w, 2,0,¢). (3.43)

We will assume that z is always chosen to be sufficiently small so that
the causal interval between y and the origin is contained in the normal
neighbourhood in which global FNCs hold. Using (3.43) we can write the

exponential term in (3.42) as

1 — (—p)*
e—pV(y) _ eprQh (1 _ pz3g+ §p22692 + kzg ( kp') Z3kgk> ] (344)

Then Iy = 151 + Ioo + Io3 + 1oy, where

2
L a_
I :/ dw/ng/\/ﬁdzfl(w,z,@,cp)e_pZQh(w’g"p), (3.45)
a 0 ,
L Vi 22,0
Iy = —p/ dw/dﬂg/ dz 23 fo(w, 2,0, p)eP? M=0¢) (3.46)
a 0

2
1, [F Vi
Iys = +2p2/ dw/dQQ/ﬁdz zﬁfg(w,z,G,gp)e*pZQh(w’o’“"), (3.47)
a 0

2
1 L Vi -
Iy = —2,03/ dZ/dQQ/O hdw\/?(y)gb(y)(w—z)% p22h(w,0,p)
o Nk

x g(w, z,0, @)329 (I({ _fg)'

(23g(w, 2,0,9))", (3.48)
k=0

and where

filw, z,0,¢) = % —g(y)(w — z)2¢(y)g(w,z,9,g0)ifl, i=1,2,3. (3.49)

Note that the region of integration for all the integrals is bounded because
¢ is of compact support, and the sum in the integrand of Is4 is uniformly
convergent. It is shown in appendix A.2 that Oly; = O(p~2), Ol = O(p~?)
and Ol = O(p~2) as p — co. The only term left to bound is Oy and we
can bound each term in (1 + 9H; + 8Hs + %H3)124 separately.

Let g(w, 0, ¢) := ||g(w, 2,0, ¢)||» where || - ||, denotes uniform norm over
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3.4 Proof: Sprinklings of Curved Spacetimes

the range of z for some fixed (w, 6, ¢), then

>

k:O

1
(23g(w, 2,0, )" éepz 9 (3.50)

Yy € Wi. We now need to choose a small enough value of a (independent of
p) such that 235 < Z! in W5. Choosing a® < h3/2/(27) ensures the above
is satisfied — note that g depends on a but it decreases monotonically with

decreasing a and so the condition can be satisfied — then

2
3 L 2
\124\§p2/ dw/dQQ/O”d w— 2) ‘\/ W o(y ‘39 (3.51)

3 L % 9 4 2h
< #cp / dw/dﬁg/ dzz"e” 27 (3.52)
a 0
where ¢ = g H —2)? [ dQ/—g(y)|b(y |H and “#” denotes a constant
numerical factor independent of the parameters. The integral
a2
Vh ) 1
Pl R S— (3.53)
/0 pPh(w, 0, )

ignoring exponentially decaying terms so Io4 = O(p~2). The other terms in
Ol are also O(p~2). The calculations are similar to that shown above and

are relegated to appendix A.3.

3.4.2 The near region

Having shown that the contributions to the mean from down the light cone
vanish in the continuum limit, we can conclude that the result must be local,
since we can choose a to be arbitrarily small. The value of lim, .., Bo(x)
must therefore only depend on quantities local at x. The only terms of the
correct dimensions are O¢(x) and R(x)¢(x) and if it is finite, the answer
will be a linear combination of the two.

So we want to show that

pP—00

lim (pOF, — pho(@) = 22 (060) - yR@0) . (@50



3.4 Proof: Sprinklings of Curved Spacetimes

where

I = / dv / du / d92 \ﬁ Yo (y)e PV (3.55)

In W), we have expansions in normal coordinates:

V8= 1= "y B (0) + 4 ¥ Ty (). (3.56)
¢(y) = 6(0) + y*9,.(0) + %y“y%,w(o)

+ Y Y Yuva(y) (3.57)
V() = 577~ g7 RO+ 27" By (0)

"y S (y) = Vo(y) + 0V (y) (3.58)

where Vo(y) = 57* and 6V (y) is the rest, Tpup(y), Yuva(y) and Sy, . (y)
are smooth functions of y, and we used the Myrheim-Gibbons-Soloduhkin
formula for the volume of small causal intervals in curved spacetimes [14, 28].
Equation (7) of [28] uses the scalar curvature and Ricci tensor evaluated at
the midpoint of the causal diamond. In our case however, these are evaluated
at the future tip'. It can be shown that to the order we’re interested in, this
does not affect the volume expansion.

Using (3.44) and (3.56)-(3.58) one can expand the integrand in (3.55)

and collect the terms in 4 groups:

1 , v )
AlY) =+ ¥y S — *cby y RW+ 2320¢>(T2R—6y“y Ruw), (3.59)
1 12
B(y) = (1 - 6y“y RW) Y — fy VY Y Ry ap
1 v T 6p_ T 4.8
gy o (4320 R o5gm vy Raﬁ)
1 1,
+ p(y Y b+ 2y1 D, )(1— gy yﬁRa,g)
s
— °R, 3.60
% (4320 7207 vy ) (3.60)

'n fact it’s the past tip since we have reversed the direction of time
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1
Cly) = [\/ —9 Y'Y Y Vv (y) + Y Y T (y) (¢ +y%h 5+ 53/5 y”sbm)]
1
X (1 — poV + 2p25V(y)2>
1
—pyt ... ymsm...m (y) <¢ + yu¢,u + yuyy(ﬁ,uu)

2
[
X 1_6nypa )

D) =/ slotn) 3 G- ov (361
such that
V=g6(y)e™?" = (A(y) + B(y) + C(y) + D(y)) e """, (3.62)
" Iy = 1/a dv /U du/ng(v —u)?A(y)e P"0, (3.63)
2 Jo 0

and similarly for Ip, Ic and Ip. I4 and Ip are doable integrals involving no
unknown functions. We will see that OI4 gives the nonzero contributions
in the limit and OI B, @IC and OI p vanish in the limit.

Consider [4 first. Integrating over the angular coordinates gives

a v — )2 1 1
Iy= / dv/ duu <47r<;5 + AP ho0 + 570)
0 0 2 2 7 3

uSv3pR

1 1 321%p
— —¢4n(t*Roo + 5 Ry
50 7( 00+ 3R )+ 1390
967°p 5 o, o L o —pVi
- t - 11 pO. B 4
4320uvd>( Roo—}—BTR) e (3.64)

We use the symmetry of the integrand under the exchange of u and v to

double the integration range to v € [0,a] and v € [0,a] and divide the

resulting integral by two, then all the integrals are of the form

Lym = / dv / du v ue 5P (3.65)
0 0
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up to some constant factors. For n # m we have

1 a™ " n+1 n+1
Inm: n F _F 7/4)
’ 2(m—n)p’% [ p'2 ( ( 2 ) ( 2 oa)
atm m+1l, _m+1 4
o (r( m N ,pa)ﬂ (3.66)

where p := £ Here I'(z) = [7°t* e~!dt is the Euler gamma function and

(b, z2) = fzoo t'~le~tdt is the incomplete gamma function. For n = m,

2+n) 1+n 1+n 34+n 3+
a n n n n
A Ja . c—aty 3.67
n,n (1+n)22 2( 2 3 9 3 2 ) 2 5 (Ip) ( )
where ,Fy(ai,...,ap;b1,...,bq;2) is the generalised hypergeometric func-
tion. In the limit p — oo the leading order term is [29]
log(p'a®) ., 1+n
Ly = B ) Ly (3.68)
4T 2

The incomplete gamma functions in (3.66) are exponentially decaying in the
limit, and do not contribute. So any term proportional to I, ,,, with n # m
will behave like a negative half integer power p‘g, p € N. Acting with
O on such a power annihilates such terms with p = 1,2, or 3 leaving the
first correction O(p~?), which does not contribute in the limit. Therefore
the only terms which contribute are those proportional to I, ,. In I4, only
terms proportional to I, , with n = 1, 2 and 4 appear, it is then a simple

exercise to show that

4 A 1
lim—(— 0+3/2(’)I):D—7R0 0). 3.69
S s Vpd(0) + p 4) = (0= 5R(0))(0) (3.69)

Consider Ip next. Again it is a linear combination of integrals I, ,, of
which only those for which n = m are not exponentially suppressed, and
from (3.67) we see that I, , = O(pf%rl log p) in the limit. It is straightfor-
ward then to show that

N lo
32015 = O(=8L 3.70
p B ( 7 ) (3.70)

as p — oo.
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We now deal with C'(y). Terms in C can be grouped as follows

y"QUy), 3<n<6 (3.71)
py"Qy), T7T<n<I12 (3.72)
2y Q(y), 15 <n <18, (3.73)

where y € {u,v}, Q(y) represents one (or product) of the unknown functions
Yuva(Y), T(Y)s Spy..ur (y) and we have omitted constant factors. Integrating

over the angles leaves us with the following integrals

Imn :—/ dv/ duu™v"Q(u v)e*p“%Q, 5<m+n<8, (3.74)
= p/ dv/ duu™v"Q(u v)e*p“2”2, 9<m+n <14, (3.75)

In =0p /0 dv/o duu™0"Qu, v)e P 17 < m+n < 20, (3.76)

where we have absorbed a constant factor into p. Note that (3.75) and
(3.76) can be rewritten as Hilp,—2m—2, n —2,m —2 > 0 and Holp—4m—4,
n —4,m — 4 > 0 respectively and since [H;, @] =0, ¢ =1,2, we only need
@Imm = O(p~2) for n+m > 5. We relegate the proof of this result to
appendix A.1. It follows that lim, . ,03/2@]0 =0.

Finally we deal with Ip,

ID_/ dv/ du/dﬂgf Z /j (5V)kerVo (3.77)
k=3

where f(y) = /—9g(y)o(y % (v —wu)*. Using nuyty” = —72 we can rewrite
0V as
m T _
5V (y) =78 (—MR(O) + o oo (V) + 475 o (y)) =:7°5(y), (3.78)

where Rjq is the time-time component of the Ricci tensor, and similarly for
Sﬁ...Om’ evaluated in an orthonormal frame at the origin whose zero leg is

aligned with the tangent vector of the geodesic connecting the origin and y.
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So

B a v G = (_p)k G —pVo
Ip = —/0 dv/o du/d92f(y)P37'185(?/)3 kOM(T6S(y))k€ P,

(3.79)

As for the similar term in the previous section we can show that each term
in OIp is O(p~2log p) starting with Ip itself.
Let S’ := [|S(y)|l1, where || - ||; denotes uniform norm over Wi, the

current range of integration. Then

= (—0)F s 1 )
<z(f f):a)w(”’“S(y)’f < e (3.80)

6

k=0

Yy € Wy. Choosing the neighbourhood size parameter a? < g6 leads to
/3 ¢ ! 9.9 —= puv? /=2 4
[Ip| < #p ; dv ; duu’v’e” 12 ~ #c p~“log(pa™) (3.81)

where ¢ = 5|/ (v — u)? [ dQ%/=g|¢| ||li. Similar calculations to the one
shown in appendix A.3 show that HiIp, Holp and H3lp are also O(p~2?)

with coefficient ¢/, up to numerical factors.

3.4.3 Corrections

The curved spacetime result proved in the previous section is only valid in
the limit of infinite sprinkling density, and does not shed any light on when
the mean of B¢ is a good approximation to (O — %R)d) at finite density.
This is because in order to estimate the corrections one needs an explicit
form for the volume of causal intervals which hug the past light cone of z,2
which are not known. We can remedy this by further restricting the region
of integration to be contained in a neighbourhood of the origin for which the
curvature components are small, i.e. R, qog2°2” < 1 for all components.
This is effectively restricting the region of integration to be the near region
of the previous section, for which we have an explicit form for the corrections

to the volume of causal intervals. One of the leading order corrections comes

2These intervals have small volume but stretch over vast regions of the spacetime and
therefore probe the global spacetime curvature.
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3.5 Fluctuations

form the term y”y”yayﬂRWQS,Qg in I'p and goes like

1*log(a/l) R 45 (3.82)

where [i, U, etc. represent some specific choice of u, v etc. Similarly to
the flat spacetime result we find that in this restricted case, B¢ is a good
approximation to (0 — $R)¢ at finite density p if A\> > (%log(a/l) and

r2 > [%2log(a/l), where r is the radius of curvature.

3.5 Fluctuations

So far we have only been concerned with the mean of the causet operator
B, (3.3), but what about fluctuations? If the physical IR cutoff L is fixed
and the discreteness scale [ sent to zero, i.e., the number of causet elements
N grows, simulations show the fluctuations around the mean grow rather
than die away and B¢(z) will not be approximately equal to the continuum
O¢(x). This would mean that, for example, if one intends to use B to clas-
sically propagate a scalar field on a causal set, then the discrete propagation
couldn’t approximate the continuum one, since, for large enough density,
the value of B¢ at every step would be far from 0. It’s possible that by
averaging over many Planck lengths, the fluctuations would be tamed. But
even if this were the case, which remains to be shown, the fluctuations would
be bound to affect even the coarse grained field, if large enough. For the
rest of this section we will assume that large fluctuations are unwanted.

To dampen the fluctuations we follow [26] and introduce an intermediate
length scale I, > [ and smear out the expressions above over this new scale,
with the expectation that when [, >> [ the inherent averaging will suppress
the fluctuations via the law of large numbers. Thus we seek a discrete

operator, By, whose mean is given by (3.83) but with [ replaced by l:

4

k

[ o(e)+ 5 [ dy oly) et - 96 + 56— 5],

K Jyed-(x) 3
(3.83)

where now ¢ := l];4V(x, y). Working back, one can show that the discrete
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3.5 Fluctuations

operator, By, with this mean is

Bolo) = s | = 0(0) + € flalen) 9], (38
k Y=<z
where € = (1/I;)* and
9en 8e2n!
fn€) = (1—e) [1_ ¢ (n_2)(1_op
4¢3n!
~ 3(n—3)I(1— 6)3] (3:85)

We prove that the mean of (3.84) is (3.83) by using the same technique used
in proving (3.4), i.e. by discretising the sprinkled spacetime into cells of

volume AV. The average of the second term in (3.84) is given by

O xif(mre) => (x)(f(mr, ) = > pAV(f(my,€)). (3.86)
I I I

To find the continuum expectation value we take the limit as the spacetime

cells become infinitesimally small, i.e. AV — dV. The first term of (3.85)

gives

(1—e)™)=> (1—€™ x Prob(m; = m)

m=0

S e
= m!

— e PViepVi(l—e) _ =Vi/l} (3.87)

where we defined k :=ep = 1/I{. So
1 _ 1 V(x
e (L= or = Y e AVie o [ty Ve ()
I 1 'k k

(3.88)

where the arrow denotes taking the limit AV — dV. The average of the
other three terms in (3.85) can be similarly calculated.

Note that By reduces to B when ¢ = 1. B effectively samples ¢ over
elements in 4 broad bands with a characteristic depth i, the bands’ contri-

butions being weighted with the same set of alternating sign coefficients as
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3.6 Causet d’Alembertians in Other Dimensions

d ng ag Ba o o o
2 3 -2 4 1 -2 1 0
2 2
1 T )3 1 T \3 27 9
33 TR (%) o) Gm) v %1 0
4 4
4 4 ~ 7 7 1 -9 16 -8
Table 3.1: bf

in B. Since (3.83) is just (3.4) with [ replaced by lj, the mean of Bpo(x)
is close to O¢(x) when the characteristic scale over which ¢ varies is large
compared to lr. Now, however, numerical simulations show that the fluc-
tuations are tamed. Points were sprinkled into a fixed causal interval in
M* between the origin and ¢t = 1 on the ¢ axis, at varying density p = %,
where volume V' = ;. For each NNV, 100 sprinklings were done and for each
sprinkling, B¢ was calculated at the topmost point of the interval for ¢ = 1
and I = 0.16. For N = 5000, the mean was u = 9,35 and the standard
deviation s.d = 134.8. For N = 10000, p = —4.00 and s.d. = 102.6 and
for N = 20000, 4 = 1.12 and s.d. = 58.8. These results indicate that the
fluctuations do die away, as anticipated, as N increases and are consistent

with the dependence N~1/2,

3.6 Causet d’Alembertians in Other Dimensions

So far our discussion has been restricted to the 4d d’Alembertian. However
there exist d’Alembertians, B@, in all other dimensions d [30]. Since we
will be needing them in later chapters we give here the explicit form of the
d’Alembertians in 2, 3 and 4 dimensions.

Let C be a causal set which is well approximated by a d-dimensional
spacetime (M, g) and let ¢ : C — R be a real scalar field defined on C. Then

the d-dimensional causet d’Alembertian is

BOo(x) = 5 | asole) + 4 CO Y 6) | (3.89)
=1

yeL;

where the various coefficients are given in table (3.1).

36



3.6 Causet d’Alembertians in Other Dimensions

It is shown in [30] that if the spacetime region into which one is sprinkling
is small enough such that Riemann normal coordinates hold everywhere?
then

. 5
lim B”¢(x) = 0D ¢ (z) — R(z)d(x). (3.90)

p—00 2

So far this result has been proven starting from weaker assumptions only in

4d, c.f. Chapter 3). For other dimensions the proof analogous to the 4d one
remains to be done.

For completeness we also give the non-local expressions one gets by

smearing the above expressions over I, > 1. Let ¢g = (1/I;)¢, then

B\ ¢(x) = é (adqs(:c) - ﬂdedzfdm(x,y),ed)) (3.91)

y<x

where ay and (3; are again given in table (3.1) and

fa(n,eq) = (1 —ed)dgci‘d)( ! > <1 i‘:d)“. (3.92)

1—1

The mean of (3.91) is the same as the mean of (3.89) with [ replaced by .

3Equivalently if the field ¢ is taken to have support only in a spacetime region in which
RNCs hold.
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Chapter 4

The Action of a Causal Set

4.1 From d’Alembertian to Action

In the previous chapter we saw how, in spite of the radical non-locality, it
is possible to define a quasi-local wave operator on causal sets and hence
recover approximately local dynamics. In particular we constructed an op-
erator B whose mean, when applied to scalar fields living on sprinklings of
curved spacetimes, gives both the continuum d’Alembertian and the scalar
curvature of the approximating manifold, in the continuum limit (3.8).

We use (3.3) to define the scalar curvature of a causal set, C, at x € C

:\/‘épz D49 D) —16 > 48 Y | (41

Y3z y€L1 () y€La(z) ye€Ls(z) y€La(x)

This is a weighted alternating sum of the number of elements in the causet
which share the most basic relations with the point x: x itself, links, 3-chains
etc. We call this the scalar curvature because the mean, in the continuum

limit, gives the scalar curvature of the approximating spacetime

- 1
lim B(~1)], = 5 R(@) (4.2)

up to a factor of 2.
Recall that the proof for the continuum limit of B¢ of the previous chap-
ter, c.f. equation (3.8), only holds for ¢ of compact support. In definition
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4.1 From d’Alembertian to Action

(4.1) however we have set ¢ to be a constant, so strictly, our result does not
hold. One way around this is to act with B on some field ¢ which is constant
in some spacetime region of compact support, N, and zero everywhere else
L. For our result to be valid we would then have to require that A/ be small
enough such that the assumptions made in proving the continuum limit of
B¢ are valid. Nonetheless, we will stick to the above definition, keeping
in mind that equation (4.2) will only be true for sprinklings of spacetime
regions A for which our assumptions hold.

We now use the causet scalar curvature R to define the action S|C] of a

(finite) casual set C by summing R over C. In 4D,

4 4 2
5t ;[C] = %%R(w) = %%(N — N1 49Ny —16N3 +8Ny)  (4.3)
where the normalisation has been chosen so that the continuum limit of
the mean gives the Einstein-Hilbert action with the usual normalisation up
to possible boundary terms, N is the number of elements in C, N; is the
number of (i + 1) element inclusive order intervals in C, and I, = v87Gh is
the rationalised Planck length

We can in fact define a one-parameter family of actions, S,(f) [C], by sum-

ming the non-local scalar curvature, ’R,(f) = B](f)(—l), over the causal set
C, times hl? to get the units right, times a number of order one, which in

4D is the ratio of 12 to lf,. So

(4) 4 2
SO S ERE (@v - ezﬂzzmmwweﬂ ~

P zeC x€C Y=<z
(4.4)

When the nonlocality length I; equals the discreteness length I, By = B and
the action, S|C| takes the particularly simple form (4.3): an alternating sum
of the number of small order intervals in C.

Just as for the scalar curvature (4.1), we expect that the continuum limit
of the causet action will yield the Einstein-Hilbert action only for sufficiently
small spacetime regions A, for which our original assumptions hold. We
discuss what might happen for A/ larger than this at the end of this chapter.

Note that because B is the most non-nonlocal of the operators in the

!This would also introduce boundary contributions.
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4.1 From d’Alembertian to Action

family, the action S[C] is a sum of contributions each of which is not close
to the value of the Ricci scalar at the corresponding point of the continuum
approximation, c.f. section 3.5. However, one might expect that if the
curvature is slowly varying on some intermediate scale, which we might
as well call [, the averaging involved in the summation might perform the
same role of suppressing the fluctuations as the smearing out of the operator
itself so that the whole action S[C] is a good approximation to the continuum
action when [j is the appropriate size. Whether this is the case is yet to be

determined and will be studied in future work.

4.1.1 The Causet Action in Other Dimensions

Causet actions exist in all dimensions [30]. Again these are defined as

s\%le) SR
where
d d
R .= B (1), (4.6)

In the previous section we saw the 4d action. Here we give the expressions

for the 2 and 3 dimensional actions.

In 2d
(2)
Skh[c] L2 ZRI(f)(x)
zeC
=2 <62N —26 ) Y fo(n(z,y), 62)) : (4.7)
zeC y<z
and in 3d
(3) 3
Sy [C] ! (3)
= Y RPw)
h p; k
2
I 1 ( 7r )3 2/3 5/3
= = € N —¢€ f3(n(xay)763) . (48)
vy () (-2

As for 4 dimensions, when we set [, = [, i.e. ¢4 = 1, the above expressions
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4.1 From d’Alembertian to Action

reduce to an alternating sum of small order intervals

8

5 h[c] — 2(N — 2Ny + 4Ns — 2N3), (4.9)

sOp) _ 1 ( >§Z(N—N + 2N, — Iy (4.10)
oo ave) g N RN

In general we write

d—2
s = () Gleacl (1)

where

CQ[EQ,C] =2 (EQN - 26% Z Z fg(n(x, y), 62)) y (4.12)

zeC y<x
. 1 T \5 2/3nr 5/3 o). €
C3le3, C] = T (3[) ( N gjy;ﬂfs ,Y), €3 >, (4.13)
Ca[es, C] = \[<\FN—62/ S faln(z,y), )) (4.14)
zeC y=<x

and we set i = 1 throughout the rest of this chapter.

4.1.2 Bi-local Nature of the Action

The causet action S is bi-local?> (we drop the dimension superscript since
these arguments apply in all dimensions). Among other things, this means
that it’s not additive. To see this consider a partition of a causet C = X UY
where X NY = (), shown in figure (4.1). Then S[C] # S[X] + S[Y], since
there exist links, 3-chains, diamonds, etc., whose past most element is in X
and future most in Y, which are therefore not contained in X or Y. Taking

this into account one finds that for the general partition defined above
S[C] = S[X,X]+ S[Y, Y]+ S[X,Y] + S[Y, X], (4.15)

where the notation S[I,.J] means that the future most point of the order
interval ¢ € I, and the past most point j € J. Note that the third and

2If the action were truly local it would be a sum of contributions from each causet
element only, and would therefore be proportional to N.
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4.1 From d’Alembertian to Action

Figure 4.1: A schematic picture of the partition of a causet C' where the full
box represents the whole causet C. A typical element of S[Y, X] is shown.
The link & <%y is not contained in either X or Y but is contained in C.

fourth terms are quintessentially non-local: they are made up of the non-
local terms in the action only. Note also that the terms S[X, X] and S[Y, Y]
are not independent of Y and X respectively. To see what we mean by this
consider the following example: sprinkle into a square in M? and partition
the square evenly in two by a timelike curve, say x = 0. Figure (4.2) shows
this setup with the elements of X represented by blue crosses and those of
Y by red plusses. The 4 element order interval shown has both the future
and past most elements in X, however one of the elements causally between
these two lies in Y. This interval is an element of C, so it must also appear
on the right hand side of (4.15), which means that we must include it in
S[X, X] (both its future and past most elements are in X so it cannot be
part of the other terms). Therefore S[X, X|, X C C, is not the same as the
action of a sprinkling into the x < 0 region only, i.e. when X is the whole
causal set. The fact that X is a subset of a larger causet C matters. We
distinguish the two cases by writing in S[X, X| (as we’ve been doing already)
when the set X is a proper subset of a causet C, and S[X| when X = C is
the full causal set. So whenever we write S[X, X| we are are assuming that
some kind of partition of the full causet has been performed, and one should
therefore keep in mind that some elements of the order intervals contained
in S[X, X| might lie in some set Y, with X NY = (.

Finally note that for geometric partitions like the one above, the am-
biguity only arises if the partitioning surface has spacelike normal. This

is due to the fact that the relations in the causet are causal relations, so
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4.2 The Continuum Limit: A Conjecture
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Figure 4.2: A 4-element (inclusive) order interval, member of the subcauset
Cy<0 C C, is shown. Note how one of the elements in this order interval (the
right most) is actually in Cz~o C C.

if the partitioning surface is spacelike or null then a relation between two
elements crossing the surface cannot precede a relation that “crosses-back”
across the same surface. It also follows that if C is a sprinkling of a space-
time (M, g), and X is the subcauset of C corresponding to a causally convex
neighbourhood N of M, then S[X, X| = S[X].

4.2 The Continuum Limit: A Conjecture

In this section we propose a conjecture for the continuum limit of the action
S,

Let C be a sprinkling of a d-dimensional spacetime (M, g). Let Cyr be
a subset of C, Cxr C C, corresponding to a normal neighbourhood N/ C M
with volume V (A) > 4. Then the mean of the causet action S(®[Cyr] over
sprinklings, in the limit [ — 0 is

im(S1C1) = g 2/dd V=g(@) Rz ld 4 L ey

—0

+ lf A(N;ON,) (4.16)
P
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4.8 The Action of Spacetime Regions

where = is the portion of the boundary of the closure of N" with non-timelike
normal, h is the induced metric on =, a4y and b; are dimension dependent
coefficients, and A(NyNN,) is the codimension 2 volume of the intersection
of the (d — 1)-surfaces Ny and N, defined as

Ny = {x € N'| for every future directed non-spacelike curve,

v :[0,00) — M such that v(0) =z, y(t) "N =0Vt > 0} (4.17)

where N is the closure of A/, and N, is similarly defined with v a past-
directed curve. Note that when the subregion A is not globally hyperbolic
the second term in (4.16) will dominate (diverge) in the limit [ — 0. If N
is globally hyperbolic then?3

lim(S[C]) = zd - / diz\/—g(x)R(z) + Z—A (N; N N,). (4.18)
P

As an example consider a sprinkling, C, into M? and the subset C7 C C
corresponding to the causal interval Z := [p, q] € M?. Since the subregion Z
is globally hyperbolic we can use equation (4.18), and since the spacetime is
flat the bulk term vanishes. Now N, = 9(J " (¢)NN) and Ny = d(J~ (q)NN),
so their intersection is a codimension 2 surface which, when p and ¢ are
purely timelike separated, is a (d — 2)-sphere of radius 7(p, q)/2, 7 being the

proper time between p and q.

4.3 The Action of Spacetime Regions

In this section we study the mean of the causet action for various spacetime
regions. All our numerical results are obtained by averaging S ,(Cd) [C] over 10
sprinklings, with {; = 3l and I = 2l in 3d and 4d respectively, as a function
of sprinkling density p, where we use the non-local version of the action with

I, > 1 to reduce the size of the fluctuations. *

3Note that for A globally hyperbolic,the causet Cxr obtained by the restriction of C to
the subregion A is equivalent to a sprinkling (at the same density) of the subregion A
alone.

“The fluctuations will not go to zero as | — 0 since we have fixed eg = (I/Ix)%, not Iy
[26], c.f. section 3.5.
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Figure 4.3: A sprinkling of a

causal interval in MZ2.

4.3.1 The Action of a Causal Interval in Minkowski

Consider sprinklings of causally convex regions (CCR) in flat spacetimes.

The simplest CCR is the causal interval
points p and ¢, defined by

I(p,q) = J"(q)

4.3.1.1 2 Dimensions

Let C be a causet that is a sprinkling o
density p between points p and ¢ with
(—0.5,0) respectively, see figure 4.3. The
given by

/diamond between two spacetime

NJ~ (p). (4.19)

f an interval Z := [p,q] C M? at
cartesian coordinates (0.5,0) and
mean of the 2D action (S®)[C]) is

1
(S[C) = 2pV — 4/)2/ dzx/ Py(1 = 2pV (2,y) + =p°V (2, y)>)e PV @)
M MNJT~(z) 2

(4.20)

In Chapter 5 we compute this integral explicitly, it gives

(S[C) =2(1—e ") =2 asp — o0
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4.8 The Action of Spacetime Regions

where V' is the volume of Z. Since the spacetime is flat and A(Ny N N,) =
A(S%) = 2, so this result is consistent with our conjecture, and fixes by = 1.
That the action of a 2d spacetime region is a constant is reminiscent of the
Gauss-Bonnet theorem. We will investigate the topological character of the

2d action, and its relation to the Gauss-Bonnet theorem in Chapter 5

4.3.1.2 3 and 4 dimensions

Next consider sprinklings into higher dimensional intervals Z = [p, q] ¢ M¢,
d = 3 and d = 4. The mean of the higher dimensional actions is given by
integral expressions similar to (4.20). These integrals are much harder to
compute analytically because of the complicated geometry of [z,y], x,y €
7T, so we compute the expected action numerically instead. Following our
conjecture (4.16), we expect the only contribution to the expected action in

the limit to be N B
A (@) nJ(p)
14-2 ’

(S\VZ1) = ba (4.22)

where A (JT(q) N J~(p)) is the area of the codimension 2 surface defined by
the intersection of the causal future of ¢ with the causal past of p °. Using
(4.11) and | = (V/N)"? we can rewrite (4.22) as

/
(Gl O = bV (423
\1/4Y<C4[€4,C]> = byV'N, (4.24)

in 3d and 4d respectively, where Ag = A (J*(q) N J(p)), d = 3,4.
Results are shown in figures 4.5 and 4.4. The straight lines are two-

parameter, power-law fits f(bg, kg, N) = bgN*¢, where

by = 0.44 +0.024, ks = 0.43 +0.01, (4.25)
by = 0.46 £ 0.055, ks = 0.56 % 0.01. (4.26)

Both k3 and k4 are inconsistent with the conjectured value, kg = (d — 2)/2.
However we believe that this inconsistency is due to not having reached the
asymptotic regime yet, as we will argue later in the chapter. Evidence for
this will be provided in Chapters 5 and 6.

®Note that in this case JT(q) N J~(p) = Ny N Np.
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Figure 4.4: log-log plot of simulation data for the action of a causal interval

in M? with 7(p,q) = 1, I, = 3l, varying density p with a power law fit. Data
averaged over 10 runs. Fit function f(bg, kq, N) = bgN*d,
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Figure 4.5: log-log plot of simulation data for the action of a causal interval

in M* with 7(p, q¢) = 1, I, = 2l, varying density p with a power law fit. Data
averaged over 10 runs. Fit function f(bg, kq, N) = bgN*d,
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N="No
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n=-mn/2
x=0 X=n

Figure 4.6: Penrose diagram for de Sitter spacetime. Each line of constant n
represents a 3-sphere whose north pole is at x = 0 and south pole at x = .
The lines n = £7/2 represent future and past null infinity.

4.3.2 The Action of Causally Convex Regions in de Sitter

We sprinkle into a portion of d-dimensional global de Sitter (dS) spacetime
defined by —ng < n < 19, 0 < 01,...,04. 9 < m, 0 < 031 < 27w, where
(n,61,...,04_1) are global conformal coordinates in which the line element
takes the form

ds® = N sec?(n)(—dn?® + d93_,), (4.27)

dQ%_| is the metric on the (d — 1)-sphere and \ is the radius of curvature.

The volume of the sprinkled region in 3d and 4d is given by (we set A = 1)

V(o) = 4 (tan no sec o + In (Sm("“/ 2) + cos(/2) >> . (4.28)

cos1)/2) — sin(ngy/2)
2

47
Va(no) = 5 tanng sec? no(cos 2ng + 2), (4.29)

respectively®.
Figure 4.6 shows the Penrose diagram for global dS together with the
portion we sprinkle into. Since the region is globally hyperbolic, and Ny N
N, =0, we expect
S0, R
h 2142

Va(mo), (4.30)

5Note that the volume is a function of 7o only because we’ve chosen the sprinkling
region to be symmetric about n = 0.
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Figure 4.7: log-log plot of simulation data for the action of a slice of global

dS? with ng = 0.5, I, = 3l, varying density p with a power law fit. Data
averaged over 10 runs. Fit function h(kq, N) = N¥d,

where R = @ = d%dZA, and A = % is the usual cosmological
constant. Using (4.11) we find

RV22/3<C3[63,C]> =N, (4.31)
3
3574@4[64’6” = VN, (4.32)

in 3d and 4d respectively.

Figures 4.7 and 4.8 show log-log plots of the renormalised expected action
against N. A one-parameter, power law fit with h(kq, N) = N*¢ gives

ks = 0.429 = 0.001 (4.33)

ks = 0.480 £ 0.001. (4.34)

Again both of these values are inconsistent with the conjectured value, kg =

(d—2)/2. We believe that this is due to not having reached the asymptotic
regime.
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Figure 4.8: log-log plot of simulation data for the action of a slice of global
dS* with g = 0.5, I, = 2I, varying density p with a power law fit. Data
averaged over 10 runs. Fit function h(kq, N) = N¥d,

4.3.3 The Action of Non-Globally Hyperbolic Regions

We sprinkle into a portion of a d-dimensional “ball spacetime”: M = I x
B where B4~ is the (d — 1)-ball and I = [a,b], see figure 4.9. The
spacetime is flat and has a timelike boundary so using (4.16) and (4.11) we
find

2 A\2/3 )
o {Gales.C]) = asV3 (4.35)

3 3/4 s
B B alen ) = aulV (4.36)

for d = 3 and 4 respectively, where we have written the volume of the sprin-
kled regions and that of their respective codimension-1 boundaries explicitly.
Figures 4.10 and 4.11 show plots of (4.35) and (4.36) as a function of N.

The straight lines are a two-parameter power law fit f(agq, kg, N) = aqgN ka
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—  p¥t
-~ B

Figure 4.9: A sketch of the 3d ball spacetime where each constant time slice
(time running vertically) represents a (d — 1)-ball of radius r.

with

a3z = 0.025 £ 0.003, k3 =0.69+0.01
aq = 0.053 £0.013, k4 =0.74 £ 0.02. (4.37)

Both of these values for k; are consistent with our conjecture.

4.4 Cancellations

It is instructive to appreciate the effectiveness of the cancellations taking
place in the computation of the action. Let us take the action of a flat
interval in 4d as an example, and let us consider the most local action (i.e.
I, = 1) for simplicity, S[C] = B4(l/l,)?(N — N1 +9N2 — 16 N3+8Ny). The first
term in the action (trivially) grows like O(N), so even if the higher order
intervals only ever grew as fast as O(N'), we would still need these to cancel
out to be able to have sub-O (V) growth. But the higher order intervals grow
even faster than O(N) with increasing density. To see how fast consider the
number of past-links connected to any given point x in the sprinkling. These

links will roughly lie on a hyperboloid hugging the past light cone of z, and
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Figure 4.10: log-log plot of simulation data for a portion of a ball spacetime,
I x B2, where I € [-0.5,0.5] and » = 1.5, I, = 3[, varying density p with
a power law fit. Data averaged over 10 runs. Fit function f(bg,kq, N) =

bded.
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Figure 4.11: log-log plot of simulation data for a portion of a ball spacetime,
I x B3, where I € [-0.5,0.5] and r = 1.5, I = 2I, varying density p with
a power law fit. Data averaged over 10 runs. Fit function f(bg,kq, N) =

bded.
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4.5 Discussion

so, to leading order, will grow like the volume of hyperboloid ~ O(v/N).
Multiplying by N we find that the number of links grows like O(N?%/2). It
is easy to see that higher order intervals will also have this leading order
behaviour, so the cancellations are not only happening at order N, but also
at order N3/2! This should put into perspective how remarkable the above
result are, even with the current inconsistencies, since they all scale with
sub-O(INV) behaviour, and in most cases the actual scaling is very close to

the conjectured one.

4.5 Discussion

Much of the evidence we have provided in the previous sections is inconsis-
tent with the conjectured continuum limit of the causet action (4.16). In
particular we found that the expected action of a globally hyperbolic subre-
gion of deSitter is inconsistent with the Einstein-Hilbert bulk term, and the
expected action of an interval in M?, d = 3,4, is inconsistent with the codi-
mension 2 boundary term. However, in 2d the analytic results are consistent
with the conjectured codimension 2 boundary term (albeit being degenerate
in 2d), and also the expected action of a non-globally hyperbolic spacetime
is consistent with the volume of the codimension 1 timelike boundary of the
spacetime.

The status of the conjecture at this point can therefore be summarised
as follows. Evidence for the bulk term being the EH action in the continuum
limit is tentative at best. Evidence for the diverging boundary term pro-
portional to the codimension 1 volume of the timelike boundary is positive.
Evidence for the codimension 2 volume of the intersection of the “future
boundary” with the “past boundary” is conflicting.

Out of these three terms the bulk term is arguably the most important
one, since the whole reason behind this definition of the action was that
it would reproduce the EH action in the continuum limit. It is therefore
unfortunate that this is the term for which we have the least evidence, and
that the evidence we do have is inconsistent with the conjecture. We do
however have good reasons to believe that these negative results are due to
not having reached the asymptotic regime, c.f. Chapter 6, and leave it for
future work to establish the veracity of this claim. Regarding the boundary

terms, evidence given in chapters 5 and 6 will settle the conflicting nature
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4.5 Discussion

of the results given here in favour of our conjecture.

Provided the above expectations are realised, and the conjecture is veri-
fied, an important question left to answer is what is the continuum limit of
the action of a globally hyperbolic spacetime which is not a normal neigh-
bourhood? In other words, is the continuum limit of the expected action of
a globally hyperbolic spacetime the EH action up to boundary terms? To
answer this question we would either need to prove a result for the causet
d’Alembertian B acting on fields ¢ whose support is not contained in a nor-
mal neighbourhood, or directly calculate the action for such spacetimes and
see what it gives. Both of these options possess their own difficulties, and
so far neither have been explored in much detail.

A final comment regarding fluctuations. It was shown in Chapter 3 that
for fixed I > [, fluctuations in the d’Alembertian go to zero in the limit
I — 0. Furthermore we claimed that if I > [ and the characteristic length
scale of the field ¢, A > lj, then, for a given sprinkling, B¢ ~ (0 — R/2)¢.
Although it has yet to be shown explicitly, simulations suggest that the same
will be true about the action of a spacetime region N, i.e. fix [y > [ and let
the radius of curvature r of A’ be everywhere large compared to Iy, 7 > [,

then for any sprinkling C of N, the action Si[C] will be close to the mean.
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Chapter 5

Lorentzian Gauss-Bonnet
Theorem and the 2D Action

We saw in the previous chapter that the action of a sprinkling of causal
interval in 2 dimensional Minkowski spacetime is a constant. This raises
the question whether the 2d action is in some sense topological and if so, if
there is a relation to the Lorentzian Gauss-Bonnet theorem [31, 32, 33]. In
this chapter we explore this question.

Recall that the 2d action, S, of a finite causal set C is [8]

S[C] =N —2N; +4Ny — 2N3 (51)

where N is the cardinality of C, and Ny, is the number of inclusive order
intervals in C of cardinality m + 1. Nj therefore is the number of links in
C, N is the number of order intervals that are 3-chains (3 element chains),
N3 is the number of order intervals that are 4-chains plus the number that
are “diamonds” (with two mutually unrelated elements between the top and
bottom elements), and we have used a different normalisation from previous
chapters. Note that N3 is not the number of subcausets that are 3-chains
but the number of order intervals that are 3-chains. The form of S as an
alternating sum of (weighted) numbers of things is intriguingly reminiscent
of certain topological indices.

One can think of the action (5.1) as an integer valued random variable,
the Discrete Action Sy, for each finite volume spacetime M and density

p via the sprinkling process: Sy, takes the value S[C] with probability
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5.0

Pat,,(C). We also define the random variable S n which takes the value
S[C] with the probability that causet C arises in the process of selecting ex-
actly N elements uniformly at random — according to the spacetime volume
measure — from M. We then have
0 N
(Snmp) =D N? e V(SN (5.2)
N=0

where () denotes the expected value, V' is the spacetime volume of M, and
V)~ V) e PV is the probability that N elements are selected in the Poisson
process of sprinkling into M at density p.

The Poisson distribution gives for the mean,

(Smp) = pV — 2p° /M d*yv/—g(y) d*z\/—g(x)

MmJ+( )
(1200 4 g0V ) e (53)
where V,, is the volume of the spacetime causal interval, [z,y] :== JT(y) N

J~(x), between z and y and d is the dimension of M. This can be un-
derstood thus: pd?z\/—g(x) is the probability that an element is sprin-
kled in an elemental volume at z and similarly for y; e=?Vev, pnye*PVZy or
%(pny)Qe_pVW is the probability that there is no element, one element or
two elements, respectively, sprinkled in [z, y].

Note that the double integration may be done in either order:

(Smp) = pV —2p° /M dz\/—g(z) d*yv/—g(y)

MnJ~(z)

1
(120 4 V) 0. )

Indeed, the causet action (5.1) is invariant under reversal of the order re-
lation on C, and so the Discrete Action (DA) for any spacetime (M, g) is
equal to the DA of its time-orientation-reverse.

Since L is thus related to the Ricci scalar when the causal set is a 2d
sprinkling and S is a sum of L(-) over the causal set, this implies that
when M is 2-dimensional and as p — 00, (Sa,p) will tend to something
that contains a term i J M d*x\/—gR plus terms arising from boundary ef-

fects. We now investigate this and in particular the nature of the boundary
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5.1 Intervals in M?

terms. In doing so we will be exploring whether the 2d Discrete Action is
topological in character. The standard gravitational action for 2d Euclidean
gravity, with its Einstein-Hilbert term and the (2d analogue of the) Gibbons-
Hawking boundary term, is known to be a topological invariant, due to the
Gauss-Bonnet theorem. The Gauss-Bonnet Theorem has been extended to
Lorentzian manifolds [34, 35], so for ordinary (Lorentzian) 2d gravity, the
action with an appropriate boundary term is also topological and a question

arises: to what extent is the 2d causal set action topological?

5.1 Intervals in M?

Consider a causal interval in 2d Minkowski spacetime, Z := [p, ] C M?. For
definiteness consider the interval to have fixed volume (area), V.

Following a conjecture of R. Sorkin, G. Brightwell proved that the mean
(Sz.n) =1, for any N # 0 [36]. This implies that the mean of Sz, is

00 N
(Sz,p) = Z (p]‘\/[? e PV

=1—e "V (5.5)
N
where %e*pv is the probability, in the Poisson process, that N elements
are sprinkled into Z.

We use (5.3) to prove this result in a different way:
S1) =V -2 [y [ (Vi) (5.6)
T InJ*(y)

where p(§) = (1 —2¢ + %§2) exp(—¢) and we have suppressed the subscript
p on the random variable Sz ,.
We use coordinates in which p and ¢ lie on the time axis and ¢ is at the
1.0

origin. We consider null coordinates u, = ﬁ(x —zb), v, = %(m0+x1) and

similarly for u,, v,. Then the interval is defined by u,v € [0,a] for a = VV.

(S7) :pV—2/0 dux/o clvx/0 Iduy/o zdvprp(pAuAv) (5.7)
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5.1 Intervals in M?

where Au = u; — uy, Av =1, —vy.

(S1) —pV—2/ dum/ dvm/ szu/ szvfp(pAuAv)
0 0 0 0

a a Au—u,
=pV — 2/0 dum/o dv, [[integrand 1]2228’”]Au:0
where
integrand 1 = —g (1 — pAuAv) exp(—p AuAv)
[9(&)1E=5 = 9(@) — 9(B).
Hence

(S7) =1 —exp(—pa?) =1 —exp(—pV). (5.8)

As p — o0, (S7) — 1 and we write (S7) ~ 1 to denote this.

Consider now splitting up the interval Z into four smaller intervals Z;,
i = 1,...4, as shown in Fig. 5.1a. When computing the expected value
of Sz one can split the integral up into the means of the actions of the
four subintervals plus the “bilocal” contributions when x and y lie in two
different subintervals. More concretely, given any subcausets, A and B of a

causal set C, we have
S[C; A, Bl = N(A,B) —2N;(A, B) + 4N»(A, B) — 2N3(A, B) (5.9)

where N(A, B) is the number of elements in AN B and N,,(A4, B) is the
number of inclusive order intervals in C of cardinality m+1 with top element
in A and bottom element in B. Now let X and Y be submanifolds of
spacetime M. We define the random variable, S (. x v, the Discrete Bilocal
Action, via the sprinkling process: sprinkle into M at density p ! to obtain
causet C with subcauset A(B) being that sprinkled into X (Y). For that
realisation, Saq,x)y takes the value S[C; A, B]. Note that Sy x x = Sx if
X is a causally convex subset of M.?

Now, consider Z and its subintervals. If we adopt S;; as simplified nota-

!To simplify notation, we don’t make the dependence on the density explicit.
2A causally convex region, X, of M is one such that z,y € X implies that the causal
interval in M between x and y is a subset of X.
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5.1 Intervals in M?

tion for the bilocal action SI;L.JJ., then we have

4 4
(Sz) = (Sz,)+ D> _ (Si)- (5.10)
i=1 i,j=1

The bilocal summands can be computed using the integral in Eq. (5.7) and

(a) @ and ¢ (b and d) are the v- (b)
coordinate (u-coordinate) lengths of
the sides of the subintervals

Figure 5.1: Splitting up a causal interval in 2d Minkowski to compute the
action

adjusting the boundaries. This yields

a b+d Vg b
(So1) = —2/ dvx/ dux/ dvy/ duy p* p(p Au Av)
0 b 0 0
a b+d Av=vy
=2 / duy / duy [[integrand 1]2525:’74
0 b

= —1+exp(—abp)+exp(—adp) —exp(—a(b+d)p) (5.11)

Av=0

~—1
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5.1 Intervals in M?

and

a+c b+d a b
(Sy1) = —2/ dvx/b dux/o dvy/o duy p* p(p Au Av)

a+tc b+d Aue Av=vg
) / dvy / du, [[integrand 1] AZ;Zi_b]
a b

Av=vgz—a
=1—exp(—(a+c)(b+d)p)
+exp(—a(b+d)p) +exp(—c(b+d)p))
+exp(—(a+c)bp)+exp(—(a+c)dp)
—exp(—abp) —exp(—adp) —exp(—cbp) — exp(—cd p)5.12)

~1.

The three other bilocal contributions (S;;) can be obtained from (S21) by
changing the parameters appropriately. Putting together all parts of Eq.
(5.10) one exactly recovers Eq. (5.5).

Now, one can continue this game and split up the interval even further

as in Fig. 5.1b. To compute the mean of the action one must again calculate

9 9
(Sz) = (Sz,)+ D _ (Si). (5.13)
i=1 ij=1

We already know the contributions (S;,) ~ 1 and the bilocal contributions
from two intervals that either share an edge or lie above and below a shared
vertex (e.g. (Sa1) and (Ss;) in Fig. 5.1b). It remains to compute the bilocal
contributions from pairs of intervals such as (4,1),(7,1) and (9,1) in Fig.
5.1b. It turns out they consist only of exponential terms that are small
when intervening intervals are large on the discreteness scale. In the limit
of large density, we are left with a contribution of 1 for every subinterval,

—1 for every edge and 1 for every vertex. One could write
(S)y~F—-FE+V (5.14)

where I’ denotes the number of faces i.e. intervals, E the number of edges
and V the number of vertices. F — E + V is the formula for the Euler
character of a polyhedron and motivates the question: Is the expected action

(to some extent) a topological invariant? It is obvious that the formula can
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5.2 Causally convex regions in M?

be applied to arbitrary causally convex regions of M? that can be tiled by
causal intervals as long as each interval is large enough for the corrections to
be negligible. It is not hard to verify that any such region will have a mean
Discrete Action (S) =~ 1. So for example the region shown in Fig. 5.2a will

give (S) ~ 1 but the region in Fig. 5.2b will not.

(a) causally convex (b) not causally convex

Figure 5.2: Different regions constructed from causal intervals in M?

5.2 Causally convex regions in M?

The boundary of a causally convex region of M? can be spacelike in parts, but
never timelike. If the region’s boundary comprises straight line segments,
such as the hexagon shown in Fig. 5.3b, then it can be divided up by null
lines into a collection of intervals and causally convex triangles such as Fig.
5.3a. Then the formula (5.14) will apply if the mean of the Discrete Action
for a causally convex triangle tends to 1 in the infinite density limit.

First note that by Poincaré invariance we can choose coordinates so that
the spacelike edge of the triangle is at ¢ =constant, and the apex lies at the
origin.

Using null coordinates, as before, we have

L Vg Vg Ug
(Sp) = pV — 2p2/ dvx/ dux/ dvy/ duy p(pAulv) (5.15)
0 0 0 0
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5.2 Causally convex regions in M?

(a) causally convex triangle (b) causally convex hexagon

Figure 5.3: Causally convex regions with boundaries formed from null and
spacelike line segments

where L = +/2V and V is the area of the triangle. This gives

(Say =1+ [j/ +0((pV)7?) ~ 1. (5.16)
We see that the mean DA of the triangle does indeed tend to 1 as p — oo,
though the corrections are not exponentially small.

Now, consider a general causally convex region with a boundary whose
spacelike portion is curved. So long as the discreteness scale is small enough
— small compared to the radius of curvature of the boundary — we can tile
the region with intervals and with causally convex approximate triangles
along the spacelike boundary, all of which are large enough compared to
the discreteness scale for the Formula (5.14) to hold approximately. We
conclude that the mean of the DA for any causally convex region of M? will
tend to 1 in the limit of infinite density.

Is causal convexity necessary for the mean of the DA to be approximately
1? When a region, R C M?, is not causally convex, there will exist pairs of
points z,y € R such that the causal interval in R between x and y is smaller
than the causal interval between them in M? (the “diamond”). Since it is
the volume of the causal interval in R which appears in the expression for
the mean of the DA, one might expect this to disrupt the result and indeed
it does. As we shall see now this is consistent with the conjecture (4.16).

Consider the Discrete Action, Sg of a rectangle with edges parallel to the

t and x axes. Analytic computation of the expectation value (Sp) is hard
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exactly because of the lack of causal convexity: the integral (5.3) breaks up
into several subintegrals depending on the positions of x and y relative to the
boundary. Therefore we use simulations to estimate the value. A sprinkling
into a rectangle has three independent parameters that fully characterise the
problem. One choice is the spatial width w, the height along the time-axis
h and the sprinkling density p.> The expectation value (S 5 ,) must be

invariant under rescaling

w o — A-w
h — X-h (5.17)
p — A7-p.

Fig. 5.4 shows simulation data for two different setups with power-law
fits. Fig. 5.4a shows (S) for constant w and h and varying p, Fig. 5.4b for
constant w and p and for varying h. Given the small relative error bars the
power-law fits look quite convincing and we will assume that (Sg) can, at

least in the regime covered by the simulations, be written in the form
(Sg) = const - h*w’p7. (5.18)

The scale invariance (5.17) demands o + 8 — 2y = 0. From simulation 1
(Fig. 5.4a) one is tempted to deduce v = 1/2 and from simulation 2 (Fig.
5.4b) that a = 1. It follows g = 0.

The fact that for constant p the width does not affect the value of the
action whereas (Spg) o< h suggests that in general (Sp) contains boundary
terms from timelike boundaries only, which again is consistent with conjec-
ture (4.16).

5.3 The flat cylinder

In order to apply formula Eq. (5.14) to a causal interval, Z, of height 7" on
a cylinder with circumference L with L < T < 2L one might come up with

a tiling into subintervals, Z;, ¢ = 1,...8, as shown in Fig. 5.5. Taking into

account the topological identification, we have F' = 8, ¥ = 12,V = 4 thus

3Width w, height h and expected number of sprinkled elements N would be another
choice.
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[
fit results:
a=0.51
b=0.33

ISI

mean with standard error
power law fit
, | | |

100 200 400 800 1600
P

(a) Simulation data for the action of a rectangle in M? for w =
h = 1, varying density p with a power-law fit. Data averaged
over 10° to 107 runs. Fit function: p® - b.

8 = fit results:
a=1.00
b=3.47

mean with standard error
power law fit

L |
1 2[/2 2

height h

(b) Simulation data for the action of a rectangle in M? for w =
1, p = 100, varying height h with a power-law fit. Data averaged
over 10° to 107 runs. Fit function: h® - b.

Figure 5.4: Numerical results for the action of a rectangle in M?2.

yielding a predicted high-density expectation value of (Sz.) ~ 0. However
we have not shown yet that formula Eq. (5.14) is applicable to the cylinder.
The division of the causal interval in Fig. 5.5 has been chosen such that
formula Eq. (5.5) for the faces and formulae Eq. (5.11) and (5.12) for the
bilocal contributions of two intervals that share an edge or lie above and
below a vertex can still be applied as the cylinder topology does not affect
these cases. But the computation of contributions like (5,1),(6,1) and (8,1)
differs from the Minkowski setup due to the nontrivial topology.
Recall
(Sz.) = pV — 2K (5.19)

where

K = p2/ d2y/ d*x p(pVay) - (5.20)
e NI (y)
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5.8 The flat cylinder

Figure 5.5: Tiling of the interval Z, with L < T < 2L. a and b are the u
and v coordinate lengths of the sides of the subintervals shown.

In general, K can be split into a sum of terms, K = 3 >° | K, depending

on how many homotopy classes of causal curves there are from y to x:

K, = p2/ de/ d*x p(pViy) (5.21)
¢ NJd (y)

where

J¥(y) :={r € JT(y)| 3 exactly a homotopy classes of causal curves from y to z} .
(5.22)

This split is motivated by the fact that V, strongly depends on the number

of homotopy classes of causal paths between x and y. For our interval,

K, =0 for o > 3.

From Fig. 5.5 we see the relation between a,b, T and L is:

a=(T—-L)/V2
b= (2L -T)/V2 (5.23)

The causal volume V,, for z € JI(y) for a > 3 is at least (a + b)? so
K3 is suppressed by at least exp(—p(a + b)?) and can thus be neglected as
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5.8 The flat cylinder

L = \/2(a +b) is assumed to be large in discreteness units of ,0_%.
The values for Ky and Ky are [37]

vV 1
Ky = % + 3 exp(—pa®) — (1 4 pab) exp(—pa(a + b)) + corr.
2
Ky = (@t b)2p + exp(—pa(a + b)) [1 + pab
1 2 212 3 3 12
Ttz (6120t D)@a+d) = p*(at )’ +p'(a + b))

—2exp(—pa(a +b))(3 + 4pa(a + b) + 2p*a*(a + b)?))] + corr. (5.24)

where “+ corr.” stands for neglected terms suppressed by exp(—p(a + b)?).
However we will keep terms with factors exp(—pa?) and exp(—pa (a + b))
since for T only slightly larger than L the value of a will be very small and
these terms are then significant.

The overall action is

(S1.) = —exp(—pa?) + 2(1 + pab) exp(—pa(a + b))

4
-l—m + exp(—pa(a + b)) [1 + pab

+(a+1bY‘*p2 ((6+2p(a +b)(2a +b) = p*(a+b)*b* + p(a + b) ab?)

—2exp(—pa(a + b)) (3 + 4pala + b) + 2p%a*(a + b)2))] + corr. (5.25)

For T' > 2L consider a division of the interval into regions 1 and 2 as
shown in Fig. 5.6. The expected DA is the sum of the expected actions for
regions 1 and 2 and the bilocal contribution (Sa1).

It can be shown [37] that the expected action for region 1 and the bilo-
cal contribution cancel (up to exponentially small terms) and the result is
just given by the expected action of region 2 which can be obtained from
Eq.(5.25) by setting @ = L/v/2,b = 0 (and now neglecting all exponentials

as a is no longer close to 0):

(Sz.) = 1182,0 + corr. . (5.26)

Fig. 5.7 shows a plot of the analytic expectation value for the cylinder
action compared to simulation results. For T — L the action approaches

the Minkowskian limit 1. For 7" only slightly greater than L the exponen-
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5.4 The flat cylinder

Figure 5.6: Division of interval when T" > 2L.

tial terms dominate and cause a downwards spike. As T — 2L the non-

exponential correction, (which comes from K5) dominates. However

p
this also tends to zero in the limit p — oo so (Sz,) ~ 0 as initially predicted.
Indeed it can be shown explicitly that the bilocal contributions from pairs
of intervals that do not share an edge or vertex tend to zero as p — oo and
so the formula F'— E + V can be applied to intervals of the cylinder. More
generally, the previous argument regarding null tilings of causally convex
regions of M? can be given here, and we conclude that (S) ~ 0 for general

topologically non-trivial causally convex regions of the cylinder.

[ [ [ [ [ [
[ nea simulation, N=100 —— ]
simulation, N=200 |——

05 == analytic, N=100 ]
analytic, N=200

Figure 5.7: The expected action of a cylinder-interval for L = 1, (N) = 100
and (V) = 200 compared with simulation results.
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5.4 The flat trousers

We investigate now a causally convex neighbourhood of the flat 1+1 trousers
spacetime in which two S'’s join to form a single S'. The trousers spacetime
is a piece of M? with cuts and identifications as shown in Fig. 5.8. Although
the singularity, P, at which the topology changes is by some definitions not
strictly in the spacetime since the metric degenerates there, nevertheless the
causal order is well defined at the singularity: it is clear what the causal
past and causal future of P are. Therefore we will consider P as a point of
the manifold. Note that in any sprinkling into the trousers almost surely no

element will be sprinkled at P.

Figure 5.8: The trousers spacetime. P is the singularity — all three instances
of P are identified — and the shaded region is a neighbourhood of P. There
is a vertical cut down from the central copy of P with the two legs identified
as shown.

Let NV denote the neighbourhood of P shown as the shaded region in
Fig. 5.8. It consists of two flat intervals each with P as their midpoint,
identified across “branch cuts” from P to their past tips. A is topologically
a disc if P is included the manifold and if the formula (5.14) holds then the
expected DA of N would be equal to 1 in the limit of large density.

Let the volume (area) of each of the two intervals be 4a? and consider
the null tiling into 8 intervals, Z;, ¢« = 1,...,8, shown in Fig. 5.9. The
interval Z; comprises the two triangles labelled 1’ and 1” and the interval

75 comprises the triangles labelled 2’ and 2”. Adopting the same notation
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5.4 The flat trousers

for the bilocal discrete action of two intervals used in (5.10) we have

8 8
(Sn) = (Sz.)+ Y (Sij). (5.27)
i=1 i,j=1
7<t

Figure 5.9: Null tiling of A/ into 8 intervals.

For each i, (Sz;) ~ 1. The bilocal terms are nonzero when the intervals
Z; and Z; share an edge and in that case (S;j) =~ —1. There are 8 edges
so these contributions cancel the contributions of the 8 individual intervals.
The only other nonzero bilocal terms are (S;;) where i = 5,8 and j = 1,2
and their sum is the contribution of the vertex at the singularity. These 4
terms are equal by symmetry so we have (Syr) = 4(Ss1).

The causal interval between z € 75 and y € Z; is shown in Fig. 5.10 and

we deduce that

2a 2a a a
(S51) = —2/ dux/ dvx/o duy/o dvy p* p(pVay) - (5.28)

where

Viy = AulAv — (v — a)(a —uy) . (5.29)
This gives

(Sy) = 4In(pa®) +4(y—1)+ O <pi2) (5.30)

where v is Euler’s constant. We see that the expected DA of the neigh-

bourhood of the singularity does not tend to 1 or any constant but grows
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2a

Figure 5.10: The causal interval between x € 75 and y € 77 is depicted in
grey.

logarithmically with the density.

5.5 Discussion

We have shown that in the limit of infinite density, the mean of the Discrete
Action will be 1 for any causally convex region of M? including regions
whose past and /or future boundaries contain spacelike segments. Since these
spacelike segments may have nonzero geodesic curvature, the constancy of
the mean of the DA suggests that it contains no contribution from the past
or future boundaries.

Indeed a handwaving argument, consistent with the conjecture of the
previous chapter, can be given as to why this should be so, even when M
is curved. The boundary of a causally convex region 4 C M consists of
a future boundary and a past boundary intersecting in a co-dimension 2
spacelike surface. There is no timelike portion of the boundary. The mean
of the DA is a double integral over & which can be done in either order.

The integrand is a retarded 2-point function,
pL(x,y) = —E=5) (2,) — 20* p(pViy)C (2, y) (5.31)
V=g

where C(z,y) = 1ify € J~(z) and 0 otherwise. Let us assume the density is
high enough that a sprinkled causal set can capture the curvature of M, i.e.
at each point y € M there is a local inertial frame in which the curvature

components are small compared to the density. If we do the x integration
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5.5 Discussion

first, at fixed y, then the resulting function pL(y) is approximately %R(y)
unless y is too close to the future boundary. If it is within length p_% of
the boundary then the range of the x integration will not be large enough
for the approximation to hold [8]. Then we do the integration over y to
get approximately the usual Einstein-Hilbert bulk term together possibly
with some contribution from the integral over the points y close to the
future boundary, i.e. possibly some kind of future boundary term. But
there is no contribution from the past boundary at all. Now reverse the
order of integration: do y first and then z. Now there appears to be no
contribution from the future boundary. This can only happen if neither
boundary contributes. So the only points where some boundary contribution
can come in, is from the points which are close to both past and future
boundaries i.e. from the spacelike co-dimension 2 “corners” where the past
and future boundaries intersect. The argument holds when the past and
future boundaries are partly spacelike as well as when they are wholly null.
There is no reason, from this argument, that timelike boundaries could not
contribute however and we saw evidence that they do from the results for
the rectangle.

This heuristic reasoning would have to be backed up with further evi-
dence from simulations of the Discrete Action but it suggests that there is
no Gauss-Bonnet formula for the 2d Discrete Action. The 2d Gauss-Bonnet
Theorem can hold because, as the geometry of the bulk surface is varied,
the extrinsic curvature of the boundary changes and the right combination
of bulk and boundary terms can remain constant. In 2d the co-dimension 2
“corner” is an S°, i.e. 2 points, and if the only boundary contributions are
from these 2 points, these couldn’t compensate for the changing bulk term.
Another reason not to expect the DA to satisfy a Gauss-Bonnet formula is
that it appears that the appropriate Lorentzian analogue of the Euclidean
formula is of the form “bulk term + boundary term + corner terms” = 2wiy
rather than 2wy [33, 38] (see also [31, 32]). Both the bulk and boundary
terms are real but the formula can hold because the corner contributions
are Lorentzian angles which can be complex. However, the Discrete Action
is real.

This putative lack of boundary terms could explain why the expected
DA for any causally convex region of M? is the same. The continuum bulk

term is zero. If the mean of the DA is indeed close to the continuum bulk
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term plus only a contribution from the S° corners then that should be the
same for all causally convex regions. Presumably, the difference for the
neighbourhood of the singularity of the trousers comes from a boundary
effect of the non-standard causal structure around the singularity which has
a double lobed past and future. These issues all remain to be investigated.

There are a large number of open questions. What does happen in 2d
curved spacetimes? Will the results continue to bear out the conjecture
that the expected DA is approximately the Einstein-Hilbert term plus a
constant from the S° corner? What is the significance in quantum gravity
of the results for the interval, trousers and rectangle? For example, the
result for the rectangle suggests that the expected DA contains boundary
contributions proportional to the length of any timelike boundary. Can
we use the DA to give an argument against the appearance of “holes” and
“edges” in spacetime? Or for or against topology changing processes such

as the trousers?
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Chapter 6

Counting The Entropy of

Causal Horizons

6.1 Counting Entropy of Any Causal Horizon

There is a substantial body of evidence that the laws of thermodynamics
apply to all causal horizons, where a causal horizon is the boundary of
the causal past of a timelike curve of infinite proper length in the future
direction [39]. This universality is powerfully argued for in [40]. Bringing
together general relativity, quantum field theory, semiclassical gravity, black
hole physics and thermodynamics, this body of work is a major achievement
that speaks of the unity of physics. It is also a work in progress whose final
significance for the nature of space, time and matter is unknown. There is
however a growing consensus that the thermodynamics of causal horizons
should arise from the statistical mechanics of some microscopic degrees of
freedom and in this chapter we investigate the identity of these degrees of
freedom starting with two observations.

First, in order for causal horizons to be modelled at all, spacetime —
however it is described — must possess a causal ordering so that notions
such as “causal curve” and “causal past” (or their analogues) are meaningful.
Secondly, if spacetime is continuous then, prima facie, the entropy should be
infinite: a quantum field contributes an infinite entanglement entropy to the
total entropy of a black hole due to modes of unboundedly high frequency
that straddle the horizon [41]. The Bekenstein-Hawking black hole entropy

is, however, finite and equal to the area of the horizon in Planck units,
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6.2 Spacetime Mutual Information

up to a factor of order unity. Therefore, in order to have the best chance
of explaining horizon entropy, spacetime should be discrete or atomic at
Planckian scales. The strategy, then, is to seek a universal microscopic
explanation of the entropy of causal horizons based on a causal set.

As we saw in chapter 2, given a spacetime (M, g) such as 4-d Schwarzschild,
say, a causal set, (C,=), that could underly M can be generated by sprin-
kling. We will assume that such a causal set is the reality to which (M, g)
is an approximation. This is a kinematical assumption: quantum considera-
tions mean that reality should correspond to something more like a “super-
position” of causal sets. Nevertheless, kinematics can be a useful starting
point for statistical mechanics and quantum mechanics need make us no
more squeamish about the statement, “Spacetime is a causal set”, than
about the statement, “A gas is a bunch of molecules.”

Within C there are analogues of the entities relevant to the question
of horizon entropy. The analogue of a timelike curve is a chain, a totally
ordered subset of C. A future infinite chain is the analogue of a future
infinite timelike curve. The past P(A) of any subset A of C is well-defined:
P(A) :=={y € C|3x € A st. y < z}. A causal horizon is identified with
a partition of the spacetime into two regions, the past of a future-infinite
chain 7, P(7), and its complement, P(v). One has to work harder to identify
spacelike hypersurfaces but there is evidence that it can be done [42].

The defining characteristic of a causal horizon, H, is that it partitions
spacetime into two regions M = My U M, where M,y is the past of the
timelike curve and evolves autonomously if relativistic causality is respected.
It is natural to suppose that this dichotomy is the source of horizon entropy
and indeed, the actions for causal sets [8] defined in chapter 4 lends itself
to a proposal in this direction because, as we saw already, the actions are

bilocal.

6.2 Spacetime Mutual Information

The bilocal nature of S(@, c.f. section 4.1.2, implies that the action of the
spacetime region with a horizon H to the past of some non-timelike surface
¥,Cs =XUY CCwhere X =J"(H)NJ () and Y = J (H)NJ (%),
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6.2 Spacetime Mutual Information

Figure 6.1: A schematic picture of a spacetime with a horizon H and a
constant time hypersurface 3, where X = JT(H)NJ (X) and Y = J~(H)N
J(2).

see figure 6.1, is
SWcs] = SDIX, X] + SD[y, Y] + SY[X,Y]. (6.1)

In analogy with the mutual information of thermodynamic systems we define
the Spacetime Mutual Information (SMI) to be

SWIx v = <l;’>d2 (S<d> (X, X] + SD[y,y] — §@ [cz]) . (6.2)

The SMI in d-dimensions can be easily found using the causet action
(4.11). It is given by
d+2

SVIX, Y] = Baey,” SN faln(z,y),eq), (6.3)

zeX yeY
y=<x

where 3 is given in table 3.1, ¢g = (I/I)?, n(z,y) := |I(z,y)| — 2 and in 3d
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6.3 Spacetime Mutual Information

and 4d
n 27esn 9¢e3n(n — 1)
; =(1- 1— 4
e = (1= )" |1 O SRS o
9esn 8ein!
=(l—e)" |1 -
faln,ea) = (1 =€) [ 1—e  (n—2)(1—es)?
4ein!
T 3m—3)(1= 64)3} (6:5)
For [, = [ these reduce to simpler expressions
SP[X, Y] = 2N [X, Y] — 4No[X, Y] + 2N3[X, Y] (6.6)
4
SWIX, Y] = ZMIX Y] - 0N [X, Y] + 16Ns(X, Y]
— 8N,[X,Y)). (6.7)

Recall that if Y C J7(X) then N;[X, Y] counts the (i + 1)-element inclusive
order intervals such that the future most point is in X and the past most is
inY.

Consider a sprinkling C of a spacetime (M, g), with a causal horizon H
which is identified with a partition of C into two regions P(7y) and P(v). Let
3} be the causet analogue of a non-timelike hypersurface intersecting H on
some codimension 2 surface 2 = H N X, and define regions X and Y to be

P(H)N P(X) and P(H) N P(X) respectively. Using the conjecture for the

continuum limit of the causet action, (4.16), we see that the SMI is

AD(Q)

d—2 7
lp

(SP1X,Y]) = by

(6.8)

where 19 = V/N, AD(Q) is the volume of Q.

We conjecture that the SMI gives the continuum value for the horizon
entropy. In order to give credibility to this proposal we must first confirm
that equation (6.8) holds. But even then the SMI would only deserve the
title of entropy if we were able to prove a GSL from it, in a dynamical

quantum theory of causal sets.
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6.3 Numerical Analysis

6.3 Numerical Analysis

We test (6.8) by computing the SMI of spacetimes partitioned by a causal
horizon. The setups used in the numerical simulations are defined below. If a
setup is used in both 3d and 4d we only define the 4d one explicitly, the 3d one
being the obvious dimensionally reduced version. Define 4; := A®(HNY;)
and L; := A®(HNY;), i = 1,2. Each simulation calculates expected SMI

(d)

for the relevant setup by averaging Skd over 10 sprinklings, where we set

I = 3l and [, = 2[ in 3d and 4d respectively.

6.3.1 Rindler Horizon

We sprinkle points x;, ¢ = 1,..., N into a region of Minkowski defined by ¢ €
[—0.5,0.5], =,z € [—-1.5,1.5] and y € [—6, 6] where {t,z,y, z} are Cartesian
coordinates (in 3d drop the z). The horizon H given by ¢t = z, is that of an
observer uniformly accelerated in the positive x-direction, and ¥; and Yo
are the surfaces t = 0.5 and ¢ = —0.5 respectively, see figure (6.2). Hence
Ay = Ay = 36 and Ly = Ly = 12. Define X = {z; : t(z;) > z(x;), i =
1,...,N}and Y = {z; : t(z;) < z(z;), i=1,...,N}.

6.3.2 deSitter Cosmic Horizon

We sprinkle points x;, ¢ = 1,..., N in a region of dS spacetime given by n €
[—0.5,0.5], x,0 € [0, 7] and ¢ € [0, 27] where (7, x, 0, ¢) are global conformal
coordinates in which the metric takes the form ds? = sec?(n)(—dn? + dQ3),
and d)3 is the metric of a 3-sphere. The horizon is that of a cosmic observer
at the south pole x = m and is given by the surface n = x — 7, and ¥; and
Yo are given by n = 0.5 and n = —0.5 respectively, see figure (6.3). Hence
Ay = Ay =4m and Ly = Ly = 2m. Define X = {x; : n(z;) > x(z;) — §, i =
L...,N}and Y = {z; : n(z;) < x(2;) = 5,i=1,...,N}

6.3.3 Null Collapsing Shell Black Hole Horizon

We consider a spherical shell of collapsing null matter given by t = —r +
const, const > 1 and consider the portion of the horizon which lies inside
the shell, i.e. before the shell passes its event horizon, where the spacetime
is flat. We choose our coordinates so that the horizon is given by the hyper

surface t = r — 1, and sprinkle points x;, i = 1, ..., N in a cylindrical region
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.. >

Figure 6.2: A (2+1)-dimensional diagram of the setup used in the Rindler
simulations. The null surface H represents a portion of the infinite Rindler
horizon of an observer uniformly accelerated in the positive z-direction. ¥
is a constant time slice at which we wish to evaluate the entropy of the
horizon, whilst ¥y (also a constant time slice) has been introduced to render
the sprinkling region finite.

of Minkowski space defined by ¢t € [-0.7,0], r € [0,1.7], 8 € [0, 7], ¢ € [0, 27],
where ¥; and Xy are defined by t = 0 and ¢t = —0.7 respectively, see figure
(6.4). Hence A; = 47 and Ay = 47(0.3)2. Define X = {z; : t(z;) >
r(z;))—1li=1,...,N}and Y = {z; : t(z;) <r(x;)—1,i=1,...,N}.

6.3.4 Results

To analyse the data we first note that rearranging (6.8) gives

a—2
d) d-2

@ ST Y) = N (6.9)

d d) \“k
AD 4 AP

where A'Y 1= AD(H N %) and AL 1= AD(H N,), and ALY = A for

the Rindler and deSitter setups. We will call the left hand side of the above

equation the renormalised SMI, or rSMI for short.

Figures 6.6 and 6.5 show a log-log plot of the rSMI as against N. A

two-parameter power-law fit with the function f(cq,d, N) = cqN*¢ gives in
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r] max

=N max

n

L.,

Figure 6.3: Penrose diagram of deSitter spacetime. The cosmic horizon
of an observer sitting on the south pole of the constant 7 slices is shown,
together with the region into which we sprinkle, bounded by +nmax. The
constant 7n-time surface 7max is the time at which we evaluate the entropy
of the horizon H.

=Y

Figure 6.4: Collapsing shell black hole. The region depicted in the diagram
is the inside of a null collapsing shell of matter (not shown in the picture),
where the spacetime is flat, and H is the horizon. The boxed region is a
cylinder of radius » = 1.7, and height ¢t = 0.7, representing the portion of
the spacetime which we sprinkle into.
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3d
Rindler: b3 =0.83 £0.05, k3 =0.33£0.01, (6.10)
dS: by =0.34+0.08, k;=0.39+0.02, (6.11)
and in 4d
Rindler: b4 =1.29 £0.41, k4 =0.47+0.02, (6.12)
dS: by=117+0.35, ks =0.48%0.02, (6.13)
Collapsing shell: by = 2.67+£2.00, k4 = 0.42 £ 0.06, (6.14)

where we fitted data for N > 218 only.

Having established that the data is broadly consistent with kg = (d—2)/d
we fix by more precisely by fixing k,; and refitting the data to g(bg, N) =
bgN@=2/d g =3 4. We find

Rindler: b3 = 0.789 £ 0.002, (6.15)
dS: by = 0.73 +0.01, (6.16)
and
Rindler: b4 = 0.86 £ 0.01, (6.17)
dS: by = 0.88+0.01, (6.18)
Collapsing shell: b4 = 0.95 + 0.03. (6.19)

(It would be nice at this point to compare these values of by with those
found in chapter 4, but since we don’t believe the action of 3d and 4d flat
intervals to have reached the asymptotic regime, it would not make much

sense. )

6.4 Discussion

We have provided numerical evidence that in the limit of infinite density,
for Rindler, deSitter and collapsing shell black hole horizons, the expected
SMI is proportional to the area of the codimension 2 surface defined by the

intersection of the horizon, H, with a spacelike hypersurface ¥. Furthermore,
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Figure 6.5: log-log plot of simulation data for the Rindler and deSitter
setup in 3d, varying density p with a power law fit of Rindler data only.
Data averaged over 10 runs. Fit function f(bg, kg, N) = bgN¥d.

in 4d, our data is consistent with the constant of proportionality, by, being
universal, which is not surprising given that the SMI is defined via the causet
action. In fact, this can be seen as evidence in favour of the conjecture for the
continuum limit of the causet action, albeit only for the term proportional
to the codimension 2 boundary of the spacetime region. In 3d the data
is inconsistent with the universality of b3, but a quick look at figure 6.5
suggests that the deSitter data has not quite reached the asymptotic regime
yet.

It is worth appreciating the cancellations occurring in calculating the
SMI. Figure 6.7 shows a plot of the the individual contributions to the
SMI for the Rindler setup in 4d. As we can see each contribution grows
much faster than O(v/N), ! and only once all these contributions are added
together with the specific pattern of coefficients used in the action, does the
growth reduce to O(v/N).

Taking the SMI to be defined by equation (6.3), it is surprising that it is

"We can also note that for low N each contribution scales differently, and only as
N — oo do they tend towards similar growth. This is because these simulations are of the
non-local SMI, i.e. with [, > [, so that each layer is not just the number of order intervals
of some particular size, but includes order intervals of all sizes.

81



6.4 Discussion

10000 T T T T T T T T
1000 e
¥ E =S i
x ¥ =
— 3 E = -
= + + * ¥7$ -
* ¥
* 4
* 4 )
100 f x ~ = .
+
Rindler, V=108, A;=A,=36 ——
deSitter, n,,,=-25, V=10.30Q A1=A2=42fn
Collapsing shell, A;=4m(0.3)%, Ap=4n172 —*—
Power law fit to Rindler ———
Power law fit to deSitter
10 Lu ) ) ) quer law fitlto collapsilng shell
13 14 15 16 17 18 19 20

log> N

Figure 6.6: log-log plot of simulation data for the Rindler, deSitter and
collapsing shell setup in 4d, varying density p with a power law fit of all three
data sets. Data averaged over 10 runs. Fit function f(bg, kg, N) = bgN*d.
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Figure 6.7: A log-log plot of the various contributions to the SMI (for the 4d
Rindler setup) taken separately. It should be noted how each contribution
grows much faster than O(\/N ), and only when taken together, in the precise
combination given by the action (or SMI), does the SMI approach O(v/N),
in the asymptotic limit.
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“working” at all, in the sense that (6.8) holds. It must be that (S,gd) (X,Y))
is effectively localising at the horizon even though the definition is global.
One possible explanation is that the SMI is effectively counting links local
to the intersection of some constant time surface with the horizon, and the
non-link counting terms in the SMI are there to provide a Lorentz invariant
way of introducing cancellations without which the result would be infinite
[43, 8, 26].

If the proposal “works” in the sense of giving the continuum value for
the entropy in cases where it is defined, then we will be faced with the task
of explaining why this quantity is, physically, an entropy. In other words,
we will need to prove the Generalised Second Law from the fundamental
dynamics of the discrete theory. It is encouraging that the spacetime mutual
information relates to dynamics through being the information missing from
the action. It is also encouraging that the proof scheme of Sorkin [44] — a
generalisation of his proof of the GSL in semiclassical gravity [45] — is set
up in causal terms. The challenge is to understand entropy and reformulate
Sorkin’s proof scheme in the fully spacetime setting of the sum-over-histories
approach to quantum theory that causal sets seem to demand.

In [40] it is stated, ” One of the key questions is whether the local notion of
horizon entropy density is a valid concept, or whether something essentially
global is involved.” The proposal we have made is that horizon entropy is
global in the sense of pertaining to a causally defined dichotomy of spacetime
and yet it is effectively localized. The answer to Jacobson and Parentani’s

key question would then be, “Yes and yes.”
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Chapter 7

Conclusion

7.1 Summary

Following a brief introduction to causal sets in Chapters 1 and 2, we showed
in Chapter 3 how it is possible to define a one-parameter family of wave op-
erators, By, on causal sets well-approximated by 4 dimensional spacetimes,
whose continuum limit (provided certain assumptions hold) gives both the
continuum d’Alembertian and the scalar curvature of the approximating

manifold, i.e.

hmBW@Q:DM@—%R@W@)

p—co
This result is proof of concept that the non-locality of causal sets, emerg-
ing from the interplay between Lorentz invariance and discreteness, can be
tamed, and that (approximately) local dynamics can be defined.

In Chapter 4 we used this result to define the scalar curvature, R, and the
action, S[C], for causal sets and conjectured that for sprinklings of globally

hyperbolic normal neighbourhoods, N,

lim(S[C]) = ﬂz/ﬁx/ T)R(z ZJMMON)

1—0 D

(If the region N contains timelike boundaries, =, then we conjectured that

the continuum limit was dominated by the divergent term lga,% ; [z d¥ ey /—h(2)).
We then studied the expected action of various spacetime regions which, to-
gether with the results of Chapters 5 and 6, provided evidence in favour of
this conjecture.

Chapter 5 was devoted to a detailed study of the action of 2d causal sets,
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for which we concluded that, although the action appears to be topological,
it is most likely unrelated to the Lorentzian extension of the Gauss-Bonnet
theorem.

Finally in chapter 6 we used the action to define the spacetime mutual
information (SMI)

SO Y] = faes® 303 falnle,y), e,

zeX yeY
y=<x

and conjectured that its mean is the continuum entropy of causal horizons,

i.e.
A(d)(Q)

<S’(€d)[X’ Y]> = bdldT'
D

We then provided numerical evidence in favour of this claim.

7.2 Outlook and Future Work

The work in this thesis has probably raised more questions than answers.
In this final section we give a list of projects, inspired by the work described

in this thesis, that we intend to explore in the future.

e Generalising the proof of chapter (3) to other dimensions.

e Proving a stronger version of (3.8) by weakening the assumptions. In
particular we would like to prove the result in the presence of generic

caustics.

e Establishing the phenomenological role played by the meso-scale [; in
the propagation of both classical and quantum fields on a fixed causal

set background.

e Investigating the scalar quantum field theory built using the Lorentz

invariant non-local continuum d’Alembertian Bj,.

e Providing more conclusive evidence for the conjecture about the con-
tinuum limit of the causet action (4.16), possibly analytically. In par-
ticular we would like strong evidence for the bulk Einstein-Hilbert

term.
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7.2 Outlook and Future Work

e Now that we have an action we can study quantum dynamics for causal
sets. As we explained in the introduction, by QCSD we mean a PI (or
SOH) dynamics, i.e.

Z =Y esln, (7.1)
C

Some work in this direction has recently been done [46]. We wish to
extend this further.

e Use the 2d causet action to study topology change for 2d causets.
We already know the causet action for a trousers spacetime so the
next step would be to calculate the action for the other 2d topology
change, the creation of a circle from nothing. These result could prove
useful in understanding whether certain types of topology change are
suppressed in 2d QG, c.f. [38].

e Provide further evidence for the relation between the SMI and the en-
tropy of causal horizons. Harder (but more rewarding!): try to estab-
lish whether there is a link between the novel proposal for calculating

the entropy of a spacetime region [47], and the SMI.
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Appendix A

Integrals

Al
We prove that (3.74) - (3.76) are zero in the limit This follows if
3 . R a v 2 9
p201Ly,, = C’)/ dv/ duu™v"(u,v)e P (A.1)
0 0

tends to zero in the limit p — oo for all m +n > 5. We will need the

following identities

5 (erf(y/puv)\ iuv 5 —pute?

O( VP ) IR ' (42
. erf(\/,Buv)) B 2 43 2.2

P 3 = — uvle P A3

w

where P = 2(H +1)(H + 2) so it annihilates p~" and p~2.
We first integrate I, by parts in u, then act with O and use (A.2) to
get

73/ dv o™ (v, v)e” pvt
— 77/ dv/ du (mu™(u, v) + ™, (u, 1)))1)"6_”“2”2 (A.4)
We can deal with the first integral by acting with P on the integrand

@ 2
/ dv (v, v)o™ (1 — gpv4 + §p2v8)e*p”4. (A.5)
0
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A.1

and then bounding each of the resulting integrals, e.g.
a 1 " a 1 4
/ dv (v, v)ym T e < HT/)(U,U)Hl/ dy ™t ey
0 0

:Hz/)(v;vzul p(mtnt2) | w’p& . (A6)
4p% 4 4

which is at least of order 1/ pg and hence goes to zero in the limit for all
m+mn > 5.

Next we deal with the second term in (A.4). Integrating by parts in u
again gives I,, , = A + B where

e—pvt
2p

A= 75/ dv (mo™ "3 (0,0) + 0"y (v, v))
0

P2 Y(v,v) ifm=1

_ (A7)
2p Yu(v,v) ifm=0
_ra v Un—Q 4
B = —77/ dv / du (m(m — D)u™ 2y + 2mu™ My, + ™ ) 5 e .
0 0 P
(A.B)

Both instances of the second term in A are annihilated by P so we only need

to deal with the first term. Integrating by parts in v gives

1
—E(ma””””d}(a, a) +a™ "3y (a, a))e_pa4L
1 a
+E dv (m(m — 2)v" T Lap (v, ) + mo™ 24, (v, v)
0

(m — D)™ 2 (0,0) + 0 (0, 0) e (A)
The first term is O(e™ ") and all integrals in the second term are zero in the

limit for m +n > 5, see (A.6).

Now consider B, integrating by parts with respect to u again and then
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A.2

acting with P and making use of (A.3) gives

1 a
B = _6/ dv (m(m — D)™ " (v, v) + 2mu™ T2 (v, 0)
0

+vm+”+3¢7uu(v, v)) et (A.10)
1 a v
+ 6/ dv / du (m(m — 1)(m — 2)u™v™p + 3m(m — Du™ o™y,
0 0

2

+ 3mum+2v"¢,uu + umHU"w,uuu)e_”“Q” (A.11)

The integrals in (A.10) are again as in (A.6). Those in (A.11) we can bound:
a v 2 9 a v 9 9
/ dv / duu™v"P(u,v)e” P < ]|1/)(u,v)||1/ dv / duu™v"e PV
0 0 0 0
(A.12)

The integral on the right can be evaluate explicitly and for n = m gives

1 4 m+1\ m+1\ g (m+1
g oo (%37) e (7)o (757

1,1
+G33 | pa'| , (A.13)
0. 0, mtl
’ D)

While for n # m one gets

1 1 m+n+2 m+n+2 4
%m—n>LWT”(F< 1 )‘F< 1 ”a>>
S <r (m; >—r<m; ,pa4)>] (A.14)
p 2

where 1) is the digamma function and G;:g is the Meijer G-function, which

decays exponentially in the limit.

A.2

We prove that Oy = O(p~?). Since absorbing a factor of § into p does

not affect the homogeneity operator, H, or O the result follows if

I a?
@/‘m/“b/ﬁwﬁw%a@eﬁwwwzmp% (A.15)
a 0
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A.2

as p — oo for a smooth enough function f;(w, 2,0, ). Integrating by parts
in u,

a.2

[ fan P

7rerf a* B o Vmerf(zy/ph)
/ / fl(wa \/E’G’LP) /0 dz 2\/1% fl,z

1
=p 2/ dw/sz ,9,@)
\/ﬁ

/dw/sz exfe(a®/p) fi(w jﬁ 6,0)
é/ dw/dm/” VT  crf(=/ph) (w0, 2.0,) (A.16)

—p

N[

The first term of (A.16) vanishes on application of O. Since w > a, the
second term tends to zero exponentially in the limit p — oo as are all
derivatives of the second term w.r.t. p. Thus o acting on the second term
gives something that tends to zero in the limit.

We're left with the third term. We use the following property of O:

~ (‘erf(y/phz) —iz —
(’)(\/ﬁ >_ﬁ VhPe P (A.17)

w

where P = 2H+1)(H+3)so P annihilates p~! and p~2
Acting on the third term with O gives

73/ dw/dﬁg/ dz 2z f1.(w, 2,0, p)e "= (A.18)
a 0

We repeat the steps of integrating by parts and discarding terms that vanish

in the limit. We have to do it twice more before we obtain an integral we
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A.2

can bound. So,

2
L a®
/ dw/dﬁg/\/ﬁdzzflyz(w,z,ﬂ,gp)e_pﬁh
a 0
 [* 1
= —p Qo — z s Uy Uy
p /adw/d 22hf1,(w09¢)
L 2
1 a 4
—1 —pa
Q a1 z ’ s Yy p
+p /a dw/d 22hf1,(w\/};990)6
2
L 2 —pz2h
o [Caw oy [T a0, (A.19)
a 0

The first term is killed by P and the second term (and its p derivatives)
tends to zero exponentially fast as p — oo. The final term of (A.19) gives,

on integration by parts,

g/ dw/dQQ AR3/2 (fl zz( \/faev(p) - fl,zz(w70707¢)>
3 @2
2/ dw/ng h3/2 erfC( \/ﬁ)fl,zz(wa ﬁvevso)

/ duw / 09, / 7, 37;2erprhz)fl,zzz(w,z,e,so) (A.20)

The first term is killed by P and the second and its derivatives are expo-
nentially small. The third and final term of (A.20), on application of P

is

/ dw/ng/f 37;2 erf(\/ph 2) f1 222 (w, 2,0, @)

1 a_
= _6 / dw / dQ2 /\/E dz Z3€_p22hf1,zzz(w, zZ, 9, QD) (A21)
a 0

where we made use of (A.3), and we have

/ dw/dﬁg/ dz z e_pz2hf1,zzz(1U,279790)

a2
L Vh 3 _—pz’h
< 1,222l dw [ dQe ; dz z’e (A.22)
a
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The remaining integral can be done
a2
ﬁ 3 — 2h o 1
/(; dZZ e pz = W (A23)

up to exponentially decaying terms as p — oc.
Consider now Olss. Absorbing a constant factor into p as before, and
another constant factor into the function which we rename g(u,v) we want

to bound

R L % 2
X ;:—Op/ d’w/dQQ/ dZZSfQ(wazvea(p)e_pz h
—H(’)/ dw/dﬂg/ﬁ zéze p=*h (A.24)

where we adopt the notation that # is a constant numerical factor (not
involving any of the parameters). Almost this integral appears in the proof
above as (A.18) with P replaced by H @, and this leads to

— 40 3/ dw/dﬂz/” f2zzerf (\/ph) (A.25)

up to exponentially small terms. We use the identity for o (A.3) to get

a2
A L Vi 3f2,zz —p22h
X = #HQ dw ng dz z e p (A.26)
3
< #l fonel o HO / du / a2, / o e (A.27)
= #l9,.- HQ/ dw/dQ A.28
19,222 ; TR (A.28)

up to exponentially decaying terms as p — oc.

Consider finally I23. We want to bound

2
2 L a_
Y = (9[)2/ dw/ng/ﬂdz zﬁfg(w,z,ﬁ,gp)ze*p%h. (A.29)
a 0
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A.3

Integrating by parts,

Y = op/ /d92
a 16 2p2

a2 1 f 1
[ ( 5V erf(Vph 2) _< o +5+”z) —p22h> 2fs fs:
0

2
VT erte(ypa2) o (w, \/5,9,90)2 (A.30)

16hz  p2 8h?p ~ 4h*  2h
(A.31)

Using the same techniques as before it is straightforward to show that |Y| ~

O(p~?).

A.3

We want to bound HIp4. Again we absorb a factor of & into p.

2
0 g Vi 2 (=p)F
T — d a0 d 4 _11 3 _—pz“h 3m m
’p(‘)p 24 /a w/ 2/0 25 (y) [P = ge kzz()(m+3)!z 9

(A.32)

> _ )k
—p 299367pz hZ (T(n f)Q)'Z3mgm] (A33)

k=0 '

where j(y) = 31/—9¢(y)(w — 2z)?. The absolute value of both the sums are
bounded above by exp(pz3g) < exp(%szh) for all y € Wh.

_#/ dw/dﬁg/ dz |j(y)] ¢ pP 20 (p22 — 3)e~2P*h (A.34)

p=—1I2
’ 9p 2
< #cp? / dw/dﬁg/ pz —3)e —3p2%h (A.35)

=#c / dw / dQs < 75,7 1Oh5 > (A.36)

up to exponentially small terms, where again ¢ = g° H J dQs| ](y)\H2 and
= |lg(w, z,0,9)|]2. A similar calculation shows that terms Hslss and
Hs3ls4 are bounded by the same expression just with different numerical

factors.
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Appendix B

Volume of Long Skinny

Intervals

We show that the volume of an interval contained in a normal neighbour-
hood of J~ (), in FNC is given by (3.43). Consider a point y with global FNC
(w, 2,0, ). We can use the geodesic (6, ¢) to define null FNC (z*, 27, z!, 2?)
where coordinate 2™ is the affine coordinate along ~ such that z* = w. Co-
ordinate x~ is affine distance along a null geodesic, A, from the “base point”
pon v with null FNC (w, 0,0, 0), whose tangent vector, when parallely trans-
ported to the the origin of coordinates, points in an antipodal direction to
the tangent of 7; furthermore we can chose the affine parametrisation such
that 2~ = z. o' and 22 are coordinates in the (spatial) transverse directions.

In null FNC the metric to quadratic order is

ds?® = 2dztde™ + Sgpdada®

_ 4 = _ 1 - -
— |Ryiassp 2%2? (dat)? + §R+Baaxbxc(dl‘+dm‘1) + gRad;Jmcmd(dmadxb)
+ O(maxi’xa) (B.1)

where all the curvature components are evaluated on the null geodesic, the
barred indices a etc. run over the three transverse directions —, 1,2 and
unbarred over the spatial transverse directions 1 and 2 only. Rescaling the

coordinates x+ — Tt =27 /2, 27 - 7~ =27 /(—2) and 2% — T* = 2%/\/z
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B.0

we find that in the limit z — 0 the metric is
1
ds* = zw <—2dx+dm + —Oapdxdx® + vR, 4 p(2T) 220 (dzT)? + O(z)> ,
w
(B.2)

so that /—¢g = 22w + O(2?).

Consider a family of points y(Z) in the normal neighbourhood with FNC
y = (W,—2,0,0) where V is fixed and consider the limit Z — 0 (after the
coordinate rescaling defined above we have y = (1,1,0,0)). Assume that

the spacetime volume V' (y) of the causal interval I(O,y) between the origin
of FNC and y(Z) tends to zero as Z — 0. Then

V(y) = Z°h(W) + Z3f(W) + O(ZY) (B.3)

for unknown functions h and f. In global FNC, for a general point y with

coordinates (w, z,0, ), we get
V(y) = 22h(w, 0, ¢) + 2*g(w, 2,6, ¢), (B.4)

where we absorbed all higher order corrections in g.
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