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Abstract

A covariant causal set (c-causet) is a causal set that is invariant un-
der labeling. Such causets are well-behaved and have a rigid geometry
that is determined by a sequence of positive integers called the shell
sequence. We first consider the microscopic picture. In this picture,
the vertices of a c-causet have integer labels that are unique up to a
label isomorphism. This labeling enables us to define a natural metric
d(a,b) between time-like separated vertices a and b. The time metric
d(a,b) results in a natural definition of a geodesic from a to b. It turns
out that there can be n > 1 such geodesics. Letting a be the origin (the
big bang), we define the curvature K (b) of b to be n—1. Assuming that
particles tend to move along geodesics, K (b) gives the tendency that
vertex b is occupied. In this way, the mass distribution is determined
by the geometry of the c-causet. We next consider the macroscopic
picture which describes the growth process of c-causets. We propose
that this process is governed by a quantum dynamics given by com-
plex amplitudes. At present, these amplitudes are unknown. But if
they can be found, they will determine the (approximate) geometry
of the c-causet describing our particular universe. As an illustration,
we present a simple example of an amplitude process that may have
physical relevance. We also give a discrete analogue of Einstein’s field
equations.



1 Introduction

The causal set (causet) approach to discrete quantum gravity has been stud-
ied by various investigators [1,3,5,7-9]. Unlike previous sequential growth
models, in our approach the basic elements are a special type of causet called
a covariant causet (c-causet). A c-causet is defined to be a causet that is in-
variant under labeling. That is, two different labelings of a c-causet are label
isomorphic. This is a strong restriction which says that the elements of the
causet have a unique “birth order” up to isomorphism. The restriction to
c-causets provides great mathematical simplifications. For example, every
c-causet possess a unique history and has precisely two covariant offspring.
It follows that there are 2"~! c-causets of cardinality n. There are also phys-
ical reasons to consider c-causets. An arbitrary causet can have a very wild
geometry that has no relationship to our universe which is isotropic and ho-
mogeneous in the large. On the other hand, a c-causet has a rather mild and
well-behaved geometry. This rigid geometry is determined by a sequence of
positive integers called the shell sequence.

After our discussion of c-causets, in the following section, we consider
the microscopic picture. This picture considers the detailed structure of a c-
causet in which the vertices have integer labels that are unique up to a label
isomorphism. This labeling enables us to define a natural metric distance
d(a,b) between time-like separated vertices a and b. The time metric d(a, b)
results in a natural definition of a geodesic from a to b. It turns out that
there can be n > 1 such geodesics. Letting a be the origin (the big bang),
we define the curvature K (b) at b to be n — 1. Assuming that particles tend
to move along geodesics, K (b) gives the tendency that vertex b is occupied.
In this way, the mass distribution is determined by the geometry of the c-
causet. This is counter to the usual view in general relativity where the
curvature is determined by the mass distribution. We thus reach the conclu-
sion that the properties of a universe are dictated by the geometry, that is,
the shell sequence of the underlying c-causet. Various small examples of shell
sequence toy universes are considered. For instance, an exponential growth
(inflation) appears to result in a fairly uniform small curvature indicating a
homogeneous mass distribution, while a sudden contraction results in large
curvatures reminiscent of a black hole. Other examples indicated clusters of
masses like galaxies. Of course, these examples are only toy universes and
computer simulations would be required for more definitive models.

This now leads to the big question. How do we determine the geometry



of our particular universe? We do not expect to find an exact answer to this
question. We only hope to find probabilities for various competing geometries
and this is where quantum-like theory comes into play. To study this big
question, we consider the macroscopic picture which describes the growth
process of c-causets. We propose that this process is governed by a quantum
dynamics given by complex amplitudes. At present, these amplitudes are
unknown. But if they can be found, they will determine the probabilities for
geometries of c-causets. As an illustration we shall present a simple example
of an amplitude process that may have physical relevance.

In the macroscopic picture, we find it appropriate not to consider c-
causets individually, but in pairs called twins which are two different c-causets
with the some history. The set of twin c-causets has the structure of a dis-
crete 4-manifold which brings us closer to traditional general relativity the-
ory. Finally, we present a discrete analogue of Einstein’s field equations.
To summarize, this work suggests, contrary to conventional wisdom, that
the microscopic picture is described by geometry (discrete general relativity)
while the macroscopic picture is described by a discrete quantum amplitude
process.

2 Covariant Causets

In this article we call a finite partially ordered set a causet. If a, b are elements
of a causet x, we interpret the order a < b as meaning that b is in the causal
future of @ and a is in the causal past of b. An element a € x is mazimal if
there is no b € x with a < b. If a,b € z, we say that a and b are comparable
ifa<borb<a. Ifa<band thereisnoc € x with a < ¢ < b, then a is
a parent of b and b is a child of a. A chain is a set of mutually comparable
elements of . The height h(a) of a € x is the cardinality of the longest chain
in = whose largest element is a. We denote the cardinality of = by |z]|.

If x and y are causets with |y| = |z|+1, then x produces y if y is obtained
from z by adjoining a single maximal element a to x. In this case we write
y = x T a and use the notation x — y. If ©+ — y, we also say that = is a
producer of y and y is an offspring of x. In general, x may produce many
offspring and y may be the offspring of many producers. (It is suggested
that throughout this article, the reader should draw diagrams to illustrate
and understand the various concepts.)

A labeling for a causet x is a bijection ¢: x — {1,2,...,|z|} such that



a,b € v with a < b implies that ¢(a) < £(b). A labeled cause is a pair (z, /)
where ¢ is a labeling of x. For simplicity, we frequently write x = (x, ¢) and
call x an f(-causet. Two (-causets x and y are isomorphic if there exists a
bijection ¢: x — y such that a < b if and only if ¢(a) < ¢(b) and ¢ [p(a)] =
((a) for all a € z. Isomorphic ¢-causets are considered identical as (-causets.
It is not hard to show that any causet can be labeled to form an ¢-causet. In
general, a causet can be labeled in many nonisomorphic ways but there are
exceptions and these are the ones of importance in this work. A causet is
covariant if it has a unique labeling (up to ¢-causet isomorphism). This is a
strong restriction which says that the elements of the causet have a unique
“birth order” up to isomorphisms. We call a covariant causet a c-causet.
We denote the set of c-causets with cardinality n by P, and the set of all
c-causets by P. It is easy to show that any = € P with |z| > 1 has a unique
producer. Moreover, it is shown in [4] that any c-causet has precisely two
covariant offspring. It follows that |P,| = 2""', n =1,2,.... The following
result is proved in [4].

Theorem 2.1. A causet x is covariant if and only if a,b € x are comparable

whenever h(a) # h(b).

For x € P, let
Sij(x)={a€x:h(a)=75},j=0,1,2,...

We call the sets Sj(x) C z shells and the sequence of integers s;(x) = |5;(z)],
7 =20,1,...1s the shell sequence for x. Of course, elements in the same shell
are incomparable and we say they are space-like separated. 1t follows from
Theorem 2.1 that two elements in different shells are comparable and we
say they are time-like separated. We conclude that a c-causet is uniquely
determined by its shell sequence. We think of {s;(z)} as describing the
“shape” or geometry of x. Mathematically a shell sequence {s;(x)} is a
sequence of positive integers satisfying > s;(x) = |z|, where the order of the
terms in the sequence is taken into account. To illustrate this, we list the



shell sequences for the c-causets with cardinality n = 1,2, 3,4, 5.

1)

n=1:(

n=2:(1,1),(2)

n=3:(1,1,1), (1, ),(2,1),(3)

n=4:(1,1,1,1),(1,1,2),(1,2,1),(2,1,1),(2,2),(1,3), (3, 1), (4)

n=>5: (1,1,1, , ) (1,1,1,2) (1 1,2,1),(1,2,1,1),(2,1,1, 1),(1,1,3),(1,3,1),
(37171)7( )’( ) ( ) (3’2)7(17272> (27172)7< ’27 1)7(5)

Each of these shell sequences represents a unique c-causet and as we have
previously mentioned the number of sequences with sum n is 2" 1.

3 Microscopic Picture

In the microscopic picture we examine the detailed structure of a c-causet
x. We view z as a framework or scaffolding for a possible universe. The
vertices of x represent small cells that can be empty or occupied by a particle.
The shell sequence that determines x gives the geometry of the framework.
In order to describe this universe, we would like to find out how particles
move and which vertices they are likely to occupy. We accomplish this by
introducing a distance or metric on z.

Let x = {ay, as,...,a,} € P, where the subscript i of a; is the label of the
vertex. For a;,,a;, € v with a;, < a;,,, a path from a;, to a;, is a sequence
a;; < a;, < --- < a;, where a;, is a parent of a;,,,, j =1,...,m —1. We
can think of a path from a;, to a;, as a sequence in z starting with a;, and
moving along successive shells until a;_ is reached. If

Y= A Ay - Q4
is a path, we define the length of v by
m 1/2
U(vy) = [Z(% - ij1>2]
j=2

Of course, there are a variety of definitions that one can give for the length
of a path, but this is one of the simplest nontrivial choices. For a,b € x with
a < b, a geodesic from a to b is a path from a to b that has the shortest length.
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Clearly, if a < b, then there is at least one geodesic from a to b. If a,b € x
are time-like separated (comparable) and a < b say, then the distance d(a,b)
is the length of a geodesic from a to b. We have that d(a,b) = d(b,a) by
definition and we do not define d(a, b) if a and b are incomparable. (We could
define d(a,a) = 0 but this is not needed.) The next result shows that the
triangle inequality holds when applicable so d(a,b) has the most important
property of a metric. Since d(a,b) is based on the time between “births” of
a and b, we also call d(a,b) the time metric.

Theorem 3.1. Ifa < ¢ < b, then d(a,b) < d(a,c)+ d(c,b).

Proof. Let a;,a;, -+ - a;,, be a geodesic from a to b (a;, = a,a;,, =b). Also, let
aj aj, - - - aj, be a geodesic from a to ¢ and ay, ag, - - - ax, be a geodesic from
c to b. As before the subscripts are the labels of the corresponding vertices.
We have by Minkowski’s inequality that

A(a,8) = [0 = in 1] < [S 00— dn ) + 3 — b )?]

1/2

< [ 0n g2 [k~ k] = das ) + d(eb)0

1/2 1/2

A subpath of a path a;,a;, - --a;, is a subset of {a;,,ai,,...,a;,} that is
again a path. The next result shows that once we have a geodesic we can
take subpaths to form other geodesics.

Theorem 3.2. A subpath of a geodesic is a geodesic.

Proof. Let a; a;,---a;, be a geodesic. If a; aj,---a;, is a subpath that is
not a geodesic then there is a smaller length path aj ay, - - - ax,a;,, from a;,
to aj,,. But then

Wiy« Ay Oy -~ - Qg @, w Gy

n

is a path from a;, to a;, with smaller length then a; a;, - --a;, which is a

n

contradiction O

We have seen that the shell sequence determines the metric d. It is
interesting that the converse holds in that the metric determines the shell
sequence and hence the geometry of x € P. In fact, all we need to know
is when d(a, b) is defined. Let x = {ay,as,...,a,} where the subscripts are
vertex labels. Let jo be the smallest integer for which d(ay, a;,) is undefined.
If jo = n, then so(z) = n and we are finished. Otherwise, so(x) = jo < n.
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Now aj,+1 € Si(x) and let j; > jo + 1 be the smallest integer for which
d(ajy+1,aj, ) is undefined. If j; = n, then s;(z) = n — jo and we are finished.
Otherwise, s1(z) = 71 — jo. Continuing by induction, we obtain the entire
shell sequence (so(z), ..., sm(x)).

Suppose we have a c-causet x with shell sequence (so(x), s1(z), ..., Sm(z)).
We view this as a sequential growth process in which vertices are born one at
a time. We start with the vertex labeled 1 and new vertices are sequentially
born until the first shell is filled: 1,2,...,so(x). Then the second shell is
filled: so(z) 4+ 1,...,s0(x) + s1(x). The process continues until the last shell
is filled. We can thus represent = by the sequence of integers:

r=(1,2,...,80(x);s0(x) + 1,...,80(x) + s1(x);- - ;
So(2) + -+ + Smo1 () + 1, So(@) + -+ sp()

In the sequel we shall employ the notation of the previous sentence to describe
an z € P.

As we shall see, there may be more than one geodesic from a to b when
a < b. If there are j geodesics from vertex 1 to vertex n, we define the
curvature K(n) at n to be K(n) = j—1. One might argue that the curvature
should be a local property and should not depend so heavily on vertex 1 which
could be a considerable distance away. However, if there are a lot of geodesics
from 1 to n, then by Theorem 3.2, there are also a lot of geodesics from other
vertices to n. Thus, the definition of curvature is not so dependent on the
initial vertex 1 as it first appears. Assuming that particles tend to move
along geodesics, we see that K (n) gives a measure of the tendency for vertex
n to be occupied.

As an example, consider the simple toy universe with shell sequence
(1,2,3,4,5,4,3,2,1). The labels of the vertices become

x=(1;2,3:4,5,6,7,8,9,10; 11,12, 13, 14, 15; 16, 17, 18, 19; 20, 21, 22; 23, 24: 25)

The c-causet = represents a toy universe that expands uniformly and then
contracts uniformly. Of course, the paths 1-2 and 1-3 are geodesics so
d(1,2) =1, d(1,3) = 2. There are two paths from 1 to 4 given by 1-2—4 and
1-3-4. We conclude that both of these paths are geodesics and d(1,4) = /5.
There are two paths for 1 to 5 given by 1-2-5 and 1-3-5. The first path
has length v/10 and the second has length /8. Hence, 1-3-5 is a geodesic
and d(1,5) = v/8. Similarly, there are two paths from 1 to 6 given by 1-2-6
and 1-3-6. The path 1-3-6 is the only geodesic and d(1,6) = v/13. For a
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last example, consider the paths from 1 to 11. There are 24 paths from 1
to 11, but only the paths 1-3-6-8-11, 1-3-5-8-11, 1-3-6-9-11 are geodesics
so d(1,11) = 4/26. The following two tables summarize the distances and
curvatures for the vertices of the c-causet x.

2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘12‘13‘14

ai) [1]2]v3 | V8| vi3| viz| viT| va2 | va | vas | vaL | V38 | Va5

d(19) | V51| VAT | V5[ VBL | VIO | VB3 | VIO | VTT | VT2 | VO | V76

Table 2

In this toy universe, vertices 4, 8 and 13 might represent toy planets about
a toy star 11. Vertices 16 and 17 might represent a toy double star and 20,
21 might be large toy stars with toy planets 19, 21. Finally, vertices 23,24, 25
might represent a toy black hole. This example indicates that an expansion
followed by a contraction results in some relatively large curvatures.

Theorem 3.2 can be used to construct an algorithm for determining
geodesics recursively. A geodesic from a to b can be formed by taking an
appropriate vertex ¢ in the shell immediately prior to the shell containing b
and constructing a geodesic from a to ¢ together with the edge c¢b. This algo-
rithm gives a necessary but not a sufficient condition for a geodesic. That is,
a geodesic followed by another connecting geodesic need not form a geodesic.



For instance, in the previous example, the paths 1-3-6 and 6-7 are geodesics,
but 1-3-6-7 is not a geodesic.

We now give an example which indicates that exponential growth (infla-
tion) results in a fairly uniform low curvature. Let y be the c-causet with
shell sequence (1,2,4,8,16). The resulting vertex labeling becomes:

y=(1;2,3;4,5,6,7;8,9,10, 11,12, 13, 14, 15; 16,17, . . ., 31)
The following two tables summarize the distances and curvatures for the

vertices of y.

i 2 \3 \ 4 \ 5 \ 6 \ 7 \ 8 9 10 \ 11 \ 12

dLi) | 12| V5| VB| V3| va0 | vIT | V22 | V29| 6 | V35

i 13 \ 14 \ 15 \ 16 \ 17 \ 18] 19 20

2
d(1,4) | V56 | /69 | V81 | V6T | V70| 9 | V92 | /105 | VIIS | V133

i \ 23 24 25 \ 27 \ 28 \ 29 \ 30 \ 31

| 24 | 25 | %
d(1,4) ‘ 143 ‘ 164 ‘ 184 ‘\/205 ‘\/228 ‘\/253 ‘\/280 ‘\/309 ‘\/340

Table 3

i | 1 ]2]3]4]5/6|7[8[9]1011]12|13|14|15]16 |17
K@) | =1]ofoft]olololi]of1]ololo]o]o]1]1

i ‘18 ‘19 ‘20 ‘21 ‘22 ‘23 ‘24 ‘25 ‘26 \27 ‘28‘ 29\ 30\ 31
K(i) ‘ 1 ‘ 0 \ 1 \ 0 \ 1 \ 0 \ 0 \ 0 \ 0 \ 0 \ 0 \ 0 \ 0 \ 0

Table 4

Our last example indicates that periodic shell sequence behavior results
in periodic curvature behavior. Let z be the c-causet with shell sequence
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(1,2,3,2,1,2,3,2,1) and vertex labeling
2= (1;2,3:4,5,6:7,8;9; 10, 11; 12, 13, 14; 15, 16; 17)
The next tables summarize the distance and curvatures for the vertices of z.
i 2‘3‘4‘5‘6‘7‘8‘9
d(1,i) | 1 \ 2 \ e \ V3 \ V13 \ V12 \ V17 \ V22

d(1,0) | V23| V26 | V2T | V30 | V35| V3T | V30 | V3R

Table 6

In general relativity theory it is postulated that the mass-energy distri-
bution determines the curvature, while in this microscopic picture we assume
that it is the other way around. That is, the curvature determines the mass
distribution and the curvature is given by the geometry (shell sequence). We
are now confronted with the question: What determines the shell sequence
of our particular universe? To study this question, the next section presents
the macroscopic picture. This picture describes the evolution of a universe
as a quantum sequential growth process. In such a process, the probabilities
of competing evolutions are determined by quantum amplitudes. Moreover,
we shall see the emergence of a discrete 4-manifold. Contrary to prevailing
wisdom, the situation may be picturesquely described by the following coun-
terintuitive statement. The microscopic picture is painted by number theory
while the macroscopic picture is painted by quantum mechanics. In the end,
quantum mechanics determines everything.
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4 Macroscopic Picture

The tree (P,—) can be thought of as a growth model and an x € P, is a
possible universe at step (time) n. An instantaneous universe x € P, grows
one element at a time in one of two different ways. To be specific, if v € P,
has shell sequence (so(z), s1(), ..., sm(z)), then x will grow to one of its two
offspring z — xg or x — x1 where xy and x; have shell sequences

(so(x),s1(x), ..., sm(z)+1)
(so(x), s1(x), ..., 8m(x), 1)

respectively. We call zy the 0-offspring and z; the 1-offspring of x. In this
way we can recursively order the c-causets in P by using the notation z,, ;,
n=12...7=0,1,2,...,2"1 — 1. For example, in terms of their labels
we have:

r10 = (1), 120 = (1,2), z21 = (1;2),

w30 = (1,2,3), 231 = (1,2;3), w32 = (1;2,3), 233 = (1;2;3),

T4,0 = (17273 4) Ta1 = (1727374)7 Ty2 = (1727374)7 Ty43 = (1727374>7
= (L

1:2,3,4), x45 = (1;2,3:4), 246 = (1;2;3,4), z47 = (1;2;3;4).

In terms of their shell sequences we have:

0=(1), a2,
x3,0 = ('3)7 1;3,1 = (27 1)7 373’2 = (17 2)7 x3,3 = (17 17 1)7
Tyg0 = (4), Ty = (3, 1), Ty2 = (2, 2)7 Ty3 = (2, L, 1), Ty4 = (1,3)7
ZE4’5 = (1,2, 1 s 1’476 = (]_, 1,2), l‘477 = (1, ]_, ]_, 1)

In general, the c-causet x, ; has the two offspring z,, ; — %412, and z, ; —
Tpp12j41, 0 =1,2,...,5=0,1,2,...,2""1 — 1. For example, x35 — 244 and
X32 — T4p5 while X33 — T4 and X33 — T47- Conversely, for n = 2,3, ceey
% has the unique producer x,_1,[j/2| where |j/2] is the integer part of
j/2. For example x5 14 has the producer x,7 and x5 ;3 has the producer 4.
With the previous notation P = {xz, ;} in place, we call (P,—) a sequential
growth process (SGP).

A c-causet z,; has a unique history. That is, there exists a unique se-
quence in P satisfying

L1,0 = L2455 =7 X243 =7~ " 7 Tn,j

11



We say that x,y € P are twins if x # y and x,y have the same history.
Clearly, x and y are twins if and only if they have the same producer. We
can characterize twins as pairs of c-causets of the form [z, 9;, Z,2j11]. For
example, the twins in the fourth shell are [z40,%41], [T12,Ta3], [Ta4,Tas5),
and [46,747]. Since twins are closely related, we shall find it convenient
to identify them. We use the notation P, for the set of twin pairs with n
vertices each, n = 2,3,... and we let P = UP,, be the set of all twin pairs.
Moreover, we use the notation

~ . n—2
I’n’j:[I’n72j7$n’2j+1],n:2,3,..., ]:0717"'a2 —1

and note that |P,| = 2" 2.

We condense the tree (P, —) to form the multigraph (7/5, —). The term
multigraph is used because now there are two edges linking vertices instead
of one. We can say that for z,, ; we have T, ; — ZTy41,2; and @, j — Tpy1,25+1,
that is

[In,zj, $n,2j+1] - [In+1,4ja $n+1,4j+1]

and

[xn,ij 13n,2j+1] - [xn+1,4j+27 $n+1,4j+3]

But now Z,; — T,41,2; has two edges (T2, Tni1,45) and (Tn2j, Tni1,4j4+1)
while /x\n,j - fn+1,2j+1 has two edges (ﬂin,2j+1, $n+1,4j+2) and (xn,2j+1; $n+1,4j+3)-
We thus have four edges originating at z,; which we denote by efw- k =
1,2, 3,4 in the order given above.

As an example, consider the twins T3 ; = [x32, 23 3] which produce 7, » and
T43. We can write this as [z39, ¥33] — [T44,Ta5] and [232,233] — [T46, Ta7).
We then have the following four edges originating at 7 1:

651),,1 = ($3,2, $4,4), 6371 = ($3,2,l‘4,5)

eg,l = (2?373, 1’475), 631 = (.T3,3,I477)

We consider (7/5, —) as a SGP in which — is composed of two edges instead

of one. We again have that each z,; € P produces two offspring except

that each production can occur in two ways corresponding to the double

edges, 67lz,j’ 672171’ or eim efw-. Similarly, each z,,; is the offspring of a unique

12



producer but again the production can occur in two ways. We see that (73, —)
resembles a discrete 4-manifold in which there are four independent “tangent
vectors” at each 7, ; € P. The reader may ask why this process is canonical.
Why can’t we form twins of twins and continue doing this until we finally
decide to stop? The reason is that unlike c-causets, twin vertices do not
possess unique histories. This is because a history now, not only contains
predecessor vertices but also single edges, so an 7, ; € P has many histories,
in general. We shall consider histories in detail in the next paragraph when
we discuss paths.

The twin c-causets @, 25, Tn 2j+1 are so similar that we identify them and
consider T, ; = [Tpn2;, Tn2j+1] as a single unit. We then view 7, ; € P as a
possible universe at step n, n = 2,3,.... Now two edges are adjacent if one
enters a twin and the other exits the same twin. Each edge e’:w. is adjacent
to four other edges. To be precise, e,; and e2 . are adjacent to e}, .,
k =1,2,3,4 while €3 ; and e . are adjacent to efLH,QjH, E=1,2,34 A

n,J n,J

path w in Pis a sequence of pairwise adjacent edges

_ ko ks k4
W= 62063]36434'”

An n-path is a finite sequence of pairwise adjacent edges

W= €205 " Cnjn,

We say that an n-path w = ws---w, has final vertex T € 73n+1 if w,, ends
at 7. For example, a 4-path with final vertex Zs 3 is e3 o3 je ;. Notice that
there are 47! possible n-paths. We denote the set of paths in P by Q and
the set of n-paths by 2,. We interpret a path as a completed universe (or
history) of an evolved universe. A path or n-path contains T € P if there
is an_edge of w that enters or exits 7. We then write T € w. In particular

T e Pnﬂ is the final vertex of w € Qn if 7 ew.
Let € be the set of all edges in P. That is

E={ef in=23...,j=01,..,2"2-1, k=1,234}

A transition amplitude is a map a: £ — C satisfying Zk La(er ;) =1 for
all n,j. Corresponding to a we define the amplitude a(w) of an n- path
W= wows - wy, €, to be a a(w) = a(wy)a(ws) - - - a(wy,). The amplitude of

asetAgﬁn is
:Z{a(w):weA}
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Notice that a(€,) = 1. The amplitude a(z, ;) of &, ; € P, is defined by
a(@ng) =3 {a(w): we Q1,70 € w}

It follows that > {a(’x\): T e ﬁn} = 1. We call ¢ ; = a(e} ;) coupling con-

n?]
stants and note that Zizl cfij =1 for all n, j.

Letting A, = 2% be the power set on {,, we have that (Q,,A4,) is a
measurable space. The n-decoherence functional D, : A, x A, — C corre-
sponding to @ is defined by D, (A, B) = a(A)a(B). We interpret D, (A, B)
as a measure of the quantum interference between the events A and B. The
n-decoherence matriz is the 4”1 x 4”1 matrix with components M, (w,w’) =
a(w)a(w'), w,w' € Q,. Letting |a(w)) w € Q,, be the 4"~ dimensional vec-
tor with components a(w), we see that M, is the rank 1 positive operator
given by M, = |a(w)){a(w)|. Again, D,(w,w’) is interpreted as a measure

of the interference between the paths w and w’. The g-measure of A C Qn
corresponding to @ is defined by p,(A) = Dy (4, A) = la(A)[*. In particular,
fn(w) = [a(@)]?, @ € Oy and pin(Fuy) = lalFag)

We interpret u1,,(A) as the quantum propensity of the event A € A,,. The
g-measure [, is determined by the coupling constants c’fL’j. It is believed that
once the coupling constants, and hence the g-measures pu, are known, then
certain n-paths and c-causet twins 7, ; will have dominate propensities. In
this way we will determine dominate geometries for the microscopic picture of
our particular universe. The g-measure i, is not a measure on the o-algebra
A, in general [6-8]. This is because the additivity condition u,(AU B) =
pn(A) + pn(B) whenever AN B = (), is not satisfied, in general. The physical
reason for this additivity failure is quantum interference. However, u, does
satisfy a more general condition called grade-2 additivity defined as follows.
If A,B,C € A, are mutually disjoint, then

n(AUBUC) = p1n(AUB) + 1 (AUC) + pn(BUC) = pin(A) = ptn(B) — 11 (C)

Of course, we do have that un(ﬁn) =1 and p,(A) >0 for all A€ A,

Example 1. In this example we compute the ¢g-measures of the first few

14



twins in terms of the coupling constants. We introduce the notation

~ ~ 1 2
a@n,j — $n+1,2j) =CpjtCj

SN ~ 3 4
A(Trj — Tnyr2j41) = Cpj + Cpj

We then have

p3(F30) = [A(Fa0 — F30)|* = |chg + ol
p3(T3,1) = [a(T50 — T31)|* = |30 + 3 ’
pa(Zapo) = |a(Zap — T3 o)|2 la(Z50 — Ty 0)|2 = ‘Céo + 03,0‘2 |C§o + Cg,o
pa(Tyq1) = |a(Zap — T3 0)|2 la(Z30 — 74 1)|2 = ‘05,0 + 03,0‘2 |C§,o + Cg,o
pa(Tag) = [@(@o0 — T30) [P [@(@s0 — Ta2)* = |G+ chol” |ch + 2,
,u4(A4,3) = |5(A2,0 — T3 o)|2 |5(553,1 — Ty 3)|2 = ‘Cg,o + 03,0‘2 |C§ 1+ C?’)L,l

In general, p,, ({Zni, Tnj}) # pin(Tni) + pn(Ty ;). For instance,
in Example 1

~ ~ 2 2 ~ ~
1= ps ({Ts0,T31}) # |0+ ol + |0+ ol = 1s(Ts0) + 13(Zs)

in general. When we have p, {Zni, Zn;}) = pin(Tni) + pn(Zn ), we say that
ZTn; and T, ; do not interfere. When this equality is replaced by < (>) we
say that 7, ; and 7, ; interfere destructively (constructively). It is useful to

notice that if z,,; — 2,41, then

finit(Fnsr ) = pin (Tg) [T — g )|

5 An Amplitude Process

We call an amplitude a: £ — C an amplitude process (AP). Corresponding to

k

an AP @ we have the coupling constants ¢} ; = a(e;, ;

) and these determine

the g-measures p,. This section presents a simple but nontrivial example
of an AP that may have some physical significance. We define coupling

15



constants ¢* ., n =2,3,..., 7 =0,1,...,2" 2 -1, k = 1,2,3,4 as follows.

n?]’

Let 7/16 < 6, ; < m/12 be the angle given by

. 2
J s
i = [1 B (% B 2n—2) ] B

2 _ ;.1 3 _ Al 4 _ 2
ng = Cnjs Cnj = Cnyjs Cnj = Cn,; Where

and define ¢}, ; = €7 /2, ;, ¢
o = eP™I(1 4 4) + e (1 — i) = 2(cos 0, —sinb, ;)

— 22 sin (% )

It is useful to note that z ; = 4(1 — sin 26, ;). As we have seen in Example
1, it is also useful to know

1+
A(1 —sin 26,,,)

1 2 12 0 | i i0n |2 2
|eng +cngl” = €9 +ie® |7 ) |zl =

1
2(1 —sin26,, ;)

3 4 12 _ |1 2 |2
and |c} ; +cp | = |en; eyl

Example 2. We compute the g-measures of the first few twins. For
n=2,3,4 we have: Oyg = /16, 039 = 7/16, 031 = 7/12, 0,0 = /16,
0,1 = (15/16)(7/12), 045 = (15/16)(7w/12). It follows from Example 1, that

1

T30) = p3(Ts1) = ——— = 0.80996
Ha(@s0) = pa(@s1) = 50—
Moreover,
(F0) = 1a(Fa1) . 0.65603
€T = €T = = .
HalTa0 HalTa 4(1 — sinm/8)2
and
~ - 1 1
pa(Za2) = pa(Tas) = : = (0.80996

2(1 —sinm/8) 2(1 —sin7/6)
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Notice that z,; attains a minimum when 6, ; = 7/12. This minimum

occurs when j = 273 n = 3,4,.... Using the notation j, = 2" 3, n =
3,4,..., we have j3 = 1,j4, = 2,756 = 8,.... It follows that the twins of
maximum propensity are: /$\3’0, /$\371; §4’27 54,3; /.T\5’4, 33\575; fﬁ}g, 56’9; .... That iS,

Zpon—3,Tpon-341 have the maximum propensity 0.80996 of being an actual
realized universe. We conclude that in this model the twins with highest
propensity lie in the “middle” of the process (P,—). Twins close to the
“middle” also have high propensity and the ¢g-measure decreases to close to
zero for large n as we move toward the right or left of the multigraph. This
is more easily seen examining the n = 5 case in the next example.

Example 3. The g-measures for n = 5 are now computed.

5(T50) = 1(T51) = pa(Ta) [a(Tap — T50)|” = (0.65603)(0.80996)
= 0.53136

,U/5</I\5,2> = /15(/1'\573) = ,U/4</.I‘\4,1> |ZL/(/$\471 — /$\5,2>|2 = (065603) (094589)
= 0.62035

~

115(Ts,4) = p15(Ts.5) = p1a(Ta2) |@(Fao — Ts.a)|* = 0.80996
,u5(/x\576) = LL(/ZE\577> = ,u4(§5473) |E(’x\473 - 3}\5,6)|2 = (()80996) (094589)
=0.76613

We now consider g-measures of paths. The 2-paths are 61570, k=1,234,
and we have
1 1

k
= = = 0.40498
#2(€20) = 5 = 10 Zsm /)

Since

ps ({ebore2o}) = la ({ebo 2o M)|” = |aleb ) +a(edy)|”

11+ 2
T (202 (202 Ha(ezo) + 12(€0)
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we conclude that e}, and €3, do not interfere. Similarly, €3, and €3, do not
interfere. Since

~ " ei7r/16 + e_iﬂ/m 2
po ({eho:€50}) = [aleg,) + a(eg’o)‘2 = | _ |
(22,0)
_cos’m/16
s~ O

and fi5(e3) + p2(€35) = 0.80996 we see that e}, and €3 ; interfere construc-
tively. Moreover,

ir/16 _ €—i7r/16{2

(220)?

— — (&
i ({€20r ko }) = [led) +aeh) = |

. 9
— M — 0.061654
1 —sinm/8

so €2, and ej , interfere destructively. Also,

) |€m/16 - ie‘i”/m}Q

2 ({6%,07 eg,o}) = |a(e%,0) + 5(6121,0” - (2270)2

~ 2(cosm/16 —sinm/16)>  2(1 —sin7/8)
B (220)? B (220)°

Hence, e, and €3 interfere destructively. In a similar way €3, and €3
interfere destructively because ps ({€34,€3,}) = 0.5000.

= 0.5000

We now consider ¢g-measures of longer paths. Let w,, € ﬁn be given by
wy = eyels el o Gie {0,127 =1}, k€ {1,2,3,4}

n»j’"«’

The g-measure of w,, becomes

2 2 2 1 1 1
fin (W) = {05,20 ‘Cl?f?gs’ ﬁ?jn‘ 2 7 3
22,0 |23,55] |25, |
1 1 1 1

- gn—1 (1 — sin 282,0) (1 — sin 293,j3> o (1 — sin 29n,jn>

As n — oo we see that p,(w,) — 0 for any n-path w,. However, as with
twins, the paths toward the “middle” of €2,, have higher propensities than the
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others. These paths with the highest propensity have 0, j, = 7/12,i = 3,4, ...
in which case j,, = 2"73. Hence, they have the form

wy = ebely el - ekgn,g, ky € {3,4} ks, ka, ...k € {1,2}

We conclude that
0.40498
4n71 an
Since there are 4"~! n-paths in all, this is a dominate propensity. Notice
there are 27! ~such high propensity n-paths.
Let A, C Q be the set of n-paths with highest propensity and let A C QO

be the extensions of such n-paths to infinity. We consider A as the set of
most likely universes. Now

(0.40498)2" 2% =

fin(wn) =

1.3 4 1211 2 |2 1 2 2
pin(An) = ‘02,0 + 02,0‘ ’03,1 + C3,1’ T ’Cn,Z"_?’ + Cn,?"_3‘
1

In the language of [3], we say A is a suitable subset of Q with g-measure
(A) = 0.80996. This result states that in the present model, our particular
universe is likely to be in the set A of possible universes, or it may deviate
slightly from A.

It is also of interest to consider the set A of paths of lower propensity.
To compute p,(A]) we have that

a(A,) = (6370 + C%,o)(%g + Cg,l) T (0111,2"—3 + Ci,zn—?))

efiﬂ'/lti(l _ Z) [eiﬂ'/12(1 + i)]n—Q

— 0.899986i47ﬂ/486inﬂ—/3
(2v/25in 37/16)(\/2)"2

Hence,
(A7) = la(A)F = 11 = a(A,)[* = 1+ [a(A)[* = 2 Rea(A,)

47 n
=1. —1.
80996 79996 cos (48 + 3> T

The quantity p(A!) oscillates and does not have a limit as n — co. However,
using the methods of [3], one can show that A’ C ) is suitable with g-measure
u(A’) = 1. This is not surprising because there are predominately more
elements in A/, than in A, for large n.
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6 Covariant Difference Operators
We have seen that in the macroscopic picture the SGP (7/5, —) resembles a
discrete 4-manifold. In this section we briefly examine this resemblance by
introducing difference operators. As before we denote the coupling constants
by CZ,j = ’d(e?’j’j), n=23,...,57=0,1,...,2%2 -1, k=1,2,3,4. To avoid
trivialities, we assume that ¢, ; # ¢; ; and ¢} ; # ¢, ;. Let H = Ly(P) be the
Hilbert space of square summable complex-valued functions on P with the
usual inner product
(f9)=>_ F@)9y(@
zeP
We define the covariant difference operators Vi, k =1,2,3,4 on H by
ka@n,j) - f@n+172j+Lk/3J) - sz+1,2j+Lk/3jf(EC\n7j)
Globally, the operators Vy, k = 1,2, 3,4 are linearly independent. However,

locally only three of them are linearly independent as the following result
shows.

Theorem 6.1. (i) The operators V1, Va, V3 are linearly independent at each
T,; € P. (ii) Atz,,; € P we have

A =
V4 _ n+11,2j+1 ;L+1,2]+1 (vl . VQ) + V3
Cn+1,2j — Cnt1,2j
Proof. (i) Suppose a1V + a;Va + a3V = 0 at 7, ;. We then have for any
f € H that

(a1 + a2) f (@ns1,2) + as.f(Ts1,2j41)
2 3 ~
- (a10711+1,2j T+ a26, 195 T aBCn+1,2j+1)f(xn,j) =0

Letting f € H satisty f(Tnt12;) =1, f(ZTn+12i41) = f(Zn;) = 0 we conclude
that a; + a; = 0. In a similar way we have that a3 = 0 and alc}HLQj —
a1¢h 195 = 0. Since ¢}, 1 o; # Cny1,2j, We conclude that a; = 0 50 az = 0.

(ii) For any f € H we have

4 3

C ;T C ] A~ A~
5 (V1= V2) [ (Zny) + V3 f(Zny)
Cnj ~ Cny
4 3
. C’n,j - C?’L,j 2 o 1 ~ ] o~ ) o 3 ~ .
= 37— (= ) [(@nj) + f(@nir2j01) — i f (X0 )
Cnj = Cny
= f(@ns12541) = Cp i f @ng) = Vaf (Tny) O
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In a similar way, any three of the operators V. are locally linearly inde-
pendent and any one of them can locally be written as a linear combination
of the other three.

Let w = €5%---e. - -+ be a path. We write k(w,n) = k, and call k, the

n?j
direction of w at n. We also define

06(Tng) = o015

if 7, ; € w and a, (7, ;) = 0, otherwise. The w-covariant difference operator
is the operator V, on H given by

vwf(/x\n,j) - aw(fn,j)vk(w,n)f(fn,j)

For all f € H we have

Vol (@nj) = 0u(Tn ;) f(Tns1,254 kwn)/3]) = Qo(@nt1,2j kwn)/3)) f (Tn)

Now a, € H and it follows that V,a, = 0 which is why V, and V, are
called covariant.

We now extend this formalism to functions of two variables. Let K =
H ® H which we can identify with Ly(P x P). For k, k' = 1,2, 3,4, we define
the covariant bidifference operators Vi : K — K by

Vi (T g Trr jr) = f(@ng1,2j4(k/3)> Trr1,25+ 15 /3))

_k ! ~ o~
— Cnt 1,25+ k/3] Cn/+1,2j/[k//3jf(xn,ja Tosjr)

For w,w’ € ), the ww'-covariant bidifference operator is the operator V. : K —
K given by
vww’f(xn7j7 xw’yj’) = aw(xnyj)aw’ ("En’vj’)Vk(%n),k(w’,n’)f<xn,jv mnﬂj’)
= Qy (xn,j>aw’ (xn’,j’)f(xn—l—l,Qj—i- lk(w,n)/3]> xn’+1,2j’+|_k(w’,n’)/3j)
= U (Trr1,25+ [k(wn)/3)) Ot (Trr 1,25+ (ot ) 3)) ] (T T 37)
Again, V. is called covariant because we have V, ,a,a, = 0.

The curvature operator is defined by R, . = Vo — Vi . We thus have

Rw,w’f<5/gn,j7 EC\n’,j’) = aw (fn,j)aw’ (EC\n’,j’)Vk(w,n),k(w’,n’)f(fn,ja if'\n/,j/)

- aw’ (:/L'\n,j)aw(En’,j’)vk(w’,n’),k(w,n)f(/x\n,j7 /x\n’,j’)
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Define the operators Dy : K — K by

Digr [ (T gy Ty 1) = Uuo(Tnj) A (T ) f (Tn1,25 (/3] > T 1,257 4k /3))

— Qo (T j) ATt jo ) f (T 1,250+ (/3] ) Trog 1,25 [k /3))

and the operators 7, : K — K by

Tt [ (T g T 1) = [Gr (T 25 13) ) 0 (T 1,257 1 3 )

_aw(/x\n+1,2j+|_k/3j)aw’<&;\n’+172j’+|_k’/3j)} f@n,j, /x\n/,j')
If we define D,,,» and 7, . by
Dw,w’f(&:\n,ja /x\n’,j’) - Dk(w,n),k(w’,n’)f(/x\n,ja /x\n’,j’)

and

T [ (@nj, Tnr j) = Diwn) (e ) f (Tngs T 1)

then it is easy to check that

Rw,w’ = Dw,w’ + IZ:u,w’ (61>
We call (6.1) the discrete Finstein Equations. For a further discussion of
these equations, we refer the reader to [2].
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