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Chapter 1

Introduction.

Throughout this paper, we explain the Theorems from Roberts and Zhao [14] and Berestycki, Brunet
and Shi [2]. We follow the structure of their proofs, so our arguments will be similar to theirs with
some extra explanation.

1.1 Increasing Paths on Regular Trees.

Definition 1.1 (Regular Tree). Fix a@ > 0. A regular n-ary tree T' = (V, E) of height h where
n = |ah], is a connected acyclic graph, upon which a root vertex has n vertices connected to it, called
its children, of which it is called their parent. Then, each of those vertices has n children, this continues
h times, until the final children have no more children and are called leaves. To each of the edges in
the graph, attach a U|0, 1] uniform random variable.

Figure 1.1: The regular 2-ary tree formed when aw = 2/3 and h = 3, with the UJ0, 1] random variables
attached.

Definition 1.2 (Simple Path). We define a simple path along the regular tree to be an ordered
sequence of distinct vertices vg, vy, ..., v, where v; is a vertex of the tree for all 7 € {1,...,n} such that
vp is the root of the tree, vy, is a leaf, the edge {v;,v;+1} is an edge in the tree.

Definition 1.3 (Increasing Path). An increasing path on the regular tree is a simple path on which
the labels attached to the edges produced by the random variables are increasing along the path. An
increasing path is also called accessible or open.



We are concerned with the probability that one of these paths exists. This is called accessibility
percolation by Nowak and Krug [12]; we will look at this not only on the regular tree but also on the
hypercube.

For fixed o > 0, we show that in the limit as h — oo, the probability that there exists an increasing
path on the corresponding regular n-ary tree depends on the value of a and undergoes a phase transition
at a = 1/e, as highlighted by the following Theorem, which is the first major Theorem of the project.

Theorem 1.4. Suppose that n = |ah]. As h — o0,

0 ifa<1/e,

. (1.1)
1 ifa>1/e.

P[There exists an increasing path] = {

We will prove both cases in the Theorem. Nowak and Krug [12] proved the case when a < 1/e, and to
prove the case when a > 1/e, Roberts and Zhao [14] proved the following slightly stronger result on
the number of increasing paths. For any o > 1/e, there exists § > 0 and 7 > 0 such that

P[There exist at least exp(dh) increasing paths| > 1 — exp(—nh). (1.2)

1.2 Motivation - Evolution is like a Path on a Tree.

The setup of increasing paths on regular trees is used to model evolution. We have a population of
organisms that reproduce asexually, and we are concerned with the fitness of a specific genotype as it
mutates. Firstly we should understand how the evolutionary process works; from Andrea, Rice and
Townsend [8], we know that evolution occurs through a ‘house of cards’ model, meaning that from
Hathaway [6], mutations ‘with large effects effectively reshuffle the genomic deck’ and this is a better
model than lots of mutations each resulting in a small change. It means that the fitness after each
mutation can be defined in an independently and identically distributed way. So we can initially assign
a minimal fitness to the gene and then, after each mutation, use a U0, 1] random variable to assign a
new fitness to the gene, similar to the edges on the regular tree.

From Franke [4], we learn that a ‘mutational path is considered selectively accessible (or accessible for
short) if the fitness values encountered along it are monotonically increasing; thus, along such a path,
the population never encounters a decline in fitness.” These selectively accessible paths are similar to
the increasing paths on the tree; in both cases, we are not interested in cases where the fitness/path
decreases.

The particular type of model we will relate our increasing paths on the tree to is referred to as the
strong selection weak mutation (SSWM) model from Gillespie [5]. Under this model, by Kimura [11],
it means that disadvantageous mutations are unable to replace the entire population, that is, we are
only concerned with increasing/accessible paths like in the tree. Roberts and Zhao [14] further justify
the use of this model.

1.3 Further Biological Motivation.

We explore a similar model that also models evolution but is slightly more complicated. The model
comes from Berestycki, Brunet and Shi [2]. Consider an organism that has a genome with Ly sites, each



containing one of two possible alleles. Then, the state of the genome at any time can be encoded as a
series of Lo ones and zeros, where a 0 is present at position ¢ if the genome contains the wild starting
allele at position ¢ and a 1 at position ¢ if the genome contains the mutated new allele at position i.
Therefore before any mutations have occurred the state of the genome is (0,0, ...,0), a vector of L
zeros. As the organism evolves, the state of the genome moves through a path on the L-dimensional
hypercube, and at any point can be written as a point o € {0, 1}L0.

We assume that no gene that has mutated will ever return to the original; that is to say, no 1 will
ever return to a 0. The genome evolves and moves along the edges of the Ly-dimensional hypercube
from vertex to vertex, and to each vertex o, we attach a fitness x,. It is important to note here we
attach the fitness values to each specific node in such a way that two paths leading to the same node
o will result in the same fitness at that node x,. This was trivial in the case of our tree before because
there is only one possible path up to each vertex and therefore it did not matter whether we attached
the fitness values to the nodes or the edges. The fitness label attached to each vertex can be given
by a U|[0, 1] uniform random variable, as in the case of the tree and is justified by the same reasoning
through the House of Cards model [8]. The Lo-dimensional hypercube has 2101, edges and since
this is finite, there must be a vertex with the greatest fitness, denoted o, where L is the number of
1s in o7,. We only take an interest in the shortest paths to this point, so we are interested in the sub
hypercube of dimension L. Figure 1.2 represents the 4-dimensional hypercube with the U0, 1] random
variables attached to each vertex.

u[o,1]
(1,1,0,1)

Fitness = 1
(1,1,1,1)

u[o,1]
(1,0,0,1)

4
u[o,1] u[o,1]
(1,1,0,0) (1,1,1,0)

u[o,1]*
(0,0,0,0)

(0,0,1,0)

u[o,1]
(0,1,1,1)

(0,1,0,1)

U[o,1] u[o,1]
(0,0,0,1) (0,0,1,1)

Figure 1.2: The 4-dimensional hypercube with the U[0, 1] random variables attached and the specific
value x(; 11,1y = 1. The * denotes that this value may be fixed, depending on the context.

We assign z,, = 1 and wish to know how many paths from oy = (0,0,...,0) to the fittest type
or = (1,1,...,1) are there on which the attached labels are increasing. We call this number ©. Again,
we call such paths accessible or open, motivated by [4] calling mutational paths like these selectively
accessible. We will prove some results both in the case where the starting value x,, is randomly picked
and where it is not.

1.4 The Irregular Tree.

Working with the L-dimensional hypercube can be complicated as two given paths may not be inde-
pendent after a certain number of edges. For example, two paths may share the same first & edges,



then have different p edges in the middle and then share the same final L — k — p edges. This was not
possible on the tree because after two paths split, they could never intersect one another again and
share a common edge after the splitting. For this reason, we create a new tree that is similar to the
hypercube that can make computations easier.

Definition 1.5. We define the irregular L — tree, Ty, = (V1, EL), to be a connected acyclic graph
upon which the root vertex has L vertices (children) connected to it. Then, each of those L children
have L — 1 children. This continues until the final nodes have no more children and are called leaves.
To the root vertex attach a fixed number z, to the leaves attach the number 1, and to each of the other
vertices, we attach a U[0, 1] random variable.

Figure 1.3: The irregular tree for L = 3.

Attaching the random variables to the nodes is justified with similar biological motivation before,
i.e., motivated by the 'House of Cards’ model [8]. This tree is constructed to be very similar to the
hypercube. The final vertex of each path has fixed fitness 1 and both the L-dimensional hypercube
and this tree have L! possible paths through them. Again, we are particularly interested in directed
paths from the root to the leaf on which all of the labels are increasing. Again, motivated by [4] we
call these paths accessible, open, or increasing.

1.5 Main Results on the Hypercube and Irregular Tree.

In Chapter 3 we prove the next Theorem from [2] regarding O, the number of open paths on the tree.

Theorem 1.6. Fix X > 0; then when the root vertex of the irregular tree is assigned the value X/L,
we have that as L — oo, the random variable © /L converges in distribution to a standard exponential
random variable multiplied by e=.

In Chapter 4 we will follow and explain the steps of the proof of the following Theorem on the number
of accessible paths © on the hypercube from [2]. However, we will ultimately show that the proof of
this Theorem contains a mistake that does not appear to be easily rectified.

Theorem 1.7. Fix X > 0; then when the starting node of the hypercube is assigned the value X/L,
we have that as L — oo, the random variable ©/L converges in distribution to the product of two
independent standard exponential random variables multiplied by e~ .



Chapter 2

Increasing Paths on Regular Trees.
2.1 Notation - The Regular Tree.

To prove Theorem 1.4 we follow the proof given in [14] and liberate their notation too. Firstly, we
frequently use a double bound on Stirling’s approximation, given by the following Lemma.

Lemma 2.1. For n > 1,
2< ——— < 3. (2.1)
Vn(g)m

Proof. From Robbins [13] we have for n > 1 that

n! = n"V2mne "e™, where r, satisfies

< — 2.9
2n+1 " 12n (2.2)

1
When solving the equation in (2.2) for ' and substituting it into the equality by noticing that e12n+1
1

1/12

is bounded below by 1 and eTr is bounded above by e we obtain the result. O

We define P to be the set of simple paths on the regular tree. Since each vertex has n children and the
tree has height h, |P| = n. For u € P, write ug, u1, ..., up, with u; an edge of the tree for all 0 < i < h.
We write X (u) = (X (u1), X (u2), ..., X (up)) where X (u;) is the UJ0, 1] label attached to the edge from
u;—1 to u;, for all 1 < i < h. We write n = ah throughout the paper and do not use the floor notation.

Definition 2.2. Let u,v € P. We define a(u,v) to be the number of shared edges between the two
paths u and v before they diverge. That is,

a(u,v) == max{k | up = vi}.

Note that since to paths u and v they share the same first a(u,v) edges, they share the same labels,
so X (ur) = X (vg) for k < a(u,v).

Definition 2.3. Define I to be the set of h-dimensional vectors with increasing components all with
a value in [0, 1], that is

I = {(x1,22,....,23) € [0,1]" | 21 < 20 < ... <z}

Definition 2.4. Fix e € [0, 1). Define firstly C, to be the set of vectors in [0, 1]* where each component
is greater than e. That is,

CE = {(LUl,.IQ, ...,ﬂ?h) € [07 1]h | Ty > € I< ‘7 < h}

Define D, to be the set of vectors in [0, 1]* where each component x; is greater than €+ (1 — e)% for
all 1 < 7 < h. That is

Dei={ (@, a2, .mn) € [0,1]" |25 > e+ (1—6)(%), 1<j<h)

5



Figure 2.1: The regions with which the points in C¢ and D, can take.

These two regions are visualised in Figure 2.1. Note that for a path to be in C. and D, we do not
require the edge labels to be increasing, but we are interested in increasing paths so we will often look
at the intersection of I with C, or D..

Definition 2.5. Define N to the number of increasing paths on the regular tree, so

N =3 Lixen-

ueP

Also, define N, to be the number of increasing paths that also satisfy the condition to be in D,, so

Ne = Z 1 x(yermnp.}-
ueP

2.2 Outline of the Proof of Theorem 1.4.

Firstly, we will prove the first case of the Theorem, when o < 1/e. We will do this by using the first
moment method on N. That is, we will prove that E[N] — 0 as h — co. Then we can use Markov’s
Inequality from Probability Theory [1] with o = 1 to see that

P[N > 1] < E[N].

From which we see that as h — oo, P[NV > 1] — 0. Proving the first part of the Theorem.

To the second case of the Theorem, when a > 1/e, we want to use the second moment method to
give a lower bound on the probability that there exists an increasing path. However, when we use the
second moment method on IV, the bound produced is not useful. Instead, we use the second moment
method on N.. The use of N, is justified in full later, but the key idea is that the second moment
method gives a good lower bound for P[N > 1].
We will show that

(a1 —e)e)"

3h3/2

We will then proceed to show that when (1 —€) > 1 and h is large,

< E[N.] < E[N].

E[N2] < E[NJ] + E[N]? + c¢(a(l — €)e)*"

for some constant ¢ > 0.



Then, by using the Paley-Zygmund Inequality we obtain a lower bound for P[N, > exp(dh)], this lower
bound is 1 minus a constant times h~2 when h is sufficiently large. From here, we then use a technical
argument which revolves around consider the first 4 levels of the tree separately from the final A — 4.
Through this argument, we will obtain the result.

2.3 Proof of Theorem 1.4 - Case o < 1/e.

Recall that |P| = n". Then we have that

h

E[N] =E[Y_ Lixgen] = n"PIX () € 1] = 7.

peP
In the final equality we used the fact that the probability a path is increasing is 1/h!, since there are
h! orderings edges in each path and only one ordering is increasing.

Now, we apply Stirling’s approximation to see that

n7h N (ah)e"  (ae)h
W Vhehh VR

If a < 1/e, then ae < 1 and since N is always non-negative, we can bound the expected number of
increasing paths above and below in such a way that using the Squeeze Theorem yields E[N] — 0 as
h — co. Then using Markov’s Inequality [1] we have that P[N > 1] — 0, proving the Theorem 1.4 in
the case o < 1/e. O

E[N] =

2.4 Justification of the use of V..

To understand why we use N, we must first understand why using the second moment method for N
does not yield a useful lower bound. To use the second moment method and obtain a lower bound on
P[N > 1] we use a need to calculate E[N?],

EIN? = E[) Lixpen)’
peEP

= ED D lixpenlix@en]

peP qeP

= Y Ellixpenlixgen)

p,qeP

- Z Ell{xper, x(@en]
p,qEP

= Y PX(p) el X(g) €] (1),
p,qeP

where in the second equality we use that the square of the number of open paths is the number of
pairs of open paths. Now, let p = po, p1,...,pn and ¢ = qo, q1, ---, g» be a pair of paths in P satisfying
k = a(p, q), this means they share the first k edges, and then diverge after this. We would want most



T T TT
123 k h=1h

Figure 2.2: An illustration of two increasing paths, increasing linearly like we would expect.

of the pairs of paths to follow the setup in Figure , because most increasing paths increase linearly.
However, this is not the case for pairs of paths. The probability that a pair of paths is increasing
depends heavily on the value of the label attached to the edge before diverging and a(p, q). Therefore,
for the aforementioned p and ¢, let X (pr) = ¢ for some ¢ > 0. Then since the first k& labels must be
less than ¢ and the final h — k vertices must be greater than ¢ on both p and g we see that viewed as
a function of ¢,

Plp,q € I] oc ¢F(1 — ¢

Differentiating this function and setting it equal to 0 we find that the turning points of this function
are ( =0, =1, = ﬁ The second derivative at { = ﬁ is negative so this is a maximum.
Notice that ¢ = ﬁ is very small when h is large, which we will consider in this Theorem and is, in
fact, about twice as small as we would expect the label attached to the £’th edge of a single increasing
path to be.

As a result of the above, the pairs of paths that contribute the most in the double sum in (}) are those
that keep the labels small while the paths coincide and then have a lot of ’space’ to increase for the
rest of the path. Figure illustrates two such paths increasing in this way. However, it is unlikely that
a single increasing path follows a structure similar to this and the labels are more likely to increase
more linearly as in Figure . Using the second moment method we have that P[N > 1] > E[N]?/E[N?].

T T T T T
123 k h=1h

Figure 2.3: An illustration of two increasing paths that are unlikely to occur individually but are likely
to be increasing as a pair, pairs of this type contribute the most to E[N?].

However, due to the large number of pairs of paths that follow the pattern in Figure 2.3, E[N?] is



large, and so the RHS of this inequality is close to 0 and is therefore not a useful lower bound.

However, notice that for the reasons described above E[N?] counts many pairs of increasing paths that
are unlikely to occur individually, but are likely to occur as a pair, by removing these paths we can
form a better lower bound. So instead, fix ¢ > 0, and now we are only interested in paths that are
increasing and the j-th edge on the path to be greater than or equal to € 4+ (1 — e)(%), V4, that is to
say, we are only interested in paths in V..

This means that we only consider paths that are above the red line on Figure 2.4, with two example
paths shown. Notice that this solves the problem we had before, because now the labels on the shared

T T T T
123 k h=1 h

Figure 2.4: An illustration of the types of paths we will look at.

edges of the pair of paths are not allowed to stay small. Then, using a similar method as before and
noting that I N D, C I, we have:

E[NJ?
PIN > 1] > PIN. > 1] > g

This lower bound will not be as close to 0 as the previous, and now we have a good lower bound for
the probability that there exists an increasing path.

2.5 First Moment Bound on N..

Before we prove a lower bound on E[N,] we require the following three Lemmas.

Lemma 2.6. Let Uy, Us,...,U; be i.i.d U[0,1] random variables. Then,

1 j 1
IP(U <o <U, Uy > ——, U > - )z :
1 Jr ¥ N | (7+1)!

Figure 2.5 is a wvisualisation of the event we are interested in calculating the probability of in the
Lemma. The dots with the line connecting them are a possible instance in which the event is satisfied,
highlighting the fact that the random variables have to be increasing. Proof of Lemma 2.6. Firstly,

let p denote the probability we are interested in, so

1 .
p:P<U1 <.<U;, U002 ——,.,U; > L)



2 U/./
w19

1[2|3‘4[5|6‘j[

Figure 2.5: An illustration of the types of path we are looking at in Lemma 2.6.

Now define, for 2 < i < j,

1 Vj Vi+1 ,U7;*1 ,U1;72
I = ! — ! joedvj_1dv;. 2.
J ﬁl / <(i—1)! (j+1)(i—2)!)d” dvj-1dvy (2:3)

J+1 7 j+1 Jj+1
Notice that
1 vy v2
p= 1 dvl...dvj_ldvj
_J_ Ji=1 1
J+1 7 j+1 Jj+1

because the innermost integral is calculating the probability that U; is greater than 1/(j + 1) and less
than some value vy, then when integrating this over vy between 2/(j + 1) and wvs this is calculating the
probability that 1/(j + 1) < Uy < Uz and that Us is greater than 2/(j 4+ 1) and less than some value
vs, continuing this argument gives the desired probability. Computing the innermost integral, we see

that
/ / / + 1>> dUQ...defld”Uj = IQ.
J+1 J+1

Now by computing the innermost integral o f (I- 6) for 2 < i < j—1, we can show that I; = I, 1. That
is,
2

I = /1/ Y W -) dvi...dv; 1d;
yEoY o \@=D G-y T
1 Vit o i—1 .
= /le/ .. o {v:_(]‘F%(Z—l)'}:zjil dviy1...dvj_1dvj
Vit1 gy i1
) /H/L 7T <U1T1 (J+1Z+11—1 ) y+1 (j+1z)i(z'—1)!d”"+1"'d”j—1d”j
1 vj Vit1l gl
- /jil Z:i pEs; <UZZT1_(J+1Z+;—1 )d”m Avjadvy = Ty,

j—1 j—2 J j—1
- [ G gerg=m) =[5 - gei=mi.
=D GO - 2) 3 GG = D=5k
1 1 47 g1 1 1 1

AT GANG- JG+  GoniGr 3 GADG- G+
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Lemma 2.7. Let € € [0,1]. A uniform UJ0, 1] random variable conditioned to be at least € is a uniform
Ule, 1] random variable.

Proof. Fix e € [0,1]. Let U ~ UJ0, 1]. Note first that in particular for = € [e, 1] we have the probability
that U is less than z given that U is greater than € is Ple < U < z]/P[U > €] = (z — €)(1 — €). So,
comparing CDF's gives the result. O

Lemma 2.8. Let € € [0,1], j,h € N with j < h. Let U ~ U[0, 1] and U¢ ~ Ule, 1], then

rfors cra-a(fE )] -oos 55

Proof. Using the CDF of a uniform random variable, we have that

T R

Proposition 2.9.

(a1 —e)e)”

>
E[N] > =

Proof. Let U = (U1, Us, ..., U;) where U; ~ U|[0,1] for all ¢ € J :={1,...,j}. Then

E[N] = E[Z ]l{X(p)EIﬁDe}:| = ZE[]l{X(p)emDe}} =n"P[U € IN D.
peP peEP

Now, using Baye’s Theorem and noting that P[U € C. | U € IND,] = 1since {U € IND.} C {U € C.},
we have that
E[N,] = n"P[U e IND, | U € CJP[U € C.].

Now, let U¢ = (Uf, Us, ..., U5) where Uf ~ Ule, 1] for all i € J := {1,...,j}. Then,

1
PUeINnD |UeC] = PU <...<Uj, Uj>e+(1—e)(‘7T>VjeJ|Uj>ereJ]
i1
- PUf<..< U U;>e+(1—e)<‘7T>VjeJ]
i1
= Py <...<Uj, Uj>JTVj6J]=IP[U€IﬂDO],

where the second inequality we use Lemma 2.7 and in the third inequality we use Lemma 2.8. Using
the above, recalling that n = ah and noticing that P[U € C.] = (1 — €)" because all h of the UJ0, 1]
random variables must be bigger than €, we obtain that

E[N.] = (ah(1 — €))"P[U € I N Dy).

11



Now,

i—1
P[UeINDy] = Py <1/hP[UL < ... < Uj, Uj>‘7—h VieJ| U <1/h
i1
+ PUL>1/hPIUL < ... <Uj, UJ')JT VjeJ| U >1/h]
> P < HPUy < .. <U;, U 32—t vogjah=tto 1
= 1 x 2 X e x V5, Uy = h SR —hh'—h(h'),

where in the second to last equality we used Lemma 2.6. Finally, using Lemma 2.1, the double bound
on Stirling’s formula, we have

(ah(1 —e)" _ (ah(l1—e€)e)* _ (a(l —€)e)?
h(h!) > 3hh+3/2 > 3h3/2

E[N] = (ah(1 — e))"P[U € I N Dy >

2.6 Second Moment Bound on N..

Proposition 2.10. If (1 — €)e > 1, then there exists some constant ¢ > 0 such that

E[N2] < E[N] + E[N]? + (a1 — €)e)?h.

Proof. Firstly, using the fact that the square of the number of increasing paths in D, is the number
of pairs of increasing paths in D, we have that

NE = [Z 1{X(u)el}:|2 _ Z Z Lixwermnpglixwemnp.y = Z L{x(u),X (v)eInD.}-

ueP ueP veP u,veP

Note that one of the defining properties of a pair of increasing paths is the number of edges shared before
they diverge. In fact, the sets Ay :== {(u,v) € P x P |a(u,v) =0}, A1 :== {(u,v) € P x P |a(u,v) =
1},...,4, == {(u,v) € P x P | a(u,v) = h} form a partition of A := {(u,v) € P x P}. So, define N2(k)
to be the number of increasing paths in D, such that they share the first k edges, that is

N2(k) = Y Igx@xwernpy = Y. Lixwx@emnp.)-
(u,v)EAL I(WE)]jk

Then, since A is a disjoint union of Ay, Ao, ..., A, we have
h
NZ= Y Lix(xwempg =y NE(k).
(u,w)EA k=0

Note that N2(h) = N, since we are simply counting all the pairs of paths that are identical.

Now, Roberts and Zhao [14] claim that E[N2(0)] = E[N.]2. This is a slight inaccuracy, but it does not
affect the outcome of the proof because all we require is that E[N2(0)] < E[N]?, which we now show
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to be true. Taking the expectation of N2(0) and noting that if a(u,v) = 0, then the paths are disjoint,

EINZ(0)] = E[ ) Lixwxwernpy
u,vEP,
a(u,v)=0

= B[ lixwermpg Y. Lixwemp.)

ueP vEP,
a(u,v)=0

- Y Y PX(u),X(v) € IND,]
ueP vEP,
a(u,v)=0

— Z Z P[X (u) € I N DJP[X(v) € IN D]

ueEP u,weP,
a(u,v)=0

< Z;) ZPP[X(U) e INDJP[X(v) € I N D] =E[N]%

Following the proof in [14], let U = (Uy,...,Up) and V = (V4, ..., V},) each be a sequence of i.i.d U|0, 1]

random variables such that U; = V; for all j < k and U; and Vj are independent for j > k, so U and
V' are like two paths which share the same edges up to level k.

There are n¥ possible paths up to the point where the two paths U and V deviate. Then there are
n(n — 1) choices for their next step that must be different and then there are (n?=+=1)2 = n2h—2k=2
possible paths from there to the leaf. So we have for k =2,....h — 1,

E[N2(k)] = nFn(n—1)n*"2*2P[U,V € In D]

-1
_ <nn> n2" PV € TN DU,V € CJP[U,V € C,

_ <n ; 1) (ah)?*(1 — ) FP[U,V € I N Dy, (f1)

where in the final equality we used Lemma 2.8. We now investigate P[U,V € I'NDy|. This is equivalent
to the following integral,

1
PlU,V € INDy = AIP[U,VEIHDO,Ukedx]

h

1
= / P[U,V € I N Dy|U; = 2]P[Uy, € da]

k-1

h

1
= AIP[U,VGIQD0|Uk=x]d$-

h

Now, within the integral we need the first Uy, ..., Ui_1, that both U and V share, to be in order and
less than x. We also require that Ugy1,...,Uy and V41, ..., Vp are in order and greater than xz. We also

13



relax the condition that U,V € Dy, so we integrate over more possible paths and obtain the inequality,

1
P[U,Vempo]:/

k—

) PlU,V € I N Dy|Uy = x]dx

R
1
< / PlU; < Us < ... < Ug—1 < z]P[x < Ugy1 < Ugyo < ... < Uy

k-1

h
-P[.ﬁ(} < Vk+1 < Vk+2 < ... < Vh]da:

= ﬂ . PlU; < Up < ... < Up_q < 2|Plx < Upy1 < Upyo < ... < Up]Pda.

h

Since x € [0, 1], probability that the first & — 1 U[0, 1] random variables are less than x is z¥~1. Only
1 of the (k — 1)! possible orderings of these random variables is in ascending order so,

]P)(Ul <Uy<..<Up1< :E) =

(2.4)

Similarly, the probability that the last A — k U[0, 1] random variables are greater than x is (1 —z)"~*.
There are (h — k)! possible orderings of these random variables and only 1 is in ascending order, so
P(x < Upy1 < Upyo < ... < Up)% = 2272 /(h — k)!. We can substitute this probability and (2.4) into
the integral to obtain,

1
/@ P(U1 <Us < ... < U1 < 2)P(x < Upsq < Ugga < ... < Uh)2d$

1 k—1 _\2h—2k
_ / x (1—2) .
k1 (k=10 (h—Fk)!

k=1(1 — £)?"=2F and investigate its properties. Firstly, see that

Now we define the function f(z) =«
f,(l') — (k _ 1)1,16—2(1 _ x)Qh—Qk _ (2h _ 2k7)$k+1(1 _ :L,)Qh—Qk—l'

Setting this equal to 0 and solving for x yields the turning points x =0, x =1, x = (k—1)/(2h—k+1).
Verifying that the second derivative is negative at x = (k — 1)/(2h — k + 1) we see that this is indeed
a maximum. In particular, for z € [(k —1)/(2h — k 4+ 1),1], f(z) is a decreasing function. So since
(k—1)/(2h — k+1) < (k—1)/h we have that,

/j P (L)t < (1 k- 1> ((k=1)/R)*1 ((h — k+1)/h)*—2K

k=1 (k—1! (h—k)! h (k—1)! (h — k)2
((k = 1)/h)* 1 ((h =k +1)/h)*" 2
= (k—1)! (h — k)2 ’
Now, combining this with (1) we see that
n—1 (=1 /R)* 1 (h =k +1)/h)?h—2k
B2 = (M) et - o (o e
k—1)/h) 1 ((h =k +1)/h)*h =2k
< (ah(l _ 6))2h—k (( (k _)/1)3 (( (h+_ lig‘g)

14



By bounding the two fractions in the inequality above using Lemma 2.1 Stirling’s double bound. We
have that for K =2,....,.h — 1,

o1 (k= 1)/h)F=1 ((h — k4 1)/h)?h—2k
(k—1)! (h— k)12

k=1pl—k o2h—2k+2p —2h+2k 1— 2h—kp,
< (Oé(l _6))2h7kh2h7k e € h — (Oé( 6)6)

2k —1)1/2 4(h—k+1) 8(k—1)2h—k+1)

E[NZ(k)] < (ah(l—e¢))

By using Stirling’s Approximation again, for the case k = 1 we have

E[Nz(l)} < (ah(1 - 6))2h—1 1 o2h—1p,2h— (1 — )t < E(a(l _6)6)2h—1
€ h (h —1)12 (h—1)12 ~ 4 '
Combining all of the above we see that
h—1
a(l —e)e)?h=Fp
2] < 2 € 2h 1 E
B[N < EINJ+EINJ + S(a(l - Y ST )T F =T
E[N,] + E[N.J? + (a(l — ¢)e)? LI hzl c h
= € € — € 5 .
401 —€) =8 (k—1)1/2(h—k—1)(a(l - e)e)*

We wish to show that what is contained in the large brackets is finite. Clearly, 1/(4a(1 — ¢€)) is finite.
So now we consider the sum and bound it in the following way,

3‘
>—A
T
—

h

e h
8 (k= DD (h—k— D(a(l— )

<8 ({1~ o)

B
||
| ®

2

B
||

Now, if a(l —€)e > 1, this is a geometric sum with common ratio r = 1/(a(1 — €)e). By defining

ci= (1 gt }ge 2 (1_17'_}:2), we see that when a(1 —€)e > 1,

E[N?] < E[NJ] + E[NJ? + (a1 — €)e)?n.

2.7 A Bound on P[N, > ¢ "] and Completing the Proof.

From Kahane [9] we have the Paley-Zygmund Inequality, that is, let X > 0 be a random variable with
finite variance and if A € [0, 1] then,

P[X > AE[X]] > (1 — \)?=isr

We wish to use Paley-Zygmund Inequality on N, with A = 1/2, so first we need to show that N, has
finite variance to satisfy the conditions of the Inequality. Using the standard formula for the variance
of a random variable and Proposition 2.10 we readily see that

h

Var[N.] = E[N?] — E[N]? < E[NJ] + c(a(l — €)e)* <E[N] + c(a(l — €)e)? < % + c(a(1 — €)e)?,
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which is finite for finite A as required.

We are now ready to use the Paley-Zygmund Inequality. To satisfy one of the conditions in proof
of Proposition 2.10 we choose € € (0,1) such that a(1 —e)e > 1. Then using the Paley-Zygmund
Inequality with A = 1/2,

E[N, E[NJ? _ E[NJ?
; ]] > (=125 > o

€

(2.5)

Now let 6 € (0,log(a(l — €)e)), we aim to show that E[N.]/2 > e for sufficiently large h. Now, for
some 7 > 0 we have that,

eéh — ehlog(a(lfe)e)fnh _ ehlog(a(lfe)e)efnh — (Oé(]. o e)e)hefnh‘

Now using Proposition 2.9 and using that (e"/ 6h3/ 2) > 1 for sufficiently large h,

B[N _ (a(l—e)e) _ele™ 5 (€™ N
2 7 6h3/2 6h3/2 6n3/2 )~ " 7’

Combining this with (2.5) we see that

ﬂm> (2.6)

Using Proposition 2.9 we can see that for large h, E[N.] > % > 1. Combining this with
Proposition 2.10 we see that,

E[N2] < E[N] + E[N.]? + ¢(3h3?E[N.])? = E[N.] + E[N.]? + 9¢h>E[N.)? < (9¢ + 2)hR°E[N,]?.

By defining ¢’ := 9¢ + 2 we have that E[N?2] < ¢'h3E[N,]2. Therefore,
1
6h
PP&}@}>4wﬁ. (2.7)

2.7.1 Separating the Tree into 2 Segments.

We need a bound on the right hand side of (2.7) that goes to 1 in the limit as h — oo to show that
the desired probability tends to 1. To do this, we will split the tree into 2 segments, the first 4 levels
of the tree and the final A — 4 levels.

There are =< n? increasing paths from the root to level 4 where each label is less than €. To see why

this is true, let py,pa, ..., pys be the n* paths from the root at level 4 and whether or not a path p; is
increasing is bernoulli distributed, with distribution V; ~ Bernoulli(e*/4!) for all i € {1,...,n*}. These
random variables are not independent since many of the paths are overlapping. Therefore we cannot
use the law of large numbers right away.

However, seeing that for all 4,j € {1,...,n*}, E[Vi] = €'/4!, Cov(V;,V;) < 1 = 11=31 and defining

Sy = 2?241 V; the number of increasing paths from the root to level 4, we are able to apply Wolpert
[18] to S,+ and use the Weak Law of Large Numbers despite the dependence on the paths to obtain

n—oo

hmPUqﬂ—E ]:Q (2.8)
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which implies that with high probability, there are =< n* increasing paths from the root to level 4

where each random variable is less than e. For every vertex on level 4 there are n"*~* paths to the
leaf of length h — 4 since we are looking at the regular n-ary subtree of length h — 4. By defining
C :=1/(4¢ + 1) and using (2.7) we see that

ot < P[N€>e‘sh} <

5 < (2.9)

1
ﬁv
that is to say, with probability @(h~3) lots of the n"~* paths in the subtree are in I N D,. Thus, the

probability there are no paths on the subtree in I N D, looks like, (1 — h%). So the probability that
there are no increasing paths on any of the ~ n* subtrees is like up to constants, (1 — h_3)"4.

_*.

1

T T

°
[
Figure 2.6: An illustration of the paths we are considering, showing how the first 4 levels have labels
less than € and the final A — 4 levels having labels greater than €, and the entire path is increasing.

2.7.2 Subpaths From the Root to Level 4.

To get an exponentially small bound on probability that there are n? increasing paths from the root

to level 4 Roberts and Zhao use a different technique to that described previously using Wolpert [18].
Instead, they control the random variables more strongly by forcing the random variables on each edge
into a specific range depending on their edge level and using an appropriate Chernoff bound and taking
care of the dependence of the paths by considering the paths level by level, they are able to show the
stronger condition. To consider the subpaths v from the root to level 4 we consider levels in turn by
noting that the number of open paths up to level j is dependent on the number of open paths up to
level 7 — 1. In fact, we consider a stronger condition than the paths just being in I N D..

Let P; denote the set of simple paths from the root to level j. Now, for j < 4 define the set,

M :={veP| X(v)e[(i—1)e/4,ie/4), Vie {1,...,5}}.

One such path is shown in Figure 2.7, where the values of the X (v;) are in the correct intervals for all
i €{1,...,4}. Now, there are n possible paths from the root to level 1 where the edge has a label that
n

is < €/4, so #My = > Z; where Z; are i.i.d Bernoulli random variables with parameter /4, for all

=1
ie{l,..,n}.
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Figure 2.7: A visualisation of the type of paths in Mjy.

kn
Again, for M; with 2 < j < 4, conditioning on that #M;_; > k we have #M; > ) Z; where Z; are
i=1
again i.i.d Bernoulli random variables with parameter ¢/4. From Tsun [17] with 0 = 1/2 we obtain the
following Lower Tail Chernoff Bound.

T
Lemma 2.11. Let Zi,..., Z, be independent Bernoulli random variables and define Z := ) Z;. Let

§ € (0,1). Then, =
B2 <o (24, (2.10)

The proof is omitted here for space constraints but can be found in [17]. Using this we can prove the
following Lemma.

P(Z <

Lemma 2.12.

P(#My < (ne/8)*) < dexp(—net/16384).

Proof. Due to space constraints we give a sketch proof. Using Lemma 2.11 to show that for each i €
. . 4
{1,...,4} we have that P(#M; < (ne/8)" | #M;_1 > (ne/8~1) < exp (%), where the conditioning
is not present for the case i = 1. Summing each of these bounds gives the result. U
To complete the proof of Theorem 1.4 note that
P(N < exp(dh)) = P(N < exp(6h) N#My < (ne/8)?) + P(N < exp(dh) N #My > (ne/8)Y)

< P(#My < (ne/8)*) +P(N < exp(6h), #My > (ne/8)h).
Let uw € My, then the first 4 labels in u are increasing and less than € and consider a subtree of height
h — 4 that is rooted at us. Now, N, < N, so for N < ", there must be no more than e’* paths in
this subtree that are also in N.. However, we know from (2.7) that since n/(h —4) > n/h = «, the
probability of this event is at most 1 — Kh™3 for some constant K > 0. Combining this with Lemma
2.12, noting that when #M, > (ne/8)%, for N < exp(dh) this event must happen at least (ne/8)* times
and using the inequality 1 4+ x < e*, we have,

P(N < exp(0h)) < dexp(—ne*/16384) + (1 — h3)(ne/8)"
< dexp(—net/16384) + exp(—c'h 3 (ne/8)Y).
Then for sufficiently small n > 0 and recalling that n = ah we obtain
P(N < exp(0h)) < dexp(— (e’ /16384)h) + exp(—c (ae/8)*h) < exp(—nh).
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Chapter 3

Accessible Paths on the Irregular Tree.

Throughout this Chapter we look at the irregular tree. We use the notation from [2] and also the
structure/arguments in their proofs throughout the rest of the paper.

3.1 Notation on the Irregular Tree and Hypercube.

From now on when we refer to ‘the tree’ we are referring to the irregular tree, also we let E*[-], P*[/]
and Var®[-] denote the expectation and probability of an event and the variance of a random variable
where the root value of the irregular tree/hypercube is x. We also denote

wi= [ Blld, Fl= [ Bl Vel

to be the expectation and probability of an event and the variance of a random variable where the root
value of the irregular tree/hypercube is given by a U[0, 1] random variable.

Proposition 3.1. On the hypercube and tree,

1
E°[O] = L(1 —z)F, E*O]=1, lim —Var*[0] = 1. (3.1)
L—oo L
On the tree,
lim EX/E[0/L) = e, lim ~Var¥/L[0/L] = 2, (3.2)
L—oo L—oo L
On the hypercube,
lim EXF[O/L) =X, lim lVarX/L[@/L] =372, (3.3)
L—oo L—oo L

Proof. All of the variance results are proven in Chapter 4. Now, note that the first part of (3.1)
follows from the fact that there are L! possible paths along the tree/hypercube and the probability
that a path is increasing is (1 — )~ /(L —1)!. Integrating this between 0 and 1 gives the second part
of (3.1).

Next, the first part of (3.2) follows from the linearity of expectation and using the first part of (3.1).
The same is true for the first part of (3.3). O

3.2 A Theorem Given Starting value z = (InL + X)/L.

Theorem 3.2. On the irregular tree, when the starting value is z = (InL + X)/L we have,

lim BT (0) =e %, lim Var 2 (@) =e X fe X, (3.4)

L—oo L—o0
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When the starting value z is chosen at random uniformly in [0, 1], the probability of having no open
path goes to 1 as L — oo and,

PrO®@>1)~— as L— . (3.5)

Proof of Theorem 3.2. To show (3.4) we first use the result from (prop) to see that,

InL+X
L

@ =11 - HEXXY

L

We will bound L(1 — (InL + X)/L)* above and below and then use the Squeeze Theorem from Sohrab
[15]. Using the inequality 1 — x < e~* for all x € R we see that

L(l _ #)L < L6_(1nL+X) _ B_X.

We use the inequality 1 — > e~®*, for all # € [0,1/2). By noticing that ltX € [0,1/2) for all
L > 1 we have,

InL + X\ L
M=)
L

InL+X /InL+X\2 (InL+X)?2 (InL+X)?2
—ILEX _ (InLiX) o~ InL—x—nE0- —X -k

)L:L =€ (&

> e

(InL+X)?
Since e~ " F - = 1as L — 00, (3.4) follows from (3.1) and the Squeeze Theorem. The result for the

bound on the variance is obtained in Chapter 4 of variance results.

Now we prove equation (3.5). Due to space constraints, we explain every step and give details for some
of them. First using Markov’s Inequality we know P*(© > 1) < E*(O) and hence

P*(© > 1) < min{1, L(1 — )L~}

Note that, P*(© > 1) = fol P*(© > 1) dz. To compute this, we split the integral at the point 2y where
min{1, L(1 — 2)£~1} transitions from being 1 to L(1 — x)*~1. Then, o =1 — exp(%_(f)) and

P*(© > 1)/;0 ldx + /xl Ll —x)Ftdz =1 —exp(}}n_(Ll)) —I-exp(_Lln_ui)) = % + O(1/L)

with the final equality coming from the asymptotic expansion of e™*. We have found an upper bound;
next we find a lower bound. Let f : R — R go to oo as L does, but such that f(L) < In(L) and
f(L) <In(L). It suffices to show that,

In(L)—f(L)
L

lim P O=1)=1 (3.6)
L—oo
because
T In(L) — f(L)_mm-sw)
Preo=1) > P*(O©>1)dx > I — ©=1),

L =
0

where in the last inequality we used that x — P*(© > 1) is a non decreasing function. If the above is
true, then combining it with (3) we obtain the result.

Consider the tree starting at « = W and let M be the number of nodes at the first level with a

value between x and % Since there are L nodes and each has a probability of @ of being between
x and ln(LL), M follows a binomial distribution, M ~ Bin(L, @)
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Conditioning on the value of M we see that,

P(©® =0| M =m) < P(No open paths through the m specific nodes).

Summing over all m we obtain,

PO =0) < i<i)(ﬂLL))m(1‘f(LL))L_m!PMLL);L_l(@: |

m

7 (3.7)

In(L)
where we used that, for z < In(L)/L, P*(© = 0) < P = (O = 0), since if the starting value is smaller,
In(L).
there is a greater probability of there existing an open path. The notation P~ = ’L_l(@ = 0) means

we are considering a tree of size L — 1 not L. To sum the equation (4), we use the binomial formula
from Spivak [16], by taking a = @]P’#;L_I(G =0),b=1- @ and n = L we obtain,

> (L) (E)" (- 1) e —0]” < (HPe @01 1Y

m=0

= (1-0- P19 — 0))"0(LL)>L.

So,

In(L)—f(L)
L

©=0) < (1 (Pl e = 0))@>L.

Applying the Cauchy-Schwartz Inequality [1] to © and 1(© > 1) to see that
E[O1(0 > 1)]* <E[OZE[1(6 > 1)?],

so E[0]? < E[O%P(O > 1). Therefore, using this and taking X = 0 in (3.4),

InL

Pt E7 (0% Lo 1
E'L [0 3

This means that P%;L_l(@ > 1) > 0.33 for sufficiently large L and again for sufficiently large L we

have
InL

PHEI O 1) < (1-PH (02 1))f(LL)>L <(1- O‘SSJC(LL))L’

which, as L — oo, goes to 0 since f(L) — oo, as required. O

3.3 Proof of Theorem 1.6.

To prove this Theorem, we start with a definition.

Definition 3.3. Consider the irregular tree with a starting value x > 0. We define the generating
function G of © to be:
G(\ x, L) == E*(e9). (3.8)
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Note that although the right-hand-side of (3.8) does not contain L, G(A,z,L) does depend on L
implicitly because that determines the height of the irregular tree, which will affect the possible values
of ©. From this definition, we have the following proposition.

Proposition 3.4. Fix X > 0 and consider a tree with a starting value z = X /L. We have a recursive
formula for G(\, z, L), given by

1 L
G\, z,L) = [CE +/ G\ y, L — 1)dy} , initialised by G(\, z,1) = e~ (3.9)

Proof. We first prove the initialisation of (3.9). We readily see that

1
G\ z,1) =E¥(e9) =) ie MPX[O =i = e,
i=0
where in the last equality we used that the sum is equal to 1 because we are summing over all the
probabilities of all the possible values of ©.

Now we look at the general case for L > 1 of (3.9). We do this by decomposing over level 1. Let o be
one of the L nodes at level 1 and let ©(c) be the number of open paths passing through the node o,
since the nodes are independent, we have

G\, z, L) = [E*(e @), (3.10)

Let z, be the value attached to the node 0. To compute the above there are 2 cases to consider.
Firstly, z, < x with probability =, and on this event, (o) = 0 because no open path can pass through

this, so it contributes ze *0(?) = ze=20 = z to the expectation.

Secondly, let y € [z, 1], then z, € (y, y+dy) with probability dy. Since this means x, > x, it is possible
for an open path to pass through o. After vertex o there is a subtree with root o, height L — 1 and on
this subtree the number of open paths has generating function G(\,y, L — 1). Hence, this contributes
fxl dyG(\,y, L — 1) to the expectation. Combining both of these cases we see

GO e.L) = [¢E7 e + /1 Gny.L— dy] = [+ /1 G\y.L—1)dy] (3.11)

Due to the structure of the tree, the number of levels and the size of each level increase together, so
taking limits to find the limiting distribution from this is difficult.

Instead, we will assume that the information of the first k levels of the tree is known and for the later
levels we use the law of large numbers. To this end, we begin with the following definition.

Definition 3.5. Let F; be the available information up to level k£ and define ©;, to be the expectation
of © given Fj, that is
O =E(© | Fi). (3.12)

So Oy, is the expected value of © given the knowledge of the first k levels. For & < L we have,

L—k—
Ok = Y Ly openy(L — k)(1 — z) L
lo|=k
To explain this expression, note that since we have all the information up to level k, the event that a

path up to a node o at level k denoted {o open} is an F|o|-measurable event. Taking the indicator of
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this event determines whether a possible path through this node along the entire tree could be open.
Then we multiply this indicator by (L — k)(1 — 2,)“~*~1, the expected number of paths along the
subtree of height L — k with starting value x, at o, derived in the same way as (3.11). Then we
sum over all nodes at level k£ to obtain the expected number of open paths through the tree, given
knowledge up to level k.

If k is small, the number of possible paths up to level k is small so the number of open paths up to
level k is small so there is little information given by Fj, therefore the variance of © given Fj is large
as © will not necessarily be close to ©y.

If k£ is large, there is a lot of information given by Fj, that is, there are many open paths up to level &
and many of those paths will be open throughout the entire tree since k is large, that is to say, by the
Law of Large Numbers, the variance of © given Fy, is small, and therefore Oy is a good approximation

for ©.

Note that the number of nodes at level k is L! /(L —k)! and if ¢’ is a node at level k then P(o” is open) =
1/E!. Hence, the expected number of open paths is (é) So we see that since L is much larger than
k, as we increase k, the expected number of open paths increases and so by the previously mentioned
statement, O becomes a better approximation for © as k increases. Looking at ©y/L with starting
value X/L, we can take the limit as L — oo for fixed k and then take the limit as k — oo to ensure
that k is large but still smaller than L such that the expected number of open paths at level & is high.

The proof consists of 2 parts and involves the idea of taking 2 limits, as explained previously.

Part 1) If % is the starting value of the tree then we show that % for L large has the same distribution
as % for L large and then for k large. That is:

i P2 (7 <2) = i B (3 <), (@19

Part 2) Construct a new generating function similar to the one previously defined to find the distribu-
tion of % as L — oo and then k — oo. By comparing this to previously known generating functions,
we see this follows an exponential law.

3.3.1 Proof of Part 1.

Due to space constraints, we only give a sketch proof here. We fix § > 0 and by considering the cases

% < z4 46 and % > z £+ we obtain the following inequality,

O — Oy

]l(%éz—él]:k)—k]?( 26]]—"k><]}”(%<z]}"k>

L

@k O — @k
< — < > . .
\]1<L\z+6\]-"k)+IP’< . /Mﬂ) (3.14)
Now using Chebyshev’s Inequality from Probability Theory [1] on the random variable © given Fj we
see that 00y Var(6|Fy)
— O ar k
—_— > < —. .
IP’( — > 5|}'k> <o (3.15)

Substituting this into (3.14) and taking the expectation over Fj, yields

X X
x (O ET [Var(©|F)] C) x (O EZ [Var(©|F)]
<y — — < — <K < — <
IPL(L <z 5) 7252 \IF’(L\z)\IP’L(L \z+5)+ 7252 . (3.16)
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Therefore to show (3.13), it is sufficient to show

6_2X

o1l ox
Lh_r)réoﬁEL[Var(@\fk)]:QT,

(3.17)

because as k — oo this goes to 0 and forces the desired inequality by (3.16). In Chapter 4 we give a
proof of (3.17).

3.3.2 Proof of Part 2.

In a similar way to the start of the proof of this Theorem, we define the generating function for Oy.

Definition 3.6. Fix z > 0 and consider a tree with height L a starting value z. We define the
generating function Gy, of Oy, for k < L as

Gr(\, x, L) == E* (e O), (3.18)
When k = 0, we have have no information about the tree so by (num), ©¢ = E*(0) = L(1 — z)F 1.
Thus,
Go(\, z, L) = exp[-AL(1 — )71, (3.19)
and using a very similar technique to before, we have that
1 L 1 L

First we take the limit as L — oo in (3.19) and (3.20) for k fixed and then take the limit as k — oo.
There are 2 steps to showing this, firstly, we show that following limit exists and then the second step
is showing that this generating function is the same as that of an exponential random variable. We
only consider the case for A > 0 as it is sufficient to characterise the distribution.

Step 1. Let a,b,p € R and g > 0. Then we show that the following limit exists,

1% X L—oco 5
L X 21
k<L+a7L+ba > Gk(/% )7 (3 )
where ~
Grlp, X) = exp[ - /X 1—Gr1(u, Y)dY}, Golp, X) = exp[ - ,ue_X] (3.22)

We show (3.21) and (3.22) are true by induction. For the base case (k = 0), from (3.19), the algebra
of limits and the definition of e as a limit, it is clear that (3.21) is true with limit given in (3.22).

For the inductive hypothesis, let & > 0 and assume that (3.21) and (3.22) hold for Gi_;. Now we
consider G. Using (3.20) we have,

(e ) = [1- /X " G (] e

Now using the inductive hypothesis, we know that the G_; term on the right hand-side has a limit
and from (3.18) and the fact that e* > 1 — z for z € R,

1> Gr(\z, L) >1—AE*(0)) =1—AE*(©) =1 - AL(1 —z)F? (3.24)
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Then, using the above, that x > 0 and that for L sufficiently large, L/(L+a) < v/2and 1-Y/(L+b) < 1
we have that

W Y > uL ( Y )L*Q ( Y )L
> -~ L-1)>1- — >1-— - . )
1/G’“—1<L+a’L+b’L Vzt-12 U5 >1-V2u(1 L+b (3.25)

Now, (1 — L/(L 4+ b)) — eV as L — oo, so for sufficiently large L, (1 — L/(L + b))¥ < v/2e7Y.
Therefore,

Y

2

Y
1> G,H( o L- 1) >1-2ue Y >1—2ue 7, (3.26)

L+a L+
where to obtain the final inequality, we use that e~ is a decreasing function in Y. Now, note that
since Gk,l(ﬁm, LLerv L —1) <1, for all L € R, they are bounded above and since they converge we
can use the Dominated Convergence Theorem from Bogachev [3] to see that

L+b 00
i) Y L—oo ~
1-Gp 1| —,——, L) )dY —— 1—-Gp_ Y))dY. 3.27
/X ( G, 1<L+a’L+b’ )) /X( k—1(1,Y)) (3.27)
So we have,
U X 1 L+b U Y L
— L) =|1— —— 1-Gp_1(——,——,L)dY

Lo, exp[— / 1—Ghr1(p, Y)Y
X

as required.

Step 2. From step 1, we know that by setting b = 0 (i.e. when the tree has root value X /L), there exists
a limit as L — oo of % and this limit has generating function Gj,. Now we take the limit as k — oo
of this generating function and by comparison to the known generating function of an exponential
random variable and using the uniqueness of generating functions for random variables, we see that

lim % converges when k — oo to an exponential random variable.
L—oo

To simplify computations we write G}, as a function of one variable, Gy, (11, X) = Fy(ue=X) where,

Z/

Fi(z) = exp[ — /Oz Mdz’}, Fy(z) =e%. (3.28)

If Z ~ Exp(fB), then for ¢t < 8 the moment generating function of Z is given by:

B
My(t) = ——. 3.29
20 = 37 (3.29)
We will show that the solution to (3.28) satisfies, for z > —1,
Fi(z) 22 1 (3.30)
1+2

By comparison with (3.29), this implies that Llim ©y/ L converges weakly to an exponential distribution
—00
with expectation e=X. Note this solution is true for z > —1, however, we will only show this is true
for z > 0 since we only proved (?7) in that case. Define a function dy : (—1,00)\{0} — R such that
1 22 0p(z
Fk(Z) = - 3 (k )
1+2z (142)3 2

(3.31)
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Notably, we will show that this function is bounded above by a constant and below by 0, that is to
say, there exists B € R such that for all k,

0 < 84(2) < B. (3.32)

Using this we will then bound Fj(z) above and below and upon taking the limit as k — oo, we will
obtain the desired result. Firstly, we show (3.32) by induction. For the base case, k = 0, using (3.31)
and (3.28) we see that

_ 1 2 ()
F = z = — .
o(z) = I1+z (142z)3 2F° (3.33)
rearranging gives
(142301 .
do(z) = 2 (1 il ) (3.34)

Then, by expressing e as an infinite series it is clear that it is greater than the first 2 terms, i.e.,
e* > 1+ z for z > 0. Therefore, dyp(z) > 0 as required. In addition to this, we have that,

(1 +z)3< 1 efz)

1 3 1 3
zlim@—klim( +2)
1+ 2z

200 22(1 4 2) 2000 22e?

lim §o(z) = lim =1 (3.35)

2Z—00 2Z—00 22

This limit is finite. Also, dg(—1) = 0 and by continuity we can define dy(0) to be a finite value.
Therefore, because the function is continuous, there exists a constant B € R that dx(z) is bounded
above by for all k € N and z > —1.

Now for the inductive hypothesis, assume that (3.32) holds for £ — 1, that is to say

Fr(z) = ! exp[ - /OZ Of;/)zs(sk;lj/)dz'] (3.36)

So, again using the fact that for all z € R, e* > 1 + 2 and the bounds (3.28) we have

1 1[ B z 2 1[ B 22

> F(z) > - N=e——l1-=_—=_| .
k() 21 J, (1+z/)3d4 1420 26(1+2)2 (3:37)

T 14z

So using (3.31) and multiplying through by 1/(1+z) which is possible since this is always positive, we
see that

z  O0x(2) B 22
(1422 2F oF (14 )2 (3:38)
which yields
0 < 0r(2) < B, (3.39)

completing the inductive step, and proving the bounds on 0(z) for all £k € N and z > —1. Taking the

limit in (num) by using the Squeeze Theorem [15], we see that Fj(z) koo, 14%2’ completing the proof

of Theorem 1. O
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Chapter 4

Second Moment Results on the

Irregular Tree.
4.1 Results on the Second Moment of the Tree

In this section we will prove that (3.1), (3.2), (3.4), (3.17) that were used in the proofs of Theorem 1.3
and Theorem 3.2. These calculations will involve the variance so before we prove these results, we will
first investigate E[©2].

4.2 Exact Expression of the Second Moment

We wish to find an exact expression for E[©2]. To this end, we begin with the following definition.

Definition 4.1. Define P; to be the set of all paths along the tree and @Q; to be the set of all pairs of
paths along the tree, that is Q; := P, X P;.

Then we have that,

E[©?%] = Z Z P[p and p’ are open] = Z P[p and p’ are open]. (4.1)
peP p'ep, {pp'}eQ:

The number of possible pairs of paths is L!?, since there are L! choices for the first path and L! choices
for the second. So we see that |Q;| = L!°.

The probability that a given pair of paths are accessible depends on the number of edges the pair of
paths share, call this number ¢q. By the structure of the irregular tree, it is impossible for 2 paths to
share only L — 1 edges, because then they must also share the final edge too, since for a node at level
L — 1 there is only one edge going to level L. So we see that have that ¢ € {0,1,...,L — 2, L}.

The number of pairs of paths that are identical (i.e. ¢ = L) is L!, since this is simply the same as the
number of paths along the tree, which is L!.

The probability that each of these paths in the pair is open is the same as the probability one is open
(because they completely overlap), and when the starting value is z, this is (1 — z)*~!/(L — 1)! since
the first L — 1 bonds must have value between x and 1 and these L — 1 bonds have to be increasing
(i.e there is only one combination that is increasing out of the (L — 1)! possible combinations).

The number of pairs of paths that share ¢ € {0,1, ..., L — 2} nodes is
L(L—-q—1)(L—q—-1)L (4.2)

This is because there are L! choices for the first path. Then the second path is the same for the first ¢
edges, the next edge must be different and there are L — ¢ — 1 choices for this, since one of the L — ¢
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edges attached to this edge is already in the first path and we know it is not in the second. Then there
are (L — q — 1)! possible choices for the final L — g — 1 edges in the second path.

We now compute the probability that when the tree has starting value x, both of the paths are open.
Now, both of the paths combined contain L 4+ L — ¢ = 2L — ¢ distinct edges. We know the final edges
always have value one and we need each of the other 2L — g — 2 edges to have a value in between x
and 1. Now, we need these 2L — g — 2 edges to be in the correct order. There are (2L — ¢ — 2)! possible
combinations of these values. We need the ¢ smallest terms to be in increasing order in the shared
segment of length g of both of the paths, there is only one possible way for this to happen. Next,
we need both of the separate sections of length L — ¢ — 1 to be in increasing order also. There are
(22:2’:2) ways to separate these final 2L — 2g — 2 terms into 2 equally sized blocks, one for each path,
combining all this, we see that for two paths that share the first ¢ edges, the probability that both of
these paths are increasing is,

1—z)2l=9=2 /2 —2¢ — 2
(A —a)™ = q : (4.3)
2L—q—-2)!\ L—qg—1
so we have that,
L—2
E*[0% = L(1 — 2)"7' + ) " a(L,q)(1 — 2)*L772, (4.4)
q=0

The first term of (4.4) is for when the paths in the pair of paths are the same, so is the same as E*[0)].
In the sum in the second half of (4.4), we have,

o(Lq) = INL—-q—1)(L—q—1) (2L —92¢— 2) LI(2L — 2q — 2)!

(2L —q—2)! L-q-1) (L-q-22L—q-2)!

4.3 Estimates and Bounds on a(L, q).

The following proposition gives some useful results regarding a(L, q).

Proposition 4.2. Firstly,

PR T (E E e s
2001 -0 -31) - (1= %)= 5F)
Then, also if if ¢ < VL,
1.2 q2
a(L,q) = @[1 + o(f)]. (4.6)
Finally, for L sufficiently large and qo(L) := [1 + In(L?)/In(2)],
L?1.997¢ if 0 < ¢ < qo(L),
(L) = 0 <9< aolL) (47)
2 ifgo(L) <g<L-2

Proof. To compute (4.5) we expand the factorials, divide each term on the numerator by L and each
term on the denominator by 2L and then simplify.
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Now we show (4.6). If ¢ < /L then ¢*> < L which means ¢?/L — 0 as L — co. From above we can
write a(L, ¢) in the following way, where when we expand the brackets we only show the leading term,

olq) = 2 (L—g—1(L—q) - (L-1)L) I
9 = T(@I=2%-DPL -2 OL—q—3)L—q—2) 2
20 (Lt 4 .o0) L2

L((20)1+---) 29

) 2qu+1 1 + Lq1+1 (_L(Q+2)2(q+1) + .- ) £2 _ [1 + O(qQ/L)]
LRLY 1+ oy (— QLY 8 g+ 1) + ) 2

L2
?.

The final equality above comes from noticing the numerator and denominator are 1 + O(¢?/L) and
then using the geometric series expansion, for y € (0,1) of 1/(1+9) =1 —y +y> —y> + ... (on the
denominator).

The above is when ¢ < /L. If ¢ is close L for example, a(L, L —2) = 2, a(L, L — 3) = 24/(L + 1) and
a(L,L —4)=360/((L+ 1)(L+2)). Note that a(L,L — 1) is not needed given as an example because
recall it is impossible for ¢ = L — 1 because of the structure of the tree.

The full proof of (4.7) is omitted here due to space constraints, but we explain how to prove the result.
Firstly, show that In(h(q)) is a convex function by showing that when L > ¢ + 3, the discrete second
derivative is non-negative, in turn, this implies that a(L,q) is convex. We then find an upper bound
for a(L, q) using (4.5) by noticing that the numerator is less than 1 and the denominator is bigger than
(1-— %)q. Defining ¢o(L) as in the statement of the proposition, using the definition of convexity
and looking as L gets sufficiently large yields the result.

4.4 Outline of Proofs of the Limits (3.1), (3.2), (3.4) and (3.17).

The general method to prove (3.1), (3.2), (3.4) and (3.17) of Var(®©) is based around each of these
expressions containing a sum similar (4.4) and we separate this into 2 separate sums. The first sum
from ¢ =1 to ¢,(L) we will bound appropriately using (4.7) and use a discrete form of the dominated
convergence theorem to determine its limit as L — co. Regarding the second sum from ¢ = go(L) + 1
to L — 2, we bound the running term above by 2/L? which shows the whole sum is bounded above by
1/L which goes to 0 as L — oo.

To prove (3.1) we use the standard definition of variance and integrate over all the possible values of
the starting node. Then use the technique described above. To prove (3.2) we calculate EZ [(©/L)%
and use the same technique above.

To prove (3.4) bounding the second sum from g = go(L) + 1 to L — 2 is slightly more difficult. We
use (4.7) and by extending it to the sum from ¢ = 0 to oo we can use the geometric series formula to
obtain an upper bound that goes to 0 in the large L. Then, we use the standard formula for variance
to obtain the result.

The calculation to prove (3.17) is more involved. We write Var(©|Fy) as a sum over the vertices at
level k of the variances of the subtrees of height L — k multiplied by the indicator function of whether
or not the root vertex of that subtree is open, that is,

Var(@|Fk) = Z ]l{cr open}v(xa7 L— k)7
lo|=k
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where v(z,, L — k) is the variance of © on the subtree of height L — k, with root o with value z,.
Using (4.4) and taking the ¢ = 0 term out of the sum we obtain,

L-2
v(zg, L) = E% (0% —E* (0)% = L(1 — z,)" 1 + Z a(L,q)(1 —25) 7972 — L(1 — x,)?F72,
q=1

Now, by the structure of the tree there are L!/(L — k)! nodes at level k£ and the probability that a
given node ¢ at level k is open is (z, — x)¥~1/(k — 1)! since the (k — 1) labels need to be increasing
and need to all be between x and z,. Hence,

(g, — z)k-1
E?[Var(O|F)] = W L!k:)!/o ( = 1))' v(ze, L — k)dz,.

To compute this integral we use the fact that fxl (y —2)™(1 —x)"dy = m!n!(1 —2)"+t" 1 (m 4+ n+ 1)
This fact is obtained through a change of variables to z = (y — z)/(1 — ) and then comparing this to
the PDF of a Beta Distribution gives the fact. After lots of manipulation and simplifying, we obtain,

a(L, k) 2L—k—2 = 2L—q—2 L-1
E*[Var(8|Fy)] = 7—F—7 (1 - 2) + > a(L,q)(1 -2+ L1 - 2)t (4.8)
q=k+1

Then we complete the proof by dividing through by L? and using the general technique used previously.
d
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Chapter 5

Accessible Paths on the Hypercube.

We follow the steps of the proof given in [2] and explain some sections in more detail. Unfortunately,
there is a mistake in the proof that does not appear easy to rectify.

5.1 Outline of the Proof of Theorem 1.7.

We will attempt to use a similar technique as used before on the tree to obtain the distribution of
©/L as L — oo on the hypercube, that is to say, ultimately finding a generating function for this and
comparing it to known generating functions to give us the distribution of ©/L in this limit.

Recall before we looked at the number of open paths given knowledge of the first k levels, we use a

similar technique but now define
O = E[O|F], (5.1)

where Fj, is knowledge of the nodes with distance less than or equal to k from the root (the starting
point) of the hypercube and also the nodes with distance less than or equal to k from the node
(1,1,...,1).

There are (i) nodes that are k steps away from the root, this is because each node at level k is a vector
of length L containing k ones. When describing a node at this level, we will denote it o, and the value
of the node will be denoted z,. By symmetry of the hypercube, there are (i) nodes that are k steps
away from the final vertex of each path, the node (1,1, ...,1). Similarly, when describing a node at this
level, we will denote it 7, and the value of the node will be denoted 1 — y.

Let n, be the number of open paths from the root to . Note that there can be no open paths and
also that there are most k! open paths since there are only k! possible paths from the root to a node
at distance k from the root. Similarly, m, be the number of open paths from the vertex 7 the final
node (1,1,...,1). Note again that 0 < m, < k!.

We let 1(0 <> 7) be the indicator function on the event that there exists a directed path from o to
7. It will make sense why we have defined this when we begin to forbid paths going through certain
nodes.

Now we look at the expected number of increasing paths between o and 7, given x, and y,. This
is given by 1(c « 7)1(2s + yr < 1)(L — 2k)(1 — y, — 2,)L725~1. Firstly note that 1(o < 7) is
necessary because if there is no path possible we would expect there to be no increasing paths. Next,
1(z, + yr < 1) is necessary because were x, > 1 — y,, no increasing path would be possible because
the start node value would be greater than the final node value. This is all multiplied by (L — 2k)
because that is the length of the path between the two nodes. Therefore, knowing this expectation we
have that the expected number of paths on the hypercube is given by,

O = Z Z nem (o < 7)1(zy +yr < 1)(L — 2k)(1 — yr — z4)F7 2L, (5.2)
lo|=k |T|=L—k

From here we can outline the proof into 3 steps.
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Step 1) Show that ©/L as L — oo has the same distribution as that of ©/L as L — oo and then as
k — oco. This is similar to what we did on the tree.

Step 2) We then show that as L — oo, Of/L has the same distribution as a new random variable
O /L, which can be rewritten as a product of two independent sums, one over o and one over 7.

Step 3) We then show that these two sums each have the same limit as L — oo and that these follow
the same distribution as to what we found on the tree. However, we will show that the proof at this
step fails to be correct.

5.2 Proof of Theorem 1.7 - Step 1

Fix X > 0, and let the root node have value x = X/L. Then we wish to show that weakly as k — oo
we have that

lim On — lim % (5.3)
As on the tree by the same reasoning, all we need to show is that
1
lim lim sup —E*[Var(©|F)] = 0. (5.4)
k—oo oo L

To this end, note that because E*[©|Fy] = O we have,
E*[Var(0|Fy)] = E°[E*[0%|F] — E7[6|F)%] = E°[E®[0°|F] — ©f] = E?[0°] — E*[Of]. (5.5)

To compute this, we compute both the E*[©?] and E?[0©2]. Define P, to be the set of paths on the
hypercube and let a € P,. We denote z$ to be the value of the i’th node on « for i € {0, ..., L}, where
xg = x as this is the value of the root of the hypercube and x¢ = 1 as this is the value of the vertex
(1,1,...,1). Next, for 0 < i < j < L, define &; be the indicator function on the event hat « is open
between node ¢ and node j. That is,

€= 1af <afyy < < (5.6)

/
8

oy L oifaf <afyy <---<af,
0 otherwise.

Then since © is the number of open paths on the hypercube and &§ ; is the indicator on the event that
the entire path « is increasing we have that © = p, §0.1» leading to

E[0% = > ET[e5 60 =L Y BTl L8 L), (5.7)

a,BePy, aEPy

where in the final equality we arbitrarily pick a path fix it, denoting it k, and so denoting the corre-
sponding indicator function £f ;. In the final equality, we also use the fact that there are L! possible
paths on the tree.

In a similar way, Oy, is the number of open paths on the hypercube given Fj so O = ZaePh E[&&L\Fk],
this leads to

ET[0F = Y E°[EES | FREE (| Full = L1 Y ET[E[ES L | FRELES 11 Fe]. (5.8)
o,BEP), aePy,

Now, note that a path is increasing from 0 to L if and only if it is increasing from 0 to k, increasing
from k to L — k and increasing from L — k to L. Because of this, we can write £&L = £&k£g’L7k5g7hL.
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Also, note that 0 and &7 are Fip-measurable, so we can use the property of taking out what is
known to obtain

E*[67] = L! Z E* (60160 e Bk £—k | FREER £ | FEIET —k, 16T —k.1)- (5.9)
aEPy,

By the tower rule [19], E*[-] = E*[E[:|F%], we can similarly modify (5.9), again by taking out what is
known to obtain

E*[07] = L! Z E*[€0.£80.k B8k L— 1Sk L—te| FrIET— 1o, 1. €Tk 1 (5.10)
OZGP}L

Substituting (5.7) and (5.9) into (5.5) and using the linearity of expectation, we obtain

E*[Var(©|F)] = E*[©% —E*[0}]
= L Z E* (€0 680 1 (El&k Lk Lk | Fk] — El&5 L | FRIE[ER L | FRDEL e, £.€T kL]
acPy

The term, E[§7 ;1 &k 1 1| Frl —E[&7 x| FRE[E) ;x| ] is a covariance. If two paths are non-intersecting
between step k and step L — k on the paths then £, _, and £ ;_, are independent random variables,
so the covariance term is 0.

Let P} be the set of all paths that intersect (at least once) the path we denoted & in between step k
and step L — k. Then, on these paths the covariance term is not 0. When summing over these paths,
by removing all the negative terms, recomposing 527 7 and 5,3‘7 1 and using the tower law we have
that

E*[Var(©|F)] < L! Z Ex[fakfg,kE[f?,L—k§§,L—k’fk]ﬁg—k,sz—k,L] = L! Z Em[fto)ing,L]‘

aEPf acPy

We now find another upper bound for this. First let 0 < p,q < L. Then, define I, ; to be the set of
all paths such that they coincide completely with x for the first p + 1 nodes (including the root of the
hypercube), then they are completely different to x for the next L — p — ¢ — 1 nodes and then they
coincide completely with x for the final ¢ + 1 nodes (including the node (1,1, ...,1).

Using this we have that

k—1k—1
E*[Var(©|F)] < L' Y B85, ) < LV DY BI85 - LY Y Y B7[€5,46.),  (5.11)
a€Py a€ePy, p=0g=0aclp,

where the second inequality is true because in the sum at first we are removing all possible paths that
are different to x between step k and L — k, whereas in the sum on the right hand side we are just
removing some of the possible paths that are different to x. For example, fix s € {1,...,k — 2}, in the
sum on the right-hand-side we are not removing paths that are the different to k for the first s nodes,
the nodes {k, ..., L — k} and the final s nodes, but coincide everywhere else.

Recall that Ly . p E¥[§8 &5 1] = E” [©2], also recall that we are interested in calculating lim sup;,_, .
2 E?[Var(©|F)], so dividing by L? using [2] we have that

(__)2
hm L2 Z E?| fo L§0 ] = hm —EI[G ] = lim Eﬁ[ﬁ] 372X 4 72X _ ye2X (5.12)

L—oo
aePy,
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Now, we turn our attention to the second term on the right hand side of (5.11). We will first show

that
) viga gn 1L (L= @i (2L 9y —2q 2
E[&]’L&)’L]:(QL—]?—(]—2)! L_p_q_]_ :

Note that E*[£5 ;&f ;] is simply the probability that both of these paths are open. Excluding the root
and the end node7 the paths o and k each contain L — 1 nodes and they overlap on p + ¢ nodes, so the
number of different nodes in total in both the paths combined is 2L — p — ¢ — 2. For this path to be
increasing, the label attached to each vertex must be greater than x, which happens with probability
(1 — )?L=P=9=2 gince the labels are independent and follow a U[0, 1] uniform distribution.

(5.13)

Next, we need the first p nodes to be the p smallest nodes in increasing order of which there is only one
possible way for this to happen, we need the final ¢ nodes to be the ¢ largest nodes and in increasing
order and there is only one possible way for this to happen. We need the 2 sections of the paths where
they do not coincide, each of length L — p — ¢ — 1 to also be in increasing order. This can happen in
(QLLZQI;”:quIZ) ways because that is the number of ways to split the middle 2L — 2p — 2¢g — 2 labels into
2 evenly sized blocks the L — p — ¢ — 1 and for each way to split the labels there is only one way for
both of sets of labels to be ordered in an increasing way.

From Hegarty and Martinsson [7], we define the following useful number.

Definition 5.1. For n,k € N with k£ < n, we define T'(n, k) to be the number of ways of permuting
the set {1,...,n} with k components, where for a permutation 7y, 7o, ..., 7,, the number of components
is the largest s € N such that 7y, 7o, ..., 7 is a permutation of {1, ..., s}.

Remark 5.2. From [7], on the n-dimensional hypercube, let i the identity path denote the path in
which we add a 1 in position . Let j be any other path represented by vy, vo, ..., v,, where for step s
we add a 1 in position vs. Then if v1,1m,...,v, has k components, ¢ and j intersect in k — 1 interior
nodes. Under a suitable isomorphism, we can see that T'(n, k) is the number of possible paths that
share k—1 vertices. Therefore, by viewing the L —p — ¢ steps after the first p shared nodes of two paths
a and k as 2 smaller sub paths, to calculate the number of paths in I, 4, it is equivalent to calculate
B(L-p—q)=T.(L—p—q,1)=T(L—p—gq,1).

We use the following 2 propositions from [7] to show that B(n) ~ nl.

Proposition 5.3. B(n) is uniquely defined by,
n!=>"B(i)(n— ). (5.14)

Proof. There are n! possible paths along the n-dimensional hypercube. Let v be a path on the
n-dimensional hypercube. Then you can view this sum as a sum over the steps of the path, where
we are summing the number of paths that intersect v for the first time at that step. Since then the
number of paths v on the n-dimensional hypercube that for the first time, intersect v at step ¢ is
B(i)(n —i)! =T(i,1)(n — 1)!, this gives the result. O

Proposition 5.4.
n!(1—0O(1/n)) < B(n) < nl. (5.15)

Proof. Since n! is the number of possible paths on the n-dimensional hypercube, it follows immediately
that B(n) < n!l. So it remains to prove the lower bound. Rearranging Proposition 5.3 by pulling the
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B(n) term out of the sum we see that

ey , il(n — i)
)=n!— ZB (n —1) !—Zz!(n—z)!:n!(l— —).

(n

7) is symmetric in ¢, without loss of generality assume

'!( )

For i = 1, we have that * = 1/n. Since
that : <n —i. Fori > 1 notlce that

Y ) .
m:(z.z...z)(z. T T )
n! 1 2 i/\n n—1 i+1 i+2 n—2 n n—1 " n?

n—2 il(n—7)!

n!

we see that every term in ) 7'~
is O(1/n) and hence,

is O(1/n?). Since the sum contains n — 3 terms, the sum itself

A=l = oa/m)).

O

Now, we know that |, ;| = B(L —p— ¢) and by expanding the binomial coefficient in the following we
obtain,

(1 — x)2b—P=a=2 <2L —2p —2q — 2)

Ll Yy E°[5 .66, = L
b b P J— P ' P — P
welo, 2L—p—q-2)!\ L-p—q-1

_ L! . (2L—2p—2q_2)' . B(L_p_Q) . (1_x)2L—p—q—2.
(L-p—q-1)!' (2L-p—-q-2)! (L-p—g—1)!
This has been written in a very specific way, so we can look at what each of the 4 terms look like
individually when L is large. The first is like LPT9T! the second like (2L)7P~9, the third like L by

Proposition 5.4 and the fourth is like e 2%. Using this, we have that in the following limit, all the L
terms cancel,

6_2X

: L! X (0% K
I/h—%oﬁ Z E* 66,280 L] = orre
acly q

By the algebra of limits and the geometric series formula,

| k=1k—1 E—1k—1 1_<%)k 2
_2X —2X
P pES T G - P = ()
p=0q¢=0a€lp 4 p=0 gq=0
= 47 (1 - (/)M + (1/4)1)

Combining this with (5.12) through (5.11) yields,

e
_l’_

1
lim sup ﬁEx[Var(@]}"k)] <de X — 47X

L—oo 2k+1

as required.
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5.3 Proof of Theorem 1.7 - Step 2.
Recall we have that

=Y Y neml(o e T(ws +yr < V(L —28)(1 - yr —xq) 7 (5.16)
lo|=k |T|=L—k

We now define the following quantity and show that it can be written as the product of a sum over
nodes of distance k away from the root and a sum over the nodes of distance k away from the end
node. To this end, define

= Z Z nem,L(1 —y; —x, + :L‘ayT)L_%_l. (5.17)

lo|=k |T|=L—k

Note that this expression, in comparison to (5.16) has neither of the indicator functions in the summand,
it also has a factor L which is greater than the factor of L — 2k in the other, it also has an extra x,y,
in the term in brackets. Therefore, the summand of (5.17) is greater than the summand of (5.16). So,
O > 0.

Also, ET [0/L] =

X
L

[©] = (1 - )" 50

lim E7 [%} =X, (5.18)

L—oo

®Lk] and show that this the same as for ©. Firstly, note that

X
Now we compute limy_, ET {

E®[ng|zy] = k(zy — )" (2, > z),

this is because there are k possible paths to o, for any path to be increasing we need x, > = hence the
indicator function and finally the probability a path is increasing is (x5 — 2)*~!. Similarly we see that

E*[m;|y;] = k(yf)k_l-

From this we see that

E%[ik B () /d%/ K2 (g — ) (92) (1 = yr — 20+ 2oe) -2 Ny,

LY(L —2k—-1)
(L — k)L — k—l).] (-2

The integral is computed through the use of the formula in Section 4.4. Taking the limit as L — oo
we obtain,

. X @k; -X
lim BE[ZE] =, 1
MLETT] e (49
Now, note that O, /L—0y/ L is a non—negatlve random variable where, by the linearity of expectation,
llmL_>OO[®k/L Or/L] = e=* —e~X = 0. Now, we can use Slutsky’s Theorem from Karr [10] because
X, = 0y/L — ©;/L converges in probability to 0 and Y; = ©y,/L converges in distribution to e=X we

have that the sum of these 2 random variables, O, /L, converges to e~ in distribution.
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We see that

% = Z Z nem,(1 —yr — x5 + :L‘UyT)L_%_1
lo|=k |T|=L—k
= D X neme((1-yr)(1 - )i
lo|=k |T|=L—k
— ( > ne(l— zg)L—%—l) ( > ome(1- yT)L_%_l). (5.20)
lo|=k |T|=L—k

Notice that this is the product of 2 independent sums, the first of which is over the first £ steps of the
hypercube and the second of which is over the final k steps. Note that because of the presence of the
ne, term, the first sum is dependent on the starting value of the root vertex. The second sum has the
same distribution as the first sum with root vertex value x = 0.

5.4 Proof of Theorem 1.7 - Step 3.

We begin by defining ¢y, to be the first sum in (5.20).

Definition 5.5.
bk = Y no(l—ag) 2 (5.21)

lo|=k

The plan is to show that this converges weakly to an exponential distribution multiplied by e~ by
comparing the generating function of this to the one found on the irregular tree for ©;/L. Construct-
ing a recursive definition for the generating function of ¢ is not possible because two paths on the
hypercube may share an edge after they split for the first time, whereas this is not possible on the tree.
To get around this problem, we define a new random variable.

Definition 5.6.
¢k(b) = Z ﬁa(b)(l - $U)L’ (5'22)

|o|=k

where b is a set of ‘ forbidden bits’, a subset of the set of all L dimensional binary vectors, and n,(b) is
either 1 or 0 depending on whether or not there is an open ‘interesting path’ (defined below) through
node o. We denote B to be the size of b.

We define an ‘interesting path’ to o in the following way. At the origin there are L — B nodes that
are not forbidden, the nodes with label less than In(L)/L we are interested in. Defining b’ (with size
B') to be the set of all these nodes, we now forbid these bits and at the next level for each of the
interesting nodes, we look at the L — B — B’-dimensional sub-hypercube and repeat this construction
until we reach level k. All the possible paths found are called interesting.

By this construction, note that if B > L — k, there can be no interesting paths because there are too
many forbidden bits. Also, there are no interesting paths if z, > In(L)/L. Since there are L terms in
a path from the origin to (1,1,...,1) and we expect an increasing path to increase linearly, we expect
Zs to be like k/L on an increasing path, so we are not concerned that there are no interesting paths
when x, > In(L)/L, because we would not expect there to be many increasing paths. Also by this
construction, the interesting paths are all independent.
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For each interesting path, we expect there to be kO(In(L)) forbidden bits, but as L — oo this is
insignificant because L > In(L).

Note also that

or(b) = Y fg(b)(1—as)" =D > )1 -z)"

|o|=k pEY |o|=k,
pso
= > Aoy O e —20)" =Y Lipey ydp-1(B+ B z,), (5.23)
peb’ lo|=k, pED’
p<o

where ggk_l(B +B’, z,) means the root value is now z,. Using the above we will construct the recursion
on ¢ (b) initialised by ¢o(b) = (1 —x)~. Note also that 7, < ny. We will show that in the large L limit
with starting value X /L, the expected value of (;Ek(b) is equal to the expected value of ¢. Through
the use of Slutsky’s Theorem again tell us that when the large L limit of gBk(b) exists, the large L limit
of ¢ also exists and they follow the same distribution.

To this end, note that since there are L — B potential interesting nodes at level 1 and they are interesting
with probability In(L)/L, B’ ~ Binomial(L — B,In(L)/L). Also note that which nodes are forbidden
is not necessarily important, only the number of nodes that are, so we can equally write qzk(B) instead
of ¢ (b). Now from the PMF of a binomial distribution we see that

Then, noting that if £k > L — B then there are no interesting paths of length k. Taking the expectation
over (5.23) with starting value z we obtain

_ L—B—k+1 % I ~
BEOI= Y FE =i |7 w8 i (5.25)

The proof for this is a simplified version of the proof of Proposition 5.8 which we will prove later. Note
that were £ > L — B then the left hand side of the above would be 0. Now, we show that we can write

this as
B L0 = (e D) (5.26)

for some function 1y (z, L). We prove this by induction, for k& = 0 this holds because ¢g(b) = (1 —z)*.
For the inductive hypothesis, assume 5.26 holds for & — 1, so that

L-B—k+1 In(L)
%[ (b)] = Lklfl z; P[B = i] - (LELB‘_B]S!L“ /0 ln(LL)m(y,L)dy. (5.27)

Now look closer at the sum to see that

L—B—k+1
r_ (L — B)! . In(L) In(L)\ k-1 (L — B)!
ZZ; PIB =i g omE = 1 (1-=) T ET
L—B—k+1 ] '
(L-B—-k+1)! /In(L)\? In(L)\ L—-B—k+1-i
; (L—B—k+1—i)!z’!( L )(1_ L )
_ (L), In(@)\=t (L B)!
L (_ L ) (L-B—k+1)
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where the final equality comes from the use of the binomial formula. The rest of this section of the
proof is omitted due to space constraints but we explain the steps to complete it. From above we have
the following recurrence with initialisation,

m(f,L) - (1 _ ln(LL)>k_1 /XIH(L) ¢k_1<§,L>dy, 1/)0<)£,L> = <1 - i_f)L (5.28)

This recurrence yields an upper bound of e= for ¢ (X/L, L). Then using the dominated convergence
theorem and another recurrence that for a function b(L) = o(L), the limit of EX/Z[¢y(b(L))] is e~ in

the large L limit. Showing that in the large L limit, ¢y (b) and ¢x(b) have the same distribution.

All that remains now is to compute the generating function of ggk(b) With a similar aim as in the
proof of Theorem 1.6, we begin with the following definition,

Definition 5.7. Consider the L-dimensional hypercube with origin label z. Then, for 4 > 0 define
the generating function of ¢ (B) to be

Gy, z, L, b) = E*[e~1ou(B)], (5.29)

Proposition 5.8. Fix X > 0 and consider the L-dimensional hypercube with origin label x = X/L.
Then,

X - ;o 1 In(L) Y . i
Gk<p,f,L,b) = Y EB=i ll_m(L)/X [1—Gk_1(u,f,L,B—|—z)}dy . (5.30)

Proof. Using 5.23 and taking the expectation we see that

E® [exp{ - ug?)k(B)}] =E* [exp{ —p Z ]l{xgxp}&k—l(B + B, xp)}]

peY
L—B—k+1 i )
— P[B' = i|E” [exp{ — ,uz ]l{zng}qﬁk_l(B + 7, x])}
i=0 j=0
| 21,22,y < IH(L)/L}
L—B—k+1 i 3
= P(B' = iJE” | [T exp{ — il (yer,y S0 1 (B + ,25)}
i=0 j=0
| 21,22,y < IH(L)/L}
L—B—k+1 iopmm )
= P[B’ = i] H/ — {eXp{ — pl(peyy Pr—1(B +J}y)}}dy
=0 j=0"0 n(L)
L—B—k+1 In(L) .
L L L ~ 7
_ P[B = [ / (B +i |
2 (B =] ) )/, exp{ — pdr—1(B +1i,y) }dy
L—B—k+1 I ln(LL) ;
- P[B = [1— / 1 — Gy LB 'd].
rar [ Z] hl(L) ; [ k 1(:“’7 Yy, L, + Z)} Yy
Using a sufficient substitution gives the result of the proposition. O
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Now, [2] claim the following upper and lower bounds for Gy (u, %, L,b). Then the strategy from there
would be to use a similar technique as in the proof of Theorem 1.6 to show that Gy (u, X/L, L,b) has
a limit as L — oo, and the equation for this generating function is the same as that in the proof of
Theorem 1.6. We show the bounds given by [2] and explain why they do not hold. Firstly, [2] give the
following lower bound,

In(L
" 1575, (5.31)

1 Y
Gulp, X/LLb) > (1= [ 1L G - L. B)dy

X
Now, viewing Gy (u, X/L, L,b) as a function of b, we see that it is increasing. Therefore, the smallest
term in the large square brackets in (5.30) is when ¢ = 0. Since the large square brackets is between 0
and 1, raising this to the largest power in the sum makes it smallest. This is shown by the following
equalities,

L—B—k+1 i In(L) v
1 Y
> / — o - 4 . )
Gr(w, X/L,L,b) > > P[B’ =i]|1 1H(L)/X 1 Gk_l(u,L,L,B—H)]dy] (5.32)
L—B—k+1 i In(L) K
1 Y
> =41 - —— — - .
> P[B’ = ] _1 m(L)/X il Gk_l(u, L,L,B)]dy_ (5.33)
N g L G Y LB [ 4
> =il - - - .
= e [ Z] -1 IH(L) /X [1 k—l(ﬂv F )] y_ (5 3 )
L—B—k+1
1 In(L) Y
> (1— - - - .
> (o)1= s [ = G (1. L)y (5.35)

Now, note the differences between this expression and (5.31). Firstly, the integral is multiplied by
1/In(L) in our equation and is multiplied by 1/L in (5.31). Now, the 1/L in (5.31) makes the inside
of the large square brackets larger (because we are subtracting something smaller from 1) instead of
smaller which is a problem. It is not immediately clear where the 1/L came from in (5.31), but it is
necessary for their argument as when taking the limit as L — oo we would obtain e to the power of the
negative of the integral, which is what they need to complete their argument. In an attempt to remedy
the problem of the presence of the 1/L making inside brackets too large, if we kept it as 1/In(L) we
would now obtain the incorrect limit for their consequent arguments.

Furthermore, in (5.31) there is no sum present. This is because the limits in the sum are slightly
incorrect, running from ¢ = 0 to L — b and then using that the sum does indeed sum to 1. However,
sum runs from i = 0 to L — B — k + 1, so in fact is 1 — o(1). This does converge to 1 in the large L
limit though, so would not affect further calculations.

Next, [2] give an upper bound. This is obtained by splitting the sum into two sections, one sum from
i=0to [(In(L))?| and the second running from i = | (In(L))?] +1 to L — B —k + 1. They then bound
the first sum above to what they desire in the limit as L — oo for their subsequent arguments and
they show the second sum is goes to 0 in the large L limit. So, [2] claim that

1 In(L)
GulpX/LLD <=7 [ 1= Gia(n

Z’L’B)]dy]L_BJr > PB =i (5.36)
X .

L
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Now, through our own calculations we have that

L(n(L))?]
Ge(u, X/L,L,b) < Y P[B =i
=0

In(L) !
1o g [ -G (LB L(ln(L))QJ)]dy]
L—B—k+1

+ > PB'=i. (537)

i=|(In(L)])2+1

Similar to [2], the second sum does indeed become vanishingly small. However, it is the first expression
that is different. Note that unlike before, here it is okay to multiply the integral by 1/L because we
want the largest possible term in the square brackets. Also, because G (u, %, L,b) is an increasing
function we can substitute the largest value of the sum into it to obtain the largest value in the square
brackets. This largest value will be between 0 and 1, so unlike (5.36) we do not raise the large brackets
to a high power, as this would make the term smaller. Were we to remove the power this would not
work as it would no longer give the correct limit for the subsequent arguments in [2].

We could attempt to bound this again in a different way, by raising the square brackets to the power
In(L) and keeping the integral also multiplied by 1/In(L) because this would give the desired limit.
Note that also E[B’] = In(L) which is another reason why this would be a good approach. However,
defining z to be what is inside the square brackets and taking L to be sufficiently large we see that

[(n(L))?] Jin(L) L-Bk+1
Gr(p, X/L,L,b) < PIB' = i| oy + > PB =i
=0 o i=|(In(L)])2+1
L(n(L))?] L— B\ /In(L)\i In(L)\E-B—i 2 () L—B—k+1 /
- ( i )( ) (0-1) ot ), PBB=
i=0 i=[(n(L)))>+1

looking at the ¢ = In(L) term specifically we see that at least,

L — B\ /In(L)\ () In(L) L—B—In(L) zIn(L) B (L)
(m(L))( L) (-70) o =O(F

1
woypm) 6

which is clearly too large and will not give the correct limit. This fix will not work.

Thus we have shown that the proof given is incorrect and examples of simple fixes that fail to work.
This completes the section on the proof, and thus the project.
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