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Abstract

This thesis is presented in two parts. In the first part, we study a family of models
of random partial orders, called classical sequential growth models, introduced by
Rideout and Sorkin as possible models of discrete space-time. We analyse a particu-
lar model, called a random binary growth model, and show that the random partial
order produced by this model almost surely has infinite dimension. We also give
estimates on the size of the largest vertex incomparable to a particular element of
the partial order. We show that there is some positive probability that the random
partial order does not contain a particular subposet. This contrasts with other ex-
isting models of partial orders. We also study “continuum limits” of sequences of
classical sequential growth models. We prove results on the structure of these limits

when they exist, highlighting a deficiency of these models as models of space-time.

In the second part of the thesis, we prove some correlation inequalities for mappings
of rooted trees into complete trees. For T" a rooted tree we can define the proportion
of the total number of embeddings of T" into a complete binary tree that map the
root of T" to the root of the complete binary tree. A theorem of Kubicki, Lehel and
Morayne states that, for two binary trees with one a subposet of the other, this
proportion is larger for the larger tree. They conjecture that the same is true for
two arbitrary trees with one a subposet of the other. We disprove this conjecture
by analysing the asymptotics of this proportion for large complete binary trees.
We show that the theorem of Kubicki, Lehel and Morayne can be thought of as a

correlation inequality which enables us to generalise their result in other directions.
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Summary

This thesis covers two areas in probabilistic combinatorics, specifically the com-
binatorics of partially ordered sets. Problems and areas of study in probabilistic
combinatorics broadly fall into one of two classes. The first class contains prob-
lems of a deterministic nature, which are particularly suited to some application of
probabilistic methods or techniques. The second class contains problems that are

themselves of a probabilistic nature. We cover problems from both classes.

In the first part of the thesis we investigate a family of random models of partial
orders, called classical sequential growth models. We study in detail the simplest
non-trivial model from the family and analyse the partial orders it produces. We
also study “continuum limits” of sequences of classical sequential growth models,
proving that particular sequences of these models do have continuum limits. We
also prove some results about the continuum limit of a general sequence of classical

sequential growth models, when it exists.

In the second part of the thesis we look at enumeration of embeddings of trees
into complete trees, which can be motivated by a partial-order variant of the best
secretary problem. We show that a monotone property of binary trees that was
conjectured to hold for arbitrary trees does not hold in general. We show that the
monotonicity on binary trees is an example of a correlation inequality on a certain

lattice, and using this we can prove generalisations in other directions.
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Part 1

Classical sequential growth models
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In this part we study a family of models of random partial orders, called classical
sequential growth models, introduced by Rideout and Sorkin [24]. These models
were proposed as possible models for discrete space-time, since they are the only
models satisfying certain desirable physical-looking conditions. In particular, we
will analyse the simplest non-trivial model from the family, and we will also define

and study a particular limit of a sequence of classical sequential growth models.

In Chapter 1 we give a full description of the family of models and a brief
summary of the results in [24], explaining the physical-looking conditions imposed
by Rideout and Sorkin, and noting that a particular model from the family can be

specified by a sequence of non-negative constants.

In Chapter 2 we study in detail the particular model called a random binary
growth model, showing that a random poset produced by the model almost surely
has infinite (poset) dimension. This shows that, despite the simple description of the
model, the random poset it produces has a complex structure. We give estimates for
bounds on the size of an up-set of a particular element and show that every element
in the random infinite poset is incomparable to only finitely many others. We also
present a specific poset that, with some positive probability, is not contained in the
random poset produced by the model. This contrasts the model with other random
models of partial orders, for example the random graph order, which contains any

specific poset almost surely.

In Chapter 3 we study the continuum limits of sequences of classical sequential
growth models. Rideout and Sorkin [25] have provided computational evidence
suggesting that particular sequences of models have a continuum limit. We formalise
their results by defining what a continuum limit is, and we show that if a sequence
has a continuum limit then it must be an almost-semiorder. Using some results of
Pittel and Tungol [23] on random graph orders, we prove that the continuum limit
of a sequence of random graph orders, when it exists, is a random semiorder. We

also present some new results on classical sequential growth models. This chapter
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describes work carried out in conjunction with my supervisor, Professor Graham

Brightwell.
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Chapter 1

Introduction

We study a family of models of random partial orders, called classical sequential
growth models, introduced by Rideout and Sorkin [24]. Each model is defined on the
(labelled) vertex set N, which we will always take to include 0. Any model can be
restricted to [n] = {0,1,2,...,n} and regarded as a model of random finite posets.
The model starts with a poset of one element (labelled 0), and grows in stages. At
stagen = 1,2,..., vertex n is added to the existing poset, P,_1, by placing n above
some choice of vertices of P,_;. The poset P, is defined on vertex set [n] by taking
the transitive closure of the existing and added relations. This is called a transition
from P,_; to P,, written P,_; — P,. The models are random, so each transition
occurs with some probability. These transition probabilities are fixed and depend
on the particular model. Let P(P,_; — P,) denote the probability of transition

P, 1 — P, occurring.

Rideout and Sorkin then impose four conditions on the transition probabilities,
with the aim of giving the model physical meaning. They call these conditions:
internal temporality, discrete general covariance, Bell causality and Markov sum.
The first and last conditions are implicit in the mathematical approach to random
partial orders, namely that the labelling of a poset is natural (can be extended

to the < order on the natural numbers), and that the model is indeed “random”
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(at each stage n and for any fixed P,_; the sum of probabilities over all possible
transitions P, ; — P, must be equal to 1). Discrete general covariance states that
the probability of producing a particular poset should not depend on the labelling
of the poset, that is, given two different sequences of transitions, (P; — P;y1) and

(Q; — Q;+1) which produce the isomorphic posets P, and @, the products

n—1 n—1
H P(P; — Pi41) and HP(Qi — Qit1)
i=0 i=0

must be equal. So, for example, discrete general covariance immediately implies
that any two transitions from P,_; to isomorphic posets P, and P, have the same
transition probability P(P,_y — P,) = P(P,_1 — P.). Bell causality is a condition
on ratios of transition probabilities. (Note that in [24] Rideout and Sorkin only
study “generic” models, meaning that all transition probabilities are non-zero, in
order to make sense of this condition.) Given a particular poset P, and any two
transitions P — P’, P — P” which add the new element n, let S be the set of all
elements which are incomparable with n in both P’ and P”. Let ) be the poset
formed from P by removing all the elements of S (and obsolete relations), and define
Q' and Q" similarly. Then, Bell causality states that
P(P—P)  PQ—Q)

P(P N P//) - ]P(Q _ Q//)’

the idea being that, since the new element is not placed above any of the elements
of S in either transition, the presence of the set S should not affect the ratio of the

transition probabilities.

A particular model is specified by a sequence t = (tg,t1,...) of non-negative
constants. The random poset is defined as the transitive closure of a directed random
graph Gy on N in which all arcs go from a lower numbered vertex to a higher. The
arcs are selected sequentially, considering each vertex n in turn and choosing the set
D,, C [n — 1] of vertices sending an arc to n; the probability that D, is equal to a
set D being proportional to t|p, so that

tD|

P(D, = D) = ST
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A model defined according to this description is called a classical sequential
growth model. Rideout and Sorkin show that these models are the only generic
models satisfying their conditions. It is an easy exercise to check that these models
do indeed satisfy the four conditions; for example, Bell causality holds essentially
because the relative probability that element n selects a set D, defined as t|pj, is

independent of n.

Varadarajan and Rideout [31] and Dowker and Surya [12] have studied the sit-
uation where the transition probabilities are allowed to be zero. The Bell causality
condition becomes a condition on products of transition probabilities and the type
of models that satisfy the conditions are very similar to the generic models described

here.

The family of classical sequential growth models also contains models of random
graph orders. A random graph order P, , is defined as follows. The ground set of
P, , is the set {0,1,...,n — 1}. For each pair of vertices i < j the relation (3, j)
is introduced with probability p. The poset P,, is then the transitive closure of
these relations. Random graph orders were introduced by Albert and Frieze [1] and
have been studied further by Bollobas and Brightwell [7, 8, 9] and Simon, Crippa
and Collenberg [27]. The area is covered in the survey of random partial orders by
Brightwell [10]. A classical sequential growth model defined by sequence t where
t; = t' for all 4, and t = p/(1 — p), will after stage n — 1 produce a random graph

order P, .

In the following chapter, we concentrate on the model where the sequence t is
(0,0,1,0,...), i.e., where all ¢; are zero except t5. This means that |D,,| = 2 for each
vertex n. We say that n selects the two vertices in D,,. So, in this model each vertex
n selects two vertices chosen uniformly at random from the set [n — 1]. We assume
that we start with the vertices 0 and 1 incomparable with probability 1 and then
add vertices n = 2,3,... according to the model. (So, for example, Dy = {0,1}

with probability 1.) We call this model a random binary growth model and call the
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random poset it produces a random binary order.

This is the simplest interesting model; the model defined by t with ¢, non-zero
and t; equal to zero for i > 1 produces an infinite antichain (D,, = () with probability
1, for all n), and the model defined by t with ¢, and ¢; non-zero and ¢; equal to zero
for ¢+ > 2 produces a forest of infinitely many infinite trees, where each vertex is an
upper cover of exactly one other vertex and a lower cover of infinitely many other

vertices. These are called the “dust universe” and “forest universe”, respectively, in

[24].

The random binary growth model also has potential applications in computer
science. Under the name of a random binary recursive circuit, the random binary
order has been studied by Mahmoud and Tsukiji [20, 21], Tsukiji and Xhafa [30] and
Arya, Golin and Mehlhorn [4]. These papers typically focus on the “depth” of the
circuit or the number of “outputs” of the circuit. These are considered as important
parameters in a computer science setting; however, they correspond to the height
of the random binary order and the number of maximal elements of the random
binary order, which are not particularly interesting parameters of a partial order.
Here we will consider parameters that are more interesting from a combinatorial
viewpoint, but these will probably not have useful analogues in the recursive circuit

formulation.

The random binary growth model is essentially the same as any other model
with t5 = t4 = ... = 0 since for large n the number of 2-element subsets of [n — 1]
is significantly greater than the number of 1-element subsets and so the probability
of n selecting just one vertex (or no vertices) is very small in comparison to the
probability of n selecting two vertices. Therefore the results in the following chapter

will carry over easily to such models.
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Chapter 2

The random binary growth model

Recall that the random binary growth model is defined as follows. Start with el-
ements 0 and 1 incomparable; then each element n = 2,... selects two elements
uniformly at random from [n — 1], and we take the transitive closure. We will
denote the random binary growth model by Bs and the random binary order it pro-
duces by By. We write Ba[n] for the restriction of By to [n] and By[ng, ny] for the

restriction of By to [ny,ns] = {x € N:ny <z < ny}.

The random binary order Bj is a sparse order; each vertex n has at most 2 lower
covers since x is a lower cover of n if and only if it is selected by n and is not below
the other vertex y selected by n. This means the Hasse diagram of Bs[n] has at
most 2n edges. Also, as we now show, the expected width (i.e., the expected size of

the largest antichain) of Bs[n] increases with n. A vertex x in Bs[n| is maximal if

and only if all vertices y =x + 1,2+ 2,...,n do not select x, so
. : : - 2 Yoy —2  z(z—1)
P(x is maximal in Bs|n|) = (1 — —) = =
( m) = 11 )= 11 = e

y=z+1 y=z+1
and so the expected number of maximal elements is
n

1 1 "L,
n(n—l)z$(x_1):n(n—1) (;x —;x>

- 1 nn+1)2n+1) n(n+1)
:n(n—l) ( 6 2 ):(n—i—l)/B.
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(In fact, this is shown in [20], where Mahmoud and Tsukiji also show that the number
of maximal elements of By[n| tends in distribution to a normal random variable with
mean n/3 and variance 4n/45.) The maximal elements form an antichain, so the

expected width of By[n] is at least (n + 1)/3.

However, the number of minimal elements is always 2, since only 0 and 1 are
minimal. Moreover, the expected number of minimal elements of By[nq,ns], for
ny > 2, is bounded above by n; as ns tends to infinity. Indeed, a vertex z in
Bs[ny,ns] is minimal if and only if it selects both vertices from [n; — 1], and the
probability of this is ("})/(5) = ni(n; — 1)/z(z — 1). Summing over z from n; to

ng gives the expected number of minimal elements equal to ny — ny(n; — 1)/ns.

In Section 2.1 we study the dimension of B;. The dimension of a poset P
on ground set X is the minimum number of linear orders on the set X whose
intersection is equal to P. In other words, the minimum number of linear orders L;
such that x < y in P if and only if z < y in L; for all . An equivalent definition
is that the dimension of P is the smallest d such that P can be embedded into
R? where R is the d-dimensional Euclidean space with ordering (z1,...,14) <
(Y1, yq) in R if 2; < gy; in R, for all i = 1,...,d. (The equivalence can be
easily proven; the essential observation is that the linear orders on X correspond
to the coordinate-wise orderings of the embedded points in R%.) Since B, is sparse,
one might suppose there to be a relatively simple structure to Bs. However, we
show this is not the case in so much as showing that B, has infinite dimension,
almost surely. Using standard notation (see, e.g., [29]), we write P(1,2;m) for the
subposet of the subset lattice formed by the 1-element and 2-element subsets of
the m-element set {1,...,m} ordered by inclusion. Spencer [28] proved that the
dimension of P(1,2;m) is greater than log, log, m, so we show that By has infinite
dimension, almost surely, by showing it contains a copy of P(1,2;m) as a subposet,
for each m, almost surely. This is done by counting (and bounding the expected

number of) certain “paths” in By (the “paths” in By are exactly the paths in the
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directed random graph Gy).

In Section 2.2 we study the sizes of up-sets in Bs[n| and, related to this, the
number of elements in By incomparable with an arbitrary element. Although B, is
sparse, we show that for all r the number of elements incomparable with r is finite.
In particular, this implies that Bs; does not contain an infinite antichain, almost
surely. Moreover, for any classical sequential growth model defined by sequence t
where t; # 0 for some ¢ > 2, the same result is true, that the random poset produced

does not contain an infinite antichain, almost surely.

We use the differential equation method of Wormald [32, 33] which specifies when
and how a discrete Markov process can be closely approximated by the solution to
a related differential equation. We prove a version of Wormald’s theorem which
makes explicit the errors in the approximation. We use this result to analyse the
growth of the up-set of an arbitrary point. For a fixed point r, write U™ for the set
of elements above r in the finite poset Bs[n]. We can think of “growing the poset”
by increasing n. Then \Ui"]\, which depends on n, can be considered as a Markov
process. Using this “differential equation method”, we give good estimates on ]UT["]\
for particular values of n, and show that there exists an n = n(r) such that 1, C [n].
Here, I, is the set of vertices greater than r which are incomparable with r. So, for
fixed 7, there are no vertices greater than n incomparable to r, and so the number
of vertices incomparable with r is finite. We provide two similar proofs, one giving

bounds for a typical r, and one giving bounds for all but finitely many r.

Is the fact that P(1,2,m) is almost surely contained in By a special case of
something more general? Is it possible, as in the case of random graph orders, that
every finite poset is contained in By, almost surely? In Section 2.3 we show that this
is not the case. We use our result from Section 2.2, that there is an n = n(r) such
that for all but finitely many r, there are no vertices greater than n incomparable
with r. So, we know that if two elements in By have labels with a large enough

difference then they must be comparable. We construct a poset which if contained
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in By must have two elements whose labels have large difference. Combining these
two results, we provide an example of a poset not contained in By (or rather, there

is a positive probability that By does not contain the poset).

2.1 The dimension of B,

We write P(1,2;m) for the subposet of the subset lattice formed by the 1-element
and 2-element subsets of the set {1,...,m} ordered by inclusion. For a particular
vertex r, let U, be the set of all vertices above r in By and let UTM be the set of all
vertices above r in Bs[t]. Denote by T} the hitting time of the event |U,| = k, i.e.,
the smallest ¢ such that |U7[t]| = k, and the waiting time between events |U,| = k —1
and |U,| = k by Wy, so that Ty = T} + Wii1. We include the point r in U, so

that T1 =T.

We now show that, for every m, there exists a copy of P(1,2;m) in By, almost
surely. This is enough to show that B, almost surely has infinite dimension, since

dim P(1,2;m) > log, log, m (see [28]).

In fact, we will prove a stronger result, that for each m there exists an ry such
that the probability of there being a copy of P(1,2;m) in By[r,2r"/%] is greater than

3/5 for all r > rq.
We use the following lemma to find a copy of P(1,2;m) in By[r, 2r7/°].

Lemma 2.1. For any m, and any ny < ng, if we have sets X = {x1,...,x,m} C
n1,nol, Y ={v1,...,ym} C [n1,n2], where M = (g‘), and the following conditions
hold

(i) the points in X are incomparable in Bany,ns),

(i1) for each pair of points x;,x; in X there is exactly one yy in'Y which is above

these points and no others in X (according to the order Bs[ni,ns)),
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then X UY s a copy of P(1,2;m) in Ba[ny,ne] where X is the set of minimal

elements and Y is the set of maximal elements.

Proof. Let < be the order on By[ny, ny|. To show that X UY is a copy of P(1,2;m)
we need to show that the only relations are those described by condition (ii). That

is, that there are no relations of the form x; < x;, yp < y; or yi < ;.

By condition (i) there are no relations of the form x; < z;. So, suppose there

m

™), condition (ii) implies that there

exists some relation yj, < y;. Since |Y| =M = (
exists a pair z;, z; with x;, z; < y,. But then x;, x; <y, contradicting condition (ii).
Suppose there exists some relation y; < x;. Then by condition (ii) there exists some

y; with x; < ;. But then y, < y; which leads to a contradiction as above.

So, X UY is a copy of P(1,2;m) and X is the set of minimal elements and Y is

the set of maximal elements. O

Proposition 2.2. For every m, there exists an ro such that the probability of there

being a copy of P(1,2;m) in Bylr,2r"/%] is greater than 3/5 for all v > ry.

Proof. We will prove the result as follows. Assume that m is fixed, rg is sufficiently
large and r > rg. First we find a set of points that satisfies condition (i) of Lemma 2.1
with some high constant probability. Because of the sparsity of B, it is easy to find
this set. Here we will take the points r,r +1,...,7 4+ m — 1. These points will form
the minimal elements of a copy of P(1,2;m). We then grow the poset up to size 77/,
keeping track of the sizes of the up-sets of these chosen minimal points. The value
r7/5 is chosen so that the up-sets are large enough, but their pairwise intersection is
still an insignificant fraction of the whole up-set. This means that the set of points
above one and only one of the minimal points is reasonably large. The bulk of the
proof is in showing this. Finally, we grow the poset up to size 2r7/° to find the points
satisfying condition (ii) of Lemma 2.1. Indeed, we look for points in [r7/® + 1, 2r7/°]
selecting a pair of points from each pair of “exclusive up-sets”. Because the sizes of

the exclusive up-sets are known, we can show that the probability of finding these
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points is at least some constant probability. We then apply Lemma 2.1 to obtain

the result.

Following this scheme, where m is fixed, rq is sufficiently large and r > rg,
consider the points r,r +1,...,7+m — 1. We attempt to find a copy of P(1,2;m)

in which these are the minimal elements. We have,

P(r,r 4+ 1,...,7 +m — 1 are incomparable) = H (2) >9/10 for ro > 20m>.

P (5

Now grow the poset by adding points up to n = /5. We consider the growth

-1

2

of the set U,. We calculate the expected waiting time EWj,, as follows. Suppose
Ty = t, then since Wy, always takes integer values greater than or equal to 1 we

have

and using the inequalities 1 —z < e~* and fabH flz)dz < Z?:a FG) < [ f(z)dz,

j=1 =1

o'} G+1
<1+ Zexp (—21{:/ —dl)
= 1t

t—l—l 2k
1 -
+Y ()

7=1
> 1
<1+t+12’“/ ——dj
<1+ (t+1) Gy
(t+1)% 1
(t+1)%12k—1

)

=1+

That is,
T, +1
2k —1°

E(Wia|Tx) <1+

So, we have

ET, +1
2k —1

2k
ETy 1 = ETy + EWyyy < ET) + (1 + ) =55 1(ETk +1), (2.1)



2.1. THE DIMENSION OF B, 25

which by induction on k& gives

ETy1 < (2%/(35))r + 2k. (2.2)

Using Stirling’s approximation we have

2k V2m(2k)HhH1/20-2kH1/(24k41) - 92k+1/2,1/(24k+1)
> > ’
( k ) (‘/27Tkk+1/26_k+1/12k)2 - /27Tk1/261/6k

50 ETjy1 < \/%61/6k—1/(24k+1)\/gr + 2k, for k > 1. For k > 2, ﬁel/kal/(QélkJrl) <2

for k > 1,

and using (2.2) we have ET; < 2r + 2, so ET; < 2rvk + 2k and so

ET, < 2rvVk + 2k. (2.3)

If we similarly define U, ., T,gi), W,ii) forr+1,9=1,...,m—1 and write T,go) for

T}, then we have Tl(i) = r + i, giving equations

(i) (0
ET{)) < 57— BT +1), (2.4)
ET), < (226 (3F)) (r +14) + 2k, (2.5)
ET < 2(r + i)Vk + 2k, (2.6)

corresponding to equations (2.1),(2.2) and (2.3).

For 1o > m we have r +i < r +m < 2r, so (2.6) becomes

ET < 4rvVk+2k, i=0,...,m—1.

So, recalling that n = r7/®, we have
P|UM| < #¥%) = P(T,5a > n) < ET,a4/n
< (47“11/8 + 27"3/4)/7“7/5 < 6/7’1/40 < 1/10m
for ro > (60m)*, and similarly for |U",|, i=1,...,m — 1.

Therefore, P(all [UF|,..., UM | > r3/%) > 9/10.

We say a point z selects a pair of sets (X1, X3) if D, = {x1, 25} for some z; € X,

and zo € Xy, that is, if x selects a point from each set X; and X5. Using the lower
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bounds on Ur[i]l we can show that, with high probability, there exist points in Bs[2n)]
selecting each pair (Ur[ﬂi7 U,@ j). We might hope for these to form the maximal points
of a copy of P(1,2;m), since for each pair of minimal points r + i,r + j we have a
point above both. However, it is possible for these potential maximal points to be
above more than 2 minimal points. We need to find points above exactly 2 of the
minimal points. To do this we need to look at a subset of U,,;, namely the set of

points above r 4 7 but not above any other r + j for j # 1.

For points z, y in By, write Uy, for the set of points above both x and y. Consider
the restricted poset By[n| and write U}!ﬁj for the set of points in Bs[n] above both x
and y. We will show that |U7[7;] 1| is small in comparison to |U7[n]| and |Uﬂ1| Call
a sequence of integers (ij)jzl from [r,n] a path if i; selects i;_; in the poset, for
J=2,...,5. So a path is necessarily a strictly increasing sequence. We say a path
(ij)jzl is from 4y to i5. Define a forked path with ends z,y, z and connection point
w to be three paths, one from x and one from y both to w, and a third from w to z
(so z,y < w < z), with w the only common point of the first two paths. Note that

we allow the possibility that w = z, in which case the third path is the single point

w = z.

For each point u in Ufﬁ 1 there must be paths P, from r to v and P.,; from
r+1 to u; if we set v = min{j : j is a common point of P. and P,,;} then by taking
the subpath (subsequence of consecutive terms of a path) from r to v (of P,), the
subpath from r 4+ 1 to v (of P.;;1) and the subpath from v to u (of either P, or
P,,1) we have a forked path with ends r, 4+ 1 and u, and connection point v. This
forked path is not necessarily unique, since P, and P,,; are not necessarily unique.
Let FP(r,r + 1,v) be the total number of forked paths with ends r and r 4+ 1 and

connection point v all fixed, and with arbitrary third end u, with v < u < n. Let

FP(r,r+1) = 30_,,, FP(r,r +1,0). Then |Uyya] < FP(r,r +1).

Now, the probability that a strictly increasing sequence (i;);_, is a path in B[n]

is P(N3_,(4; selects i;_1)) = [1;-2(2/i;), by independence.
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We can also calculate the probability that the points {ig,i1,...,0s},i0 < i1 <
-+ < i, form two disjoint paths in By[n], one from iy, the other from i;, as follows.
Start with two sequences A = (ig) and B = (i1), then taking each point i;,j =
2,...,s in turn make it the next term in either sequence A or sequence B. (So, the
resulting A and B are disjoint subsequences of (i;)°_;). The probability that we
can make A and B paths is the probability that at each step ¢; selects one of the
current end terms of A or B. For step j this is at most 4/i; so by independence the
total probability is less than []7_,(4/i;). We have inequality here because we are

over-counting the case where 7; is above both of the current end terms of A and B.

The expected size of FP(r,r + 1,v) is the sum over all subsets I of [r,n],
with r,r + 1,v € I, of the probability that I forms a forked path with ends
r,r + 1,max [ and connection point v. This is the probability that I, = {i €
I i < v} forms two disjoint paths from 7 and r + 1; and v selects the end of
both paths; and I, = {i € I : i > v} forms a path from v to max/. So,
for I = {r,r + 1,d9,...,95-1,V,%5¢1,--.,0s1s } With i; increasing and r + 1 < iy,

is—1 < v < isy1 this probability is less than Hj;;(él/zj) x1/(3) % Hj;l(Q/isﬂ).

So the sum over all such subsets I can be written as the following product, since
the individual terms of the expanded product correspond exactly to the required

probabilities for all subsets I,

EFP(r,r+1,v) < H1 (1+§)i)ﬁ (1+§)

i=r+2 ( =v+1
v—1 n
1 2 1
< 4 il G 9 -
<en{s 3 Htgen{e > 4]
1=r+2 1=v+1
v—1\" 2 n\ 2
< ()
r+1/) vw—-1) \v
o2n?
=

using the inequalities 1 + z < ¢* and Zf:a f@) < fab—l f(z)dz for f decreasing, so

in particular 320__1/i <logb — log (a — 1).

Therefore, EFP(r,r + 1) < 2n3/r* and since n = r7/5, we have E|U™,,| <
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EFP(r,r +1) < 2r'/>. The same method gives the same upper bound on the
expected size of ULy for all pairs (z,y) in [r, r+m—1]® so P(|U, || > (10m2)r/?) <

1/5m?2 and P(all |ULY] < (10m2)r'/5) > 9/10.

Let Aq[nn} be the set of points above r but not above r+1,...,r+m —1 in By[n],
then A" = U\ ur! Uiﬁhr Similarly define AT 2 € [r + 1,7 + m — 1]. Then,

for r > ry > 400mS, we have (10m?)r'/> < r*4/2m so with probability greater than

4/5 we have all |AL)], & € [r,r + m — 1] at least Lr¥/%.

We grow the poset by adding a further n = r7/> points, to find our maximal
points: M = (’;) points aq,...,ays, so that each pair of sets (AL”],AL”}), (x,y) €

[r,7 +m — 1] is selected by some a;.

Now,
[n]) 7] 3/2 3/2
- [n] [n] _ |A7" ||Ar+1 r r .
IP’(n + i selects (A} ,ATH)) = (n;z) = CESE > o for i <n,
SO
#3/2\ "
P(none of n+1,...,2n selects (Al Aﬁl)) < (1 - W)
n

—7”3/2
< exp { 8n }
< exp(—r1/15),
which is less than 1/10M for 7o > (81log 10M)!°. The same calculations give the
same upper bound on the probability of failing to find a point in [n + 1, 2n] which
selects (A, AlM) for each (z,y) € [r,r +m — 1]®, so the probability of failing to

find points ay,...,ap in [n+ 1,2n] as desired is less than 1/10.

So with probability at least 3/5 we have sets {r,r + 1,...,r + m — 1} and
{ai,as, ..., ap} satisfying the conditions of Lemma 2.1. Therefore {r,r+1,...,r+

m —1,a1,as,...,ap} is a copy of P(1,2;m) in Bs[r,2n]. ]

Theorem 2.3. For every m there exists a copy of P(1,2;m) in Bs, almost surely.

Proof. This follows from Proposition 2.2. Fix m. Let ry be given by Proposition 2.2.
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To find a copy of P(1,2;m) in By we split By into disjoint sets of the form Bs[ny, ns

as follows.

Fort=1,2,..., let r; = 27“1-71? + 1. By Proposition 2.2 the probability of there

not being a copy of P(1,2;m) in Bg[n,ZrZ/‘r)] is less than 2/5, for each i. The
probability of not finding a copy of P(1,2;m) in the infinite poset Bs is less than
the probability of not finding a copy of P(1,2;m) in every poset Bs[r;, 27}7 / 5]. But
the sets Ba[r;, 27’17/5] are disjoint, so the events “not finding a copy of P(1,2;m) in
Bslr;, 27’1‘7 / 5]” are independent. Therefore the probability of not finding a copy of

P(1,2;m) in the infinite poset By is zero, as required. [

Corollary 2.4. By has infinite dimension, almost surely.

Proof. This is immediate, since dim P(1,2;m) > log, log, m. ]

This tells us that, almost surely, there is no finite d such that By can be embedded
into R?, the d-dimensional Euclidean space with ordering (xy,...,24) < (Y1, ..,%4)
in R if z; < y; in R, for all i = 1,...,d, as defined earlier. What can be said for
embeddings into other partial orders? Since classical sequential growth models have
been proposed as possible models of discrete space-time it would be interesting to
know whether the partial orders they produce can be embedded into a d-dimensional

Minkowski space for some finite d.

The Minkowski space M? is defined as the partial order on R¢ with ordering

(20, .., xq-1) < (Yo, ,Ya_1) in M if yg — 29 > \/Zj:_ll(y, —x;)? in R. The

Minkowski dimension of a partial order P is the smallest d such that P can be

embedded into M. It is known that a finite partial order P can be embedded into
M1 if and only if P can be represented as a d-sphere order. A d-sphere order is
a partial order on a ground set of spheres in RY, with the ordering on the spheres
given by (geometric) containment. For example, the partial order P(1,2;m) can
always be represented as a 3-sphere order. This is a specific case of a result of

Scheinerman [26]. This means that the Minkowski dimension of P(1,2;m) is at
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most 4, for all m.

We believe that the random binary order B, has infinite Minkowski dimension.
A proof of this result could follow the proof strategy of Theorem 2.3; find a family
of partial orders with arbitrarily large Minkowski dimension that are almost surely
contained in B,. Unfortunately, the partial orders known to have large Minkowski
dimension are all significantly more complex than P(1,2;m). Given the complexity
of the proof of Proposition 2.2 it would be ambitious to attempt a proof using this

strategy. Instead, we make the following conjecture.

Conjecture 2.5. By has infinite Minkowski dimension, almost surely.

We justify the conjecture as follows. If the poset B has finite Minkowski dimen-
sion, then it can be embedded into M? for some d. Since the model B, produces the
poset By sequentially, this means that at each stage n the finite poset Bs[n] can be
embedded into M?. However, this seems unlikely since at each stage the element n
selects two existing elements at random, each pair of elements being equally likely
with no regard to the existing structure of the embedding of By[n — 1] in M?. Tt
seems more likely that the random nature of the model B, is such that, for large

enough n, the poset By[n] produced at stage n cannot be embedded into M¢.

2.2 Up-sets of vertices in B;

Brightwell [11] proved that, almost surely, each element of B, is comparable with
all but finitely many others. This result is contained within what we prove here;
we need a more refined version, providing an estimate of the number of elements
in Bs[n] that are incomparable with an element r, and an estimate of the largest
element incomparable with 7. Recall that UL" is the up-set of r in By [n] and that

1" = [r,n] \ U is the set of points larger than r and incomparable with r. We

study the size |U7["]| and give good estimates of how |U,["]| grows with n. We then
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use these estimates to provide estimates of the size ]L["]\.

In [32, 33], Wormald presented a theorem which describes when and how a dis-
crete time Markov process can be approximated by the solution to a related differ-
ential equation. However the approximation is only in terms of asymptotic bounds;
here we state and prove a version of the theorem which gives explicit expressions for

the approximation.
We begin with some definitions.

Definition 2.6. A function f : R? — R satisfies a Lipschitz condition on a con-

nected open set D C R? if there exists a constant L > 0 with the property

[f (@1, 91) = [ (22, 92)] < L(lzy — 2| + |y — 2]) (2.7)
for all (z1,y1) and (x9,ys) in D.

Definition 2.7. For Y a real variable of a discrete time random process Gy, G1, . . .
which depends on a scale parameter n, we write Y (¢) for Y'(G,), and for a connected

set D C R? define the stopping time Tp = Tp(Y) to be the minimum ¢ such that

(t/n,Y(t)/n) & D.

Definition 2.8. A sequence of random variables Yp, Y:, ... is a martingale with

respect to a sequence of o-algebras Fy C F; C ... if, for all ¢,
(i) Y; is Fi-measurable,
(i) EJY;| < oo,

(iii) E(Yiq1 | F) =Y; almost surely.

If, instead of (iii), we have:

o E(Y;11|F;) <Y, almost surely, then (Y;) is a supermartingale with respect to
(F),

o E(Y; 1| F;) > Y; almost surely, then (Y;) is a submartingale with respect to
(F3).
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The following lemma will be used in the theorem and is a simple extension of
a martingale inequality, known as Azuma’s inequality [5], to supermartingales. We
omit the proof, which can be obtained by an obvious modification to the proof of

Azuma’s inequality.

Lemma 2.9. Let Yy, Yq,... be a supermartingale with respect to a sequence of o-
algebras Fo C Fy C ... with Fy trivial, and suppose Yo = 0 and |Yiy1 — Y;| < ¢ for

t > 0 always. Then for all a > 0,

P(Y; > ac) < exp (—a®/2i).

We are now in a position to state and prove our version of the theorem.

Theorem 2.10. LetY be a real-valued function of the components of a discrete time
Markov process {Gy}i>o. Assume that D C R? is connected, closed and bounded and

contains the set
{(0,y) : P(Y(0) = yn) # 0 for some non-negative integer n}
and

(i) for some constant 3,

Y(t+1)-Y(@#)<p

always fort < Tp,

(11) for some function f : R*> — R which is Lipschitz with constant L on some

bounded connected open set Dy containing D, and some constant \,
EY (t+1) =Y (#)|G) — f{t/n,Y(t)/n)] < A/n
fort < Tp,

(111) f:R* — R is bounded on Dy, i.e., there is a constant y such that | f(x,y)| < v
for all (x,y) € Dy.
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Let w = w(n) be a fived integer-valued function with w = o(n). Then the following

are true.

(a) For (0,y) € D the differential equation

d
%Zf(xay)

has a unique solution y = y(x) in D passing through y(0) = 7, and which extends

for some positive x past some point, at which x = o say, at the boundary of D;

(b) Writing iy = min{|Tp/w], |on/w|} and k; = iw, there exists some B > 0 such
that

P(Y (t) = ny(t/n)| > B; + (8 + v)w) < 2ie= /"

foralli=0,1,...,50—1 and all t, k; <t < ki1, and fori =iy and k;; <t <
min {Tp, on}, where B; = ((1 + Lw/n)" — 1)Bw/L, and y(x) and o are as in
(a) with gy =Y (0)/n.

Proof. Following the proof in [32], we have part (a) from the theory of differential

equations. Let y(x) and o be as in part (a).

Let 0 <t <Tp—wandlet 0 < k < w. This implies that t + £ < Tp and so

(ﬂ Y(t+k:)> c D.

n n

By (i), we have |[Y(t +k+ 1) = Y(t + k)| < . Also, by (ii),

E(Y (t+k+1) — Y (t+k)|Gry) < f <t+k,y(t+k)> A

n n n

< (LX) (B oYl

n n n

§f<t Yt)) +L(w+ﬁw)—|—)\

n n n

I

where the second inequality follows from (2.7). Writing g(n) for (L(w+ fw)+ \)/n,

the inequality becomes

EY(t+k+1) =Yt +E)|Gur) < f (% %) + g(n).
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Therefore, conditional on Gy,

V(i + k)~ Y1)~ kf(t Y“)—kgm)

n

is a supermartingale in k& with respect to the sequence of o-fields generated by

Gy, ..., Gyyy. The differences of the supermartingale are, by (i) and (iii), at most
t Y(t
B+ f (E#) +g(n) <F+v+9(n)
So, by Lemma 2.9, for all o > 0,

P(Y(t+w) = V(1) —wf (£52) —wg(n) > a(8+7+g(n)) < e, (28)

The same argument with
t Y(t)
Yit+k)=Y(t)—kf |-, —= ) +kg(n)
non
a submartingale gives

P(Y (t+w) = V() —wf (£,22) +wg(n) < —a(B+7+g(n)) < e /2. (29)

Setting o = 2w?/n and combining (2.8) and (2.9) gives

P(|Y(t+w) =Y (1) - wf(n, . )|>2( 2/n) (B +~ + g(n)) +wg(n)) < 2720/,
(2.10)

Now, define k; = iw, i = 0,1,...,ip where ig = min{|Tp/w], |[on/w]}. We

show by induction that for each such 1,
P(|Y (k) — y(ki/n)n| > B;) < 2ie~2w"/™* (2.11)
where B; = ((1+ Lw/n)" — 1) Bw/L for some B > 0.

The induction begins by the fact that y(0) = Y(0)/n. (Take § = Y(0)/n and

use part (a).)
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So, assume (2.11) is true for ¢. Write

Ar =Y (ki) = y(ki/n)n
A2 = Y(kz—l—l) — Y<kz)
Az = y(ki/n)n — y(kiy1/n)n

The inductive hypothesis (2.11) gives |A;| < B; with probability at least 1 —
2ie~2%*/"* By (2.10) we have

[ A2 —wf (ki/n, Y (ki) /n)| < 2(w®/n) (8 +7 + g(n)) + wg(n)

—2w3 /n?

with probability at least 1 — 2e

Since f satisfies the Lipschitz condition and (k;1/n,Y (kiy1)/n) € D (because

kit1 < Tp), we also have

| As +wy'(ki/n)| = [y(ki/n)n — y (kg1 /n)n + wy' (ki /n)]
= |—wy (k/n) + wy' (k;/n)] for some k, k; < k < ki
= w|f(k/n,y(k/n)) = f(ki/n,y(k:/n))| since y is solution to (a)
< wLlw/n+ |y(k/n) —y(ki/n)l] by (2.7)
<wLw/n+ (w/n)|f(K /n,y(K'/n))|] for some K, k; <K <k
< wL[w/n+ (w/n)7y] by (iii)

= L(1+vy)w’/n
where we have used the Mean Value Theorem (twice, to get lines 2 and 5). So,
[y (ks /m) — Fks/m, Y (ks) /)| = | (ke /o y(hs/m) — fke/m, Y (k) m)] < LIAs |/
and so assuming |A;| < B;, we have

|Az — (—wf(ki/n, Y (ki) /n))| < — * 71A1| <— —+-B



2.2. UP-SETS OF VERTICES IN B, 36

So, we have

Y (Kiv1) = y(kipr/n)n| = [Ar + Az + As]
< Bi +2(w?/n) (B + v + g(n)) + wg(n) + L(1 + y)w?/n + B;Lw/n
= [2(w?*/n) (B +7 + g(n)) +wg(n) + L(1 +y)w?/n] + Bi(1 + Lw/n) (2.12)
with probability at least 1 — 2(i 4 1)e~ 24"/,
There exists B > 0 with
2(w?/n)(B+7 +g(n)) +wg(n) + L(1 +y)w?/n < Buw?/n (2.13)

for all n, so the term on the right hand side of inequality (2.12) can be replaced

with B;(1 + Lw/n) + Bw?/n, which is exactly B;y;. So we have (2.11) for i + 1.

Finally, k; 11 — k; = w and the variation in Y (¢) when ¢ changes by at most w is
at most Sw, by (i), and as before |y(t;/n)n—y(ta/n)n| is less than w|f(t/n,y(t/n))|

for some t, t; <t <ty and this is less than yw. So
P(|Y (t) — ny(t/n)| > B; + (B + y)w) < 2ie 2"/

forall e = 0,1,...,70 — 1 and all ¢, k; < ¢ < k;4q, and for ¢ = 49 and k;y <t <

min {Tp,on}. O

We can apply Theorem 2.10 to ]Ur[n]| as follows. We take as the Markov process
the random binary growth model, and as the real-valued function the size of the
up-set of a fixed vertex r. We then find sets D and Dy, a function f, and constants
B, A and v satisfying the assumptions of the theorem. We obtain the following
corollary, which shows fairly precisely how |Ur[m]| grows as m goes from some initial
n to (o + 1)n, where o is a large constant. Over this range, |Ur[n]| /n grows from a

small value to a value near to 1.

Corollary 2.11. For fized r and any n > r, if |U,£n]| = c¢(n)n for c(n) an arbitrary

function of n, then
o ([T o1
n(c+1) o+1/¢(n)

10e*17 4+ 2.1 1 . 35
/3=6 _—2n
= ( oc+1 ) nt/3-9 = 2om ‘
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for any constants 0 < § < 1/3, o > 0.

Proof. Fix a vertex r in By[n|. Let the Markov process {G}i>0 be the random
binary growth model but starting at stage n, so that G, corresponds to By[n + t].
Let Y (t) be the size of the up-set of r in Bs[n + ], i.e., Y(t) = \Uinﬂ]]. For any
constant o, define D as the region {(z,y) : 0 <z < 0,0 <y < z+ 1}. The region
D contains the interval {(0,y) : 0 < y < 1}, and since |UTM\ = ¢(n)n, we must
have ¢(n) < 1 for all n. So, D satisfies the assumption in Theorem 2.10, since it
contains all points (0,c¢(n)) for n = 1,2,.... We now find a set Dy, a function f,

and constants (3, A and v satisfying assumptions (i)—(iii).

Since Y (t) = \Uin+t]| <n+twehave Y(t)/n <t/n+1,and so (t/n,Y(t)/n) € D

as long as t/n < . This implies Tp = |on] + 1.

Let 3 = 1, then (i) holds since |Y (t+1) = Y (£)| = U™ = |uf"™| < 1 always

for t < on.

Let f(z,y) =2y/(x+1) —y?*/(x+1)%. Let L = 2.1 and v = 1.1. The function f
is bounded on D by 1 (attained when y = x+1) and is continuous over the boundary
of D, so there exists an open set D’ containing D on which f is bounded by v = 1.1.
Also, ||V ]|, the length of the gradient vector of f (Vf = (%, g—i)), is bounded on

D by 2 and is continuous over the boundary of D, so there exists an open set D”

containing D on which ||V f|| is bounded by L = 2.1. But then
[f(0) = f(v)| < Llu—v]| (2.14)

for all u,v € D”, so f is Lipschitz with constant L on D" (this follows by applying

the triangle inequality to the right hand side of (2.14)). Let Dy be the intersection
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of the two sets D', D". So, (iii) holds, and (ii) holds with A = 1, since

E(Y (t+1) — Y ()|Gy) = 0 x P(Y (t+1) = Y (8)|Gy) + 1 x P(Y(t+1) = Y(t) + 1|G,)

= 1= ("))

m+t+1-=Y(@)(n+t—=Y(1))
(n+t+1)(n+1)

2Y(t)(n+t+1) =Y (&) (Y(t)+ 1)

(n+t+1)(n+t)

—1—

?

which differs from f(¢/n,Y (t)/n) by at most 1/n for t < on.

Now Tp = |on] + 1 and so Tp > on. So Theorem 2.10 gives the result (b) for

i =19, t = on, namely that, for some B > 0,
P(|Y (on) — ny(o)| > By, + 2.1w) < 2ige 22"/, (2.15)

Here y(x) is the solution to the differential equation

d 2
By _ 5 Y Yy

dr ~ “z4+1 (z+1)?

with initial condition y(0) = ¢(n). This is a homogeneous equation with solution

(x4 1)?
ylz) = r+1/c(n)
Also, iy < on/w, so By, = ((1 + Lw/n)* — 1) Bw/L < Bwe* /L, and (2.15) be-

comes

(0 +1)?

[n+on] o, T
P(“UT e e

> Bwe” /L + 2.1w) < 2(onjw)e 2.
for some B > 0.

Choose 6 with 0 < § < 1/3 and set the arbitrary function w(n) to n*?+°. Then
w(n) = o(n) and so using the particular values for L, 3,y and A, we can satisfy

equation (2.13) with B = 21 and this gives the required result. O

In the proof of Proposition 2.2 we bounded the expectation of the hitting time
of the event |U,| = k. We use this bound to show that U, contains all but finitely

many points of By, almost surely. In terms of I, we have the following theorem.
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Theorem 2.12. For any constants e,m with 0 < & < 1/4 and 0 < n < 1 there exists
ro such that for all v > 1o both |I.| < r*™¢ and I, C [r,r*3¢] hold with probability

at least 1 —n.

Proof. Assume that r is sufficiently large. As before, let T}, be the hitting time of
event |U,| = k, in terms of the growth model, i.e., the smallest ¢ such that \Uit]] = k.

Asin (2.3), we have ET}, < 2rvk+2k. So ET,> < 472 and Markov’s inequality gives
P(|US D)) < 42) = P(T,2 > (16/n)r?) < /4 (2.16)

so that with suitably high probability the size of the up-set, ]U,L(w/ 7’)7’2]|, is at least

fraction 7/16 of the size of the poset, (16/n)r?

Set ng = (16/n)r*. We can rewrite equation (2.16) as

P(|U") /ng > 1/16) > 1 —n/4. (2.17)

Assume we have |U,£n°]|/n0 > n/16. Let € be an arbitrary constant with 0 < & <
1/4. We will use Corollary 2.11 to show that as the size of the poset, n, increases
from ng to (¢ + 1)ng, for some constant o, the ratio ]U,Ln]| /n also increases, to a

value that is at least 1 — /2.

U[no]
Claim 2.1. There exists a constant oy (dependent on € and n) such that if | | >
o
| [(UD+1)”0]’ 1 1/4
n/16 then 1 — /2 with probability at least ZUOnO/ e 2o,

= s
(0'0 + ].)no -

Proof of Claim 2.1. Suppose |U7£n°]|/n0 > n/16. Applying Corollary 2.11 with

n = ng, c¢(ng) =n/16 and 6 = 1/12 we have

g+l 1 10621 421\ 1
| [ _o*l ) (107 < 2ont e (2.18)
nolc+1)  o+16/n o+1 ng?

for any o > 0. Set 0y so that

00+1

—=1—-¢/4 2.19
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< ¢/4. Combining this

10e1to0 121 1
and then for sufficiently large r, ( ‘ * )

inequality with (2.18) and (2.19) and setting o = o gives the result. O

Let M = (16/n)(c¢ + 1), so that (o9 + 1)ng = Mr?. We have shown that, with
suitably high probability, ]Ur[n]] /n > 1—¢/2 for n = Mr*. We now show that
\Ur["]l/n remains close to 1 for all larger n. That is, that |UTM\/n > 1 —¢ for all

n > Mr?.

Let ny = Mr? and n; = (1 +¢/2)"tny fori =2,3,....
Claim 2.2. If [UM|/n; > 1 — /2 then
(a) UM /n>1—¢forn=mn;+1,n+2..., |ni and

(b) |U7[ni+1]|/nl-+1 > 1 —¢/2 with probability at least 1 — 6n;/4e_2”3/4.

Proof of Claim 2.2. Suppose we have |U7[m}

For part (a) we use the fact that |U7£n}| is increasing in n, so that

oM ol lo 1—¢/2
> = > >1—¢
n i1 (1—1—5/2)7% 1+€/2

foralln =mn; + 1,n; +2,..., [ni1].

For part (b) we apply Corollary 2.11 with n = n;, 0 = ¢/2 and 6 = 1/12. We

. 1062.15/2 +2.1 1 < 5n3/4672"3/4
e/2+1 nt

(2.20)

have

'

with ¢(n;) > 1 —¢/2. So,

/240 e/2+1
ni(e/2+1)  ¢/2+1/c(ny)

g/2+1 - g/2+1
/24 1/c(n;) — €/24+1/(1 —¢/2)

and for sufficiently large r,

g/2+1 <1062-1E/2 +2.1

1
e/2+1/(1—-¢/2) g/2+1 ) ng/z; >1—¢/2 (2.21)
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Then, (2.20) becomes [P(|U7£ni+ﬂ‘/ni+l <1-¢/2) < 5712-1/46_271;/4, -

Notice that, since n; 1 > n;, if the inequality (2.21) is satisfied for i = 1, then it
is automatically satisfied for all larger 7. That is, if we have r sufficiently large to be

able to apply Claim 2.2 once, then we can apply it repeatedly to get the following.

Assuming |U,£n1]|/n1 > 1—¢/2, we have |U,£n]|/n > 1—¢ for all integers n > n; =
Mr? with probability at least 1 — 7%, en, / 46_271;/4, for sufficiently large 7.

1/4

Let r be sufficiently large so that 20071(1)/46’2”0 +3 0, 5n;/4e’2”3/4 < n/4. Then,
we have |U7[n]|/n > 1 — ¢ for all integers n > Mr? with probability at least 1 — n/2.
Once |U7£n]| is always a large fraction of n, we can show that U™ becomes almost all

[n]

4482 Rather, we now look at I, the set of points in

of the poset Byln| for n = r

[r, n] incomparable with r in Bs[n].

For t > Mr?, set s; = |L[,t]| /v/t, and consider the sequence (s;) as a stochastic

process.

We have that

YL with probability 1 — (5 ) /("4

>
<
B
v

St+1 =

sVl with probability ('Ig]‘)/ (t;I)

Therefore

Esyy =

s+ (/) L (1),

- tt+1)

Vit+1 t+1

Now, provided s, < £/t (which will be the case unless |U7[ﬂ| drops below (1 — ¢)t),

1\ > 1/2 —¢
Fsy g <s(1— —— 1 <s(1-—
S”l—st( t+1> <+t+1>—st( t+1>

we have
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for all t > Mr2. So

& k
1/2 —¢ 1
Esymzir < S H (1 - m) < Snp2 €XP <_(1/2 —¢) Z Mr2 —i—j)
j=1

j=1
M2 1 1/2—¢
< eVvVMr? (—T + )

Mr2+k+1
<\/M_7"2 Mr?+1 1/2-e
! Mr2+k+1 ’

where we have used the fact that e < 1/4 to get the last line. So,

prd+8e

MTQ 1/278
Es,atse <V Mr2 ( ) < M1_€T_25+8€2,

—2e4-8¢2

Using Markov’s inequality, we have s,4+s- < (4/n)M'~¢r with probability at

least 1 —n/4.

Therefore |L[f4+86]| < VPEEEE (4 /) MImep248E — 242485 Gith probability
at least 1 — 1/4, where M = (4/n) M=

Finally, let us consider the probability that all vertices with a label higher than
r4+8 are comparable with r; in other words ¥ = 17" for s > 448 Given the

size |17V, this probability is exactly

4+8£]

o) Lr
T (- (", ) |
s=ritietl (;)
which is at least
4+8¢ . arse .

Since £ < 1/4 we have 4e — 16¢2 > 0 so that for sufficiently large r, M2 /ris=16=* <

n/4. Also, |[T[T4+SE]| < My2+2s+8° < p2+4 for gufficiently large r. So, combining all

4+85}

the probabilities, we have |I,| = |II" < r*eand I, C [r, r*™%] with probability

at least 1 — 7, as required. O

This result is close to the best possible; as the following lemma shows, we have

that E|U™ | < n?/r2, so for small £ > 0, |I,| > r2~¢ with high probability.

Lemma 2.13. For all n > r, E|UM™| < n?/r?.
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Proof. Firstly, we make an observation similar to that in the proof of Proposition 2.2
on page 26, that for all u € U™ there must exist a path from r to u. Therefore,
it is enough to provide an upper bound on the expected number of paths in Bs[n]
with start point r. As before, for r < i; < 15 < --- < i, the probability that
{r,i1,4z,...,is} is a path is

S S

2
P(i; selects r) H]P’(z'j selects i;_1) = | | —-

Z .
j=2 j=1 "7

So, the expected number of paths in By[n] starting at r is bounded above by

> B(julisapm= Y [[2= H( 9

IC[r+1,n] IC[r+1,n] ZEI i=r+1
(n+1)(n+2) < 2
(r+1)(r+2) —r

S

[\

]

We have shown that for a typical r, the size |U,["]| is a constant fraction of n for
n = ©(r?), and that the set I, is contained in [r1*%] with |I| = O(r*"*¢). What

about for a worst case r? Can we say something about all but finitely many r?

Clearly, we cannot always expect |U ]| to be a constant fraction of n for n =

O(r?). As we showed in Section 1,
P(r is maximal in By[n|) =
which is approximately r2/n?. Setting n = r3/2, we have that

1
P(r is maximal in By[r®/?]) ~ —

<

which means there are infinitely many r with |U,£T3/2]] = 1. When this is the case,
the growth process of U™ for n > %2 is identical to the growth process of U [3/2

3/2 o - [r3/] [/ -
, since the sizes of Uy and UT3 ;2 are the same. So, the expected size

forn >r
of U" can be found by substituting 732 for 7 in Lemma 2.13, which shows that
E|UM™| < n2/(r3/2)* = n2/r®. So, for such an r the expected size of UL is less than

r, and we need n = O(r?) before the expected size of U™ is a constant fraction of n.

We believe this is the worst case, that |U7["]| is a constant fraction of n for n = A(r?),
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and then I, is contained in [r5%<'], with |I,| = O(r3+¢). Heuristically, it appears that
the growth of |U7[”}| is highly dependent on the values of the hitting times, T}, for
small k£, which are not concentrated near the mean values; for example, the above

3/2 whereas the mean ET, is bounded

argument shows that 75 can be as large as r
above by 2r 42, using equation (2.2). Indeed, once |UL"|/n is at least 1/n!/3 we can
apply Corollary 2.11, to closely approximate the growth. However, it appears rather

difficult to prove these statements in full, and we settle for the following polynomial

bounds on the size |I,.| and the value of the largest s incomparable with r.

Theorem 2.14. For all but finitely many r, |I.| < r¥/® and I, C [r'?].

The proof is naturally very similar to the proof of Theorem 2.12.

Proof. Fix r. As before, let Tj be the hitting time of event |U,| = k, in terms
of the growth model, i.e., the smallest ¢ such that ]U,[t]| = k. As (2.3), we have

ET), < 2rvVk + 2k. So ET 156 < 4r'3/6. Markov’s inequality gives

P(’Ur[r3+8/45]’ < 7'13/6) _ ]P)(T 1376 > 7,.3Jr8/45) < 4/7,91/90' (222)

T

Set ng = r3+%/45 Equation (2.22) becomes

P([UM | /ng > 1/ng/*?) > 1 — 4/r/%.

Assume we have |U™!| /ng > 1/nt/**. We will use Corollary 2.11 to show that as

we increase the size of the poset by a factor of 2, the fraction ]U,[n] |/n also increases
by a factor that is only slightly smaller than 2. We can use this method repeatedly

until |U,[n]| /m is at least some constant fraction.
Let n; = 2ing for i = 1,2, ... and let ¢(n) = |U"|/n for all n > ny.

Claim 2.3. If 1/ng/22 < ¢(n;) < 1/300 then c(niy1) > (149/75)c(n;) with probability

8/25 _ o, 1/25
at least 1 — 2”/ e 2,
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Proof of Claim 2.3. Suppose 1/n(7)/22 < ¢(n;) < 1/300. The upper bound on

¢(n;) implies
2

—_— 299/150 i 993
T3 1/ ~ (299/150)clns) (2.23)
and the lower bound implies
10e?t +2.1\ 1 1
( 9 ) 3/ < (1/150)W < (1/150)¢(n;). (2.24)

So applying Corollary 2.11 with n =n;,0 = 1/75,0 = 1, we have

P |U7L2m} B 2 - 1062.1 + 2.1 1 < 2ns/25€_2nz}/25
2n; 1+ 1/e(ny)| — 2 nf/% -
which, using (2.23) and (2.24), gives the result. O

Using Claim 2.3 repeatedly we have that for £ = 0,1,... either ¢(n;) > 1/300
for some [ < k, or
c(ny) > (149/75) c(ng) > (149/75)% /ni/*

with probability at least 1 — Y54 2n"/ 2520

log ((1/300)n"/*
So, there exists a k < Oglc()sg (/149/)%)) ) such that |Uq[n’“]|/nk > 1/300 with
probability at least 1 — (log no)né/ 26*2”3/25,

We have

7/22

N S 2log (ng /300)/10g(149/75)n0 — (ng/22/300)10g2/10g (149/75),”0. (225)
Using ng = 384 we get n;, < r?Y/5/317.

Assume we have [UF™!| /n), > 1/300. We will apply Corollary 2.11 once more to

increase the fraction |U7[n} |/m to a constant close to 1.

;"
Claim 2.4. u > 77/78 with probability at least 1 — 1O5n,i/4e_2"i/4, where n =
n

463450, < 150721/5.

Proof of Claim 2.4. We have |U7£"’“]|/nk > 1/300. Applying Corollary 2.11, with

n =ng and § = 1/12 we have

. |U7[nk(a+1)]| - o+1
ng(c+1) o+ 1/c(ng)

10e*17 +2.1 1
> i < 20n,1€/4e’2"i/4 (2.26)
o+1 n/*
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for any o > 0. Set 0 = 46344 so that

c+1 46345
o+ 1/c(ny) 46344 + 1/c(ny,)

> 155/156, (2.27)

which is possible, since ¢(ny) > 1/300. Then for sufficiently large r,
10e*7 +2.1 1

< 1/156.
o+1 ni/ i<V
Combining with (2.26) and (2.27) and setting o = 46344 gives the result. O
Ul

By a similar method we can show that — > 77/78 for all t > n with proba-

bility at least 1 — Z;‘Zn {142ttt

As before, for t > n, set s; = |]1Lt]| /+/t, and consider the sequence (s;) as a

stochastic process. Again, we have

sVt + (Sf;ﬁ)/(f;l) B t i, sVt —1
N Vi+1 tt+1) )
Now, provided s, < v/#/78 (which will be the case unless |U7[t]| drops below (77/78)t),

Esi11 =

we have

1\ 1 1/2 —1/78
Es, < (1— —— 1e— = Veg (12T 200
St“—st( t+1) (+78(t+1)>_5t( (t+1) )

which gives

k

19 L |
Estir < StH (1 - m) < spexp (—(19/39) Z m)

Jj=1 Jj=1

19/39
_VE(tH1 |
— T8 \t+k+1

So, for example, Esyo7 < 1/(78t'7/42), and for t = r?'/% this gives Es,12 < 1/717/10

By Markov’s inequality, we have s,12 < 1/r%/° with probability at least 1 — 1 /71/10,
Therefore |II" /| < V/712/r3/5 = ¢27/5 with probability at least 1 — 1/r11/10.

Finally, let us consider the probability that all vertices with a label higher than

12 are comparable with 7; in other words I = 17 for s > 12,

Given the size
|L£T12]|, this probability is exactly

12
o (II? ]I)
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which is at least

P12 0o 12
L N L P
2 s=rl241 (;) ri2 ro/5
So, combining all the probabilities, we have |I.| = |L[Tl2]| <275 and I = 1)

for s > r'? with probability at least

1/25

1—4/r9% _ (log no)n(l)/ze’%o — 1(f]‘r’n,1€/4€’2"i/4 — Z fllae=2tt 1/t /10 1 /675,

t=n

Since

o0

Z <4T_91/90+(10g no)né/ze_%é/%+105n,1€/46_2”11e/4+zt1/4€_2t1/4—{—7”_11/10—1-7’_6/5)
t=n

r=1

is finite, the first Borel-Cantelli Lemma gives us the required result. O

Notice that in this proof we use Markov’s inequality twice, each time introducing
a factor of 7, which is why our bound is (essentially) |I,| < 75*¢ and not |[,.| < r3*¢

as we believe.

Note that Theorem 2.14 implies that, almost surely, |I.| is finite for all r, as
follows. Suppose for a contradiction that the event that there exists some x with
|I.| infinite has positive probability. Since the probability that r selects x is equal
to 2/r for r > x, we have that x is selected infinitely often, almost surely. So there
are an infinite number of elements comparable to x and any such element » must be
incomparable with the elements in I, \ [r], meaning that |I,| > |I, \ [r]|. Therefore,
conditioned on x having |I,| infinite, we have an infinite number of elements r with

|7 infinite, almost surely, which contradicts Theorem 2.14.

2.3 A poset not contained in B,

In Section 2.1 we have shown that By contains P(1,2;m) almost surely. It is natural

to ask whether this is typical: which posets are contained in Bs? For any poset P,
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{1,2}v {1,3} {2,3}

{2 {3

Figure 2.1: P(1,2;3)

Figure 2.2: P(1,2;3)®

P(By O P) is positive, as P is a subposet of some possible binary order. So, is
every finite poset contained, almost surely? This has been shown for random graph

orders; here we show that it is not true for B,.

Recall that we write P(1,2;3) for the poset consisting of the 1-element and 2-
element subsets of {1,2,3} ordered by inclusion (Figure 2.1). Write P(1,2;3)® for
a “tower” of k copies of P(1,2;3) with the maximal elements of copy 4 identified

with the minimal elements of copy i + 1, for i = 1,...,k — 1 (Figure 2.2).

The result from Proposition 2.2, for the case m = 3, is that a copy of P(1,2;3)
with minimal points r,7 + 1,7 4 2 is contained in By[r,n], where n = 2r7/°  with
probability at least 3/5. The method used certainly requires k* = |U,|*> > n =
vk + 2k, ie., n > 143, We now consider the probability that there exists any
copy of P(1,2;3)*®) in By[r,n], and show this is very small for n = o(r#+2/3). (So
for £ = 1 this is a trivial result but, interestingly, if we restrict to only copies of

P(1,2;3)® with minimal points r,7 + 1,7 + 2 then the result becomes that the



2.3. A POSET NOT CONTAINED IN B, 49

probability that there exists such a copy in By[r,n| is very small for n = o(r*/3+1).
This gives a certain justification to the method used to construct such a P(1,2;3).)
Using this result with Theorem 2.14 we provide an example of a poset that, with

positive probability, is not contained in Bs.

Theorem 2.15. The probability that there exists a P(1,2;3)%) as a subposet of

Bslr,n] is O(n®/r3++).

Proof. The proof strategy is as follows. We first define a framework which is a
subset of By[r, n| satisfying certain properties. The definition of a framework implies
that if Bs[r, n] contains no frameworks then it contains no copies of P(1,2;3)*). We
then calculate the expected number of frameworks in Bs[r,n] by a path counting
method similar to that in the proof of Proposition 2.2. This method provides an
upper bound on the expected number of frameworks. The bulk of the proof is in
defining a framework in a way that makes the path counting possible. We start
with some observations of the structure of copies of P(1,2;3) and P(1,2;3)®*) in B,

motivating the precise definition of a framework.

Throughout we will write z is above (below) y to mean x is above (below) y
in By, and write x is greater (less) than y to mean x is greater (less) than y in N.

Usually, we will reserve <, <, > and > for the order on N.

Consider P(1,2;3) as a subposet of By and take a minimal point, a. It is below
two maximal points, by, bs, so there is at least one path from a to b; and at least
one path from a to by. Choosing one path to b; and one to by, we can find the
greatest point common to both paths, call this a branching point. We can do this
for all three minimal points to obtain three branching points. The six chosen paths
can also be paired according to which maximal point they go to, and taking the
least point common to a pair of paths gives three connection points, one for each
maximal point. Note that the branching and connection points are not unique if

we had a choice of paths, but are distinct for any choice of paths. We label the
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(a) vy <o (b) & <

Figure 2.3: P(1,2;3) with branching and connection points

branching points «, 3, and the connection points o, 5,7/, so that a < 8 < 7 and
o < (8 < ~+'. Each path contains both a branching point and a connection point,
and since each connection point is contained in two paths, it must be greater than
(at least) two branching points. In particular, o/ must be greater than « and (.
Similarly, each branching point is less than (at least) two connection points, so
must be less than 4’ and 4. So, we have the inequalities § < o/ and v < 3, which
gives the order a < < v, < ' < +/. It is not possible to order v and «’.
An example of the branching and connection points for the two cases v < o’ and
o/ < v are shown in Figure 2.3. Note that in Fig. 2.3(a) o/ can be above any pair

of branching points, whereas in Fig. 2.3(b) o’ has to be above « and f.

For a particular copy of P(1,2;3)®*) in B, we have k copies of P(1,2;3) so we can
find branching points and connection points for each copy. We label the branching

points in copy ¢ by «;, 3;,v: and the connection points by o}, 8/,v;. So, we have



2.3. A POSET NOT CONTAINED IN B, 51

sequences a, 3, of branching points and sequences a’, 3,4’ of connection points,
where subscript ¢ denotes the points in copy i. We have the order a; < 3; < 4, al <
Bi < ~i for each i, as before. Call the points «;, 3;,7;, i-branching points, and the

points o}, 37, i, i-connection points.

Ideally, we would aim to separate the copies of P(1,2;3) to analyse them indi-
vidually (for example by assuming v, < a;11). Unfortunately this is not possible so

we have more cases to consider.

Since P(1,2;3)® is formed by identifying maximal points in copy i of P(1,2;3) to
minimal points in copy i+ 1, we have that each (i+1)-branching point a; 11 < fi11 <
vi+1 is above (and therefore greater than) a distinct i-connection point o < [, < ..
This immediately gives the inequalities a; 1 > o} and 7, < ;1. Looking at 5;11,
either it is above (3. or 4/ which implies 8;11 > !, or it is above « in which case a;
is not above «; and so must be above 3] or v;. But this implies ;11 > a;41 > .

To summarise, we have

a < B <,y < fBi<n fori=1,...,k (2.28)

Qi1 > @ Biv1 > 0] Yit1 > fori=1,...,k—1 (2.29)
which is all we can deduce about the order of branching and connection points.

Suppose we have a P(1,2;3)*) in By[r,n]. We partition [r,n] into sets of two
types (plus two ‘end’ sets). A set of Type I is of the form [3;, 3] and a set of Type II
of the form [B/+1, 5;11—1]. The k sets of Type I and k—1 sets of Type IT and the ‘end’
sets [r, 01 — 1] and [, + 1, n] form the partition of [r, n]. We investigate which parts
can contain the branching and connection points. Clearly, 5; and [, are contained in
the Type I sets. From (2.28) we have that v;, o/ € [3;, 8] (i = 1,...,k). Also, (2.28)
and (2.29) give the inequalities 3;_; < o; < 3; and 3 < ; < f;,, which implies that
@; € [Bic1, Bi4]U[B +1,8i—=1] (i =2,..., k) and v € [Bi+1, Bip1 — 1U[Bir1, Bi14]
(t=1,...,k—1). The end cases oy € [r, 01 — 1] and =, € [5, + 1,n| are obvious.

So, looking at a Type I set [;, 5], it contains [3;,7;, o and [, and possibly 7,_; and
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Gi Bi

(a) Contains 3;,7i, a}, B (b) Also contains ,_;

Bi Bi

(c) Also contains a1 (d) Also contains v;_; and ;41

Figure 2.4: Points in [3;, 5/] — 4 possible cases

;1. This gives four possibilities which are shown in Figure 2.4. Finally, we have
that the points in the Type II sets are determined by the points in the two adjacent
Type I sets. That is, [ + 1, 8;41 — 1] may contain +; (but only if ] & [Git1, 5,1])

and 1y (but only if a1 & [3;, B]).

Fix a, B,v,a’,3",4". We call aset J C [r,n] an (o, B,7, &, B',v')-framework
in By[r,n] if J contains all the points in the sequences «, 3,4, a’, 3,4’ and the

remaining points in J form disjoint paths so that:

(a) there are two paths from each branching point,
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b) there are two paths to each i-connection point, which are from two i-branchin
g
points so that no two i-connection points have their paths from the same two

i-branching points, for i =1,... k,

(c) there is one path from each connection point (except for the k-connection

points),

(d) there is one path to each i-branching point, which is from a (i — 1)-connection

point, for 1 =2 ... k.

Note that these paths can just consist of start and end points, that is, it is possible for
the set that only contains the points in a, 3,7, &, B’,v’ to be an (e, B, 7, &', B, ~')-
framework. Indeed, for any set J C [r,n] containing all the points in a, 3, v, o/,

B’, 4’ there is a positive probability of J being an (e, 3,7, @', 3’,~")-framework.

(%) with branching points given by a, 3,4 and connec-

For any copy of P(1,2;3)
tion points given by o, 3’,4’, we can construct an (a, 3,7, a’, 3',~’)-framework
by taking the set of all the branching and connection points and the points of
the paths that defined them (but not including those paths below 1-branching
points, and those paths above the k-connection points). Calling a set J C [r,n]
a framework in Bs[r,n] if it is an (o, 3,4, &', B’,~')-framework in Bsy[r, n| for some

o, B,7v,a’,3,v', we have that if By[r,n| contains no frameworks then it also con-

tains no copies of P(1,2;3)®).

So, it is enough to show that the expected number of frameworks in By[r,n] is
small and we do this by showing that the expected number of (o, 8,7, a’, 3", 7')-
frameworks in Bs[r,n] is small for all sequences a, 8,7, a’, 3,7 satisfying (2.28)

and (2.29).

For fixed o, 3,7, &, ', v, we count the number of (e, 3,7, &', 3, v’)-frameworks
in By[r,n] by considering the event “J is an («,3,7,a’, 3, v’)-framework” as
a sequence of events in the sets of the partition of [r;n]. That is, we split an

(e, B,7v,a’, B, )-framework into j-frameworks and [-frames, defined below, and
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we show that it is possible to count the expected number of (a,3,v,a’,3",7’)-
frameworks by independently counting the number of [-frames in each part of the

partition.

Label the partition

Ky =1[r,f1—1], Ky1= [0 +1,1]
KQi = [ﬁuﬂ;]al - ]-7"'7k

Koi1 =0+ 1,01 —1],i=1,....k— 1

We write max K for the largest element of K;. In a definition similar to that
of an (a,B,v,a’,8",v')-framework, for j = 1,...,2k + 1, we call a set J C
[r,max K| a j-framework in Bs|r,max K| if J contains all the points in the se-
quences o, 3,7, a’, 3,4’ that are in [r, max K] and the remaining points in J form

disjoint paths so that

(a) there are two paths from each branching point in J,

(b) there are two paths to each i-connection point in J, which are from two i-
branching points in J so that no two ¢-connection points in J have their paths

from the same two i-branching points in J, fort=1,...,k,

(c) there is one path from each connection point in J (except for the k-connection

points),
(d) there is one path to each i-branching point in J, which is from a (i—1)-connection
point in J, for i =2,... k.
Again, for any set J C [r, max K| containing all the points in e, 3,7, &', 3,7’ that
are in [r, max K| there is a positive probability of J being a j-framework.

So, a (2k+1)-framework is the same as an («, 3,7, a’, 3’,v’)-framework. Notice

that, whereas in a (2k+1)-framework all paths are between branching and connection
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points, in a j-framework, for j # 2k + 1, there can be paths from some branching
and connection points that do not end at a branching or connection point (the
paths from the branching and connection points that are not below any others in
J). Call the end points of these paths the end points of the j-framework. We shall
see that, although the end points of a j-framework can be different for different j-
frameworks, what is important for our calculations is that the number of end points

of a j-framework is the same for different j-frameworks, for fixed j.

Now, define an [-frame as follows:

o [ =1: A 1-frame is a set J; C K; which is a 1-framework in Bs|[r, max K1].

e [ # 1: Given that J is an (I — 1)-framework in By[r, max K;_1], an [-frame for

J is a set J; C K such that J U J; is an [-framework in Bsy[r, max K;].
So, for sets J; € K;, 7 =1,...,2k + 1, we have

2k+1
P ( U J; an (a,,@,'y,a’,,@','y’)—framework) =

=1

2%
IP’(Jl a 1—frame)]P’(J2 a 2-frame for Jl) P (J%H a (2k + 1)-frame for U Jj) )

=1

(2.30)

Now, write X(ev, 3,7, &, B",~’) for the number of (o, 3,7, &', 3, v')-frameworks.
We have X (e, 3,7,a’,3’,7’) equal to the sum

2k-+1
Z Z I ( U Jj is an (a,,@,’y,a',ﬂ’,’y')—framework) , (2.31)

J1CK, Jor+1CKok+1 j=1

but U?El J; is an (o, B,7,a’, B, ~')-framework only if U?El J; contains all the
points in e, 3,7, a’, 8’,4’. So, writing K;(BC) for the set of branching and con-
nection points that are in K, the sum (2.31) is equal to

2%k-+1
Z Z I (U Jj is an (e, B, 7, a’,,@’,v')—framework) .

J1CK1: Jok+1CKog41: j=1
K1(BC)CJy Kok 41(BC)CJak41
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Taking expectations and using (2.30) gives
EX(e,B,v. e/, 8 ') =

%
Z e Z IP’(Jl a 1—frame) P (Jzk“ a (2k + 1)-frame for U Jj>

J1CKq: Jop11C Kok 11t Jj=1
Ki1(BC)CN1  Kapy1(BC)CJapq1

(2.32)
But IP’(Jl an [-frame for Ué_:ll Jj) does not depend on Ji, ..., J;_1; this is the condi-
tional probability that ngl J; is an [-framework, given that Ué;ll Jjis an (I —1)-
framework. Since K;(BC) C J, this is the probability that the points in Ué’:1 J;
form paths satisfying (a)—(d). But we know that Ui_:ll Jj is an (I — 1)-framework,
SO U§:1 J; is an [-framework provided the points in .J; form paths that continue the
paths in Ué;ll J; in such a way that (a)-(d) are satisfied. That is, the points in J;
must either select other points in J;, or one of the end points of the (I—1)-framework,
Uz;ll J;. So the probability IP’(Jl an [-frame for U§;11 Jj) can only depend on the set
J; and the number of end points of Uz;ll J;. However, the number of end points

of a j-framework is determined by which branching and connection points are not

below any others in the j-framework and these are fixed for particular sequences

a76’77a/76,’7,'

So, for j =2,...,2k+1 we write P;(.J;) for P(J; an [-frame for Ué;ll J;), and we

write Py(J;) for P(J; a 1-frame). Equation (2.32) becomes

2k+1
EX(o,B,v,e 8. 7) =] Y. Pun)
=1 JICK;:

K (BC)CJ,

Writing X for the total number of frameworks and E; for }_ ; -1 i oy, Pi( 1),

we have that the expected number of frameworks is

2k+1

EX = Z ZH E,.
1

ST 2.28),229) T

We now calculate an upper bound for each [E; by a path counting method. There

are various cases to consider depending on the ordering of the branching and connec-
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tion points a, 8,7, a’, 3’,~’. However, we calculate an upper bound for 2k+1 E,

for the case a; < i < v < o < B} < 7} < @41, ete. (Figure 2.4(a)) and then
show that this ordering is the worst case. That is, that the upper bound for the
case a; < (; <y < o < [ <7l < a1, ete, is an upper bound for any ordering of

the branching and connection points subject to (2.28) and (2.29).

We again use the inequalities 1 + 2 < e* and Z _J0) < f  f(z)dx for f(z)

decreasing, so that in particular

[1(+5) <o (325) <o (rmeit) - (2)

J=a J=a

For | =1, Ky(BC) = {a1}, so we sum over J; C K; = [r, 5y — 1] containing
{a1}. If Jy = {1, 51, 5} with ag < j3 < -+ < jy < 1 — 1, then the probability
P, (J;) is the probability that the points js, s = 1,...,t form two disjoint paths from

a1, which is at most Hizl(él/js), by independence, and if J; € [aq,; — 1] then

Py(J;) =0, so
T B-1\'_p
s I ()= (P0) <0
Oél O./l
J=ai+1
For | = 2, Ky = {f1,m,), 01}, we sum over J, C Ky = [f,]] containing
{6177170/1751}' S07 J2 = {617].9)7"'7]§1)7717j§2)7"'7jt(2)7a17.]§3)7'"7jt(§))761} and

the probability Py(J2) is the probability that

(i) the points jgl), s=1,...,t; form four disjoint paths — two from f3;, two from

the existing end points in the 1-frame J,

@ s =1, ..

(ii) the points js ., to form six disjoint paths — two from ~;, four from

the end points of the paths formed in (i),

(iii) the point o/ is above two of the end points of the paths formed in (ii) (specif-

ically, two paths with different starting points),

(iv) the points js(?’), s=1,...,t3 form five disjoint paths — one from «}, four from

the end points of the remaining paths formed in (ii),
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(v) the point 3] is above two of the end points of the four “branching” paths
formed in (iv) (i.e., not the path from «/, and again specifically, two paths

with different starting points).

All these events are independent of each other, and so this probability is at most

t1 to t3
8 12 12 10 4
(H jé”> (H yé”) (%) (H jﬁ‘”) (%)’

so the sum over all subsets of K5 is

v1—1 of—1 B;—1
8 12\ 12 10\ 4
E, < ] (1+—,) II (1+_,> ~ 11 <1+—,) :
Ofl 51
ea N 37 (%) sZar 37 (3)
_ <71—1>8(o/1—1)12 24 (61—1)10 8
o B 71 oy (a) — 1) ) B (B —1)
/8
<263 L
Bt

For | = 21 + 1 (l = 1, ceey k — 1), K22'+1 = [5{ + 1761'4_1 - 1], K2i+1(BO) == {’7{,0(1'4_1}

and by a similar calculation we have

vi—1 ajy1—1 Bit1—1
8\ 1 6\ 6 8
Egip1 < 14— ) = 1+ = 142
i s ] ( J> ) Il ( J> [l ( J)

Qi1

J=Bi+1 2/ j=vj+1 j=aip1+1
/ 3 6 ]
< (%_1) 2 (@i+1_1) 6 (@H—l)
B G Yi(vi—1) o Qiq1 (70N
8
S 223 i+1
Z{SCV?H

and for | = 2 (Z = 2, ey k — 1), KQZ‘ = [6“5;], KQZ(BC) = {ﬁz,%,a;,ﬁ;} and

vi—1 ai—1 Bi—1
E%gg 1T (1+1—Q>3 II <1+E>£—2 1T (1+2)%
=i+l 7 J (21) j=al+1 J (21)
_4 (1 o rat—1\"® 24 g —-1\" 8
-G B Yi Vi al(ah — 1) a; B8 —1)
/8
9o Bi
<2 BﬁTW;p
and
Ry 10\ 2 % 12\ 12 Ot 8\ 4
et 1 ()2 1 ()5 1 ()
_ . a/ /6/
ﬁk J=Br+1 J Tk J=7k+1 J ( Qk) Jj=aj+1 J ( 2k)
_4 (%—1)103 (a;—l)” 24 <5,;—1)8 8
B B Vi Vi o (ap — 1) a, B (B, — 1)
< 29304;9251/66

Bitvi
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and

Y1 4
4\ 1 =1 2 2
Eor+1 < H (1+—,> - < (% : ) 7 < 7_,/64.
j=B}+1 J ( 2 ) k (0 k
This gives the upper bound
2k+1 1

g k—1 k— y
HE 51 963 jH(z /81+31 )H(293515183)293 2Oy 2_

113"
15 i Y1/ 2 By

202 2 k 1192
« v 2143
273 kMk Tk

a1 it 2 al B

We show that this is also an upper bound on EX (e, 3,v,a’,3’,~’) for any
ordering of the branching and connection points «, 3,7, a’, 3’,4’. For any other
ordering, where some of the a;; and «/_; fall into Kj;, we can carry out a similar

calculation, and obtain an expression of a similar form, namely

k

Ay H(aiﬂi’yi)bi (i B

=1

For any framework, from the conditions (a)—-(d) in the definition, every i-branching
point (i # 1) must have one fewer path to it than from it (two fewer for i = 1),
but b; depends only on this difference, so b; is independent of the ordering of the
terms of a, 3,4, a’, 3’,4’. Similarly, ¢; is independent of the ordering since, for any
framework, each i-connection point (i # k) has one more path to it than from it

(two more for i = k). So we have

N}
X
—~
|
—_
~—
|
—_
I

—3 fori#1, 2x(+1)—2=0 fori#k,
bi: c =

2 x (-2) =—4 fori=1, 2x(+2)—2=2 fori=k,
for any ordering. The constant factor, Ay, does depend on the ordering of the terms
of a, B,7,a’, 3", v'. In particular, it depends on the number of choices of end points
(or pairs of end points) of paths that each branching (or connection) point can be
above, respectively. It remains to show that this number is smaller for any ordering

(satisfying (2.28) and (2.29)) other than a; < 3; < v; < af < B! <74} < a;41, ete.

Suppose we have an ordering where o, < 7, for some i. Then there is only

a choice of four pairs of end points of paths for o) to be above, rather than the
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twelve pairs of end points in the case 7; < o). So we need only consider orderings
with v; < o} for all i. This means events occurring below 7; are independent of
events occurring above «of. In particular we can consider the cases illustrated in
Figures 2.4(b) and 2.4(c) separately (so the case in Figure 2.4(d) is a combination
of the two). If we have an ordering with 7,_; > [3;, then there is only one end point
for f3; to be above, rather than the two end points in the case v/_; < ;. If we have
an ordering with «;;1 < [/ then there is only one end point «;;1 can be above,
rather than the two end points in the case a1 > (.. This only leaves the case that
a; < 7._y, but then there is only a choice of two end points for «; to be above, rather

than the three end points in the case a; > 7/_;.

Therefore,
2.2 k51192
23
EX < 273 % 0k i
B Z 1Byt e adBiyd
BT (2:28),(229) =
and summing first over o, < ;41 for i =1,...,k — 1 (and similarly for 3’,4’) and

then relaxing all other constraints gives

2.2 k 1192

yk 243
EX < 273 k
Z 51 71 =2 0422@2%2

LT,
akyﬁk")’k

97 9 /91132 k—1
<5 ()
= 359 r3

(27/35) (21132)k 1

n9

T3k+6

So, the probability that there exists a copy of P(1,2;3)®*) in By[r, n] is less than
the probability that there exists a framework in By[r,n], which is O(n®/r3+%) by

Markov’s inequality. O]

We define the poset Q(k) as the poset P(1,2;3)*) with an additional point
incomparable to all others. Write Bs[r,00) for the random poset By restricted to
the set of points greater than or equal to r. We have the following corollary of

Theorems 2.14 and 2.15.

Corollary 2.16. For k > 450, the probability that Bslr,00) contains a copy of
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Q(k — 1) is O(r=21/9).

Proof. For there to be a copy of Q(k — 1) in By[r, c0) there must exist a copy P of
P(1,2;3)% Y in By[r, 00), and some point b in By[r, 00) such that b is incomparable
to all the points in P. Label the least point in P by m, and the greatest point
by n, so that P is in By[m,n|, and b must be incomparable to m and n. So, the
probability that there is a copy of Q(k — 1) in Bs[r, 00) is less than the probability
that there both exists some P in By[m,n], and some b > r incomparable to m and

150y then the probability that there exists some b

n, for some m,n > r. If n = w(m
incomparable to both m and n is O(r~"/%°). Now taking k > 450, if n = O(m'®°)
then the probability there exists an P in By[m,n|is O(m™3) = O(r?), since m > r.
So for fixed k > 450 the probability that Bs[r,c0) contains a copy of Q(k — 1) is

O(r=91/%). 0

Since events in By[r]| are independent of events in Bs[r, co) we have the following

corollary.

Corollary 2.17. For k > 450, there is a positive probability that the random poset

By does not contain a copy of Q(k).

Proof. Fix k > 450. Fix r so that the probability that By[r, co) does not contain

a copy of Q(k — 1) is at least 1/2. This is possible by Corollary 2.16.

With some positive probability p, the points 2,...,r in By form a chain. (For
this to happen, each point j = 3,...,r must select point j — 1, so p = H§:3(2/j) =
271 /rl) Recall that points 0 and 1 are defined to be incomparable, and vertex 2

selects 0 and 1 with probability 1, so all points in [r] are below r in Bs[r].

Now, we can calculate the probability that By contains a copy of Q(k) given that
the first r elements are as above. Suppose such a By contains a copy @ of Q(k).
Because of the structure of Bs[r] there can be at most one point of @) in Bs[r].

Either this is the incomparable element of (), or one of the minimal points of the
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tower in (). If the former, label this point b, and we have b < r and so b is below r
in By. The point b is incomparable with all points in (), which implies that r is also
incomparable with all points in (). Since @ is a copy of Q(k), sois QU{r}\ {b}, and
there is a copy of Q(k) in Ba[r,00). If the latter, then ) contains a copy of Q(k—1)
with all points greater than r, that is, a copy of Q(k —1) in Bs[r,00). If none of the

points in @) are in Bsy[r|, then @, a copy of Q(k), is contained in Bsy[r, c0).

So, By does not contain a copy of Q(k) if By[r,00) does not contain a copy of
Q(k —1). However, the probability of this is at least 1/2, and is independent of the
events in By[r]. Therefore the probability that By does not contain a copy of Q(k)

is at least p/2 > 0. O

We have shown that there is a positive probability that By does not contain
Q(k), that is, that Q(k) is not almost surely contained in Bs. So, which posets are
almost surely contained in B,? It seems ambitious to ask for a complete answer,
but it may be possible to provide both families of posets almost surely contained
in By, and families of posets not almost surely contained in B,. We have already
shown that Q(k), k > 450 (and so, also, any posets containing @(k)) are not almost
surely contained in B,. In fact, we can apply the argument used in Corollary 2.16

(k=1) "if we can show that it is not contained in

to any poset in place of P(1,2;3)
By[r, 1] almost surely. This is one way to provide further examples of posets not

almost surely contained in Bs.
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Chapter 3

Continuum limits of classical

sequential growth models

This chapter describes work carried out in conjunction with my supervisor, Professor
Graham Brightwell, and was worked on in equal proportion by myself and Professor

Brightwell.

In [25], Rideout and Sorkin provide evidence for a “continuum limit of transitive
percolation”. Transitive percolation, a model of random partial orders, is specified
by one parameter p, and produces partial orders sequentially, as follows. We start
with a single element, labelled 0. At stage n = 1,2,..., the element n is added to
the partial order and placed above each existing element independently with prob-
ability p, and incomparable to it with probability 1 — p. The transitive closure of
the added relations gives the partial order P, , at stage n. From this definition
we can see that the poset P, , is what is called a random graph order in the mathe-
matics literature. As mentioned in Chapter 1, these were introduced by Albert and
Frieze [1] and have been studied further by Bollobas and Brightwell [7, 8, 9], Pittel

and Tungol [23], and Simon, Crippa and Collenberg [27].

In this chapter, we confirm the observation of Rideout and Sorkin, that certain
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sequences of random graph orders do have “continuum limits”. We also show that,
even in a broader class of models, these continuum limits are essentially the only

ones that arise.

We start by defining carefully what it means for a sequence (P, )52, of probability
spaces, whose elements are finite partial orders, to have an atomless partially ordered
measure space as a continuum limit. Usually, the partial orders in P, will have

ground sets of size n.

We use a definition of a partially ordered measure space similar to that in Bol-

lobds and Brightwell [6].

Definition 3.1. A partially ordered measure space is a quadruple (X, F, u, <) such
that (X, F, 1) is a measure space, (X, <) is a partially ordered set, and Ulx] = {y €

X:y>zteF,and Diz]={ye X :y <z} € F for every z € X.

A partially ordered measure space (X, F, u, <) is atomless if p({z}) = 0 for all
reX.

We now give formal definitions of the sampling from partially ordered measure
spaces, and the probability of forming a particular labelled partial order @. (In this

context, the elements of Q) will be labelled z1, ..., z.)

Definition 3.2. For P a partially ordered measure space with probability measure
i, and k£ a natural number, define a random sample of k elements from P to be
a sequence Iy, ...,x; of elements of P, obtained by selecting k elements x4, ...,z
independently from P according to u, and conditioning on the event that xy, ..., x;
are distinct. A random sample can be thought of as a (random) finite partial order

on the fixed ground-set {x1,...,x}, inheriting the partial order from P.

For @ a finite partial order with ground-set labelled as {xi,...,x;}, and P a
partially ordered measure space with measure p, let A\(Q); P) be the probability that
the partial order inherited from P on a random sample x4, ...,z of k elements is

equal to Q.
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Note that, for P an atomless partially ordered measure space, the probability
that the same element from P is selected twice is zero, and so conditioning on the

elements of a random sample being distinct makes no difference.

When we apply the above definitions to a finite partial order P = (X, <), we
always take the probability measure p to be uniform on X. With this convention,
sampling |@Q| elements from P, conditioned on the elements being different, is equiv-
alent to selecting |@| elements from P without replacement. Therefore \(Q; P) is the
proportion of labelled |Q|-element subsets of P that are equal to ). To be precise,
for @, P finite labelled partial orders, if we select |@)| elements without replacement
from P, label them with z1,...,7|g according to the order of selection, and take
the induced order from P, then \(Q; P) is the probability that this random partial

order is equal to Q).

Note that for fixed P, we have A\(Q; P) = A(Q'; P) if the labelled posets () and

()" are isomorphic.

We are now in a position to define a continuum limit. Here, and in what follows,

P, denotes a random partial order from P,,.

Definition 3.3. A continuum limit of (P,)2,, a sequence of probability spaces,
whose elements are finite posets, is an atomless partially ordered measure space P,

such that, for all finite labelled partial orders @,

EXN@Q; P) — MQ; Pw).

In [25], Rideout and Sorkin estimate A\(Q; P, ,) for small partial orders @), and
present evidence suggesting that, for suitable sequences p = p(n), all the expec-
tations EX(Q; P,,) converge to limits. To be more precise, they choose sequences
p(n) so that EA(Cy; P, ) converges, where Cy is the 2-element chain, and observe
that, for such sequences p(n), expectations EX(Q; P, ), for other small @, appear

to converge also. They offer this as evidence for the existence of a continuum limit.
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We define a sequence (P,)2, of discrete probability spaces to be compatible

if (E)\(Q; Pn))zoz1 is convergent for all finite labelled partial orders ). From the

9]
n=1

definitions we have that, if (P,)22; has a continuum limit, then (P,)%2; is compat-
ible. An interesting question (not answered here) is whether a compatible sequence
necessarily has a continuum limit. In Section 3.1.2, we show not only that suitable
sequences of random graph orders are compatible but also that they have continuum

limits, confirming the conjecture of Rideout and Sorkin.

Theorem 3.4. The sequence of models (Pypm))az; of random graph orders has a

continuum limit if and only if one of the following holds:

(i) lim,, . (p~'logp~t/n) =0,
(ii) lim,_o, (p~'logp™/n) = ¢ for some 0 < c < 1, or

(iii) liminf, .o (p~'logp™'/n) > 1.

In the first and third of the cases above, the continuum limit is very trivial, being
a chain and an antichain respectively. In the second case, the continuum limit is a

“random semiorder”.

A semiorder is a partial order that can be represented by a collection of equal-
length intervals on the real line, ordered by putting x < y if the interval representing

x lies entirely to the left of the interval representing y.

Loosely, a random semiorder is obtained by placing n unit intervals uniformly at
random on an interval of given length, with the order as above. We give full details

later.

Semiorders have a very special and well-understood structure; an alternative
definition is that a semiorder is a partial order not containing either of the two
four-element partial orders H and L shown in Figure 3.1 as an induced suborder.

See Fishburn [14] for a proof of this and much more information about semiorders.
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Figure 3.1: Forbidden induced suborders

As explained in Chapter 1, transitive percolation is a one-parameter family of
models from the larger family of classical sequential growth models. Recall that a
particular classical sequential growth model is specified by a sequence t = (tg, 1, ... )
of non-negative constants. We start with the partial order F, with one element
labelled 0. At stage n =1,2,..., the element n is added to P,_; and placed above
all elements in D,,, where D,, is a random subset of {0, 1,...,n—1}, the probability
that D, is equal to a set D being proportional to ¢;p|. The transitive closure is taken
to form the partial order P,. We write C'SG(t) for the model specified by sequence t.
These models are of particular interest as they are the only ones satisfying some
natural-looking conditions for discrete models of space-time—recall the conditions

of “discrete general covariance” and “Bell causality” explained in Chapter 1.

It is natural to ask whether continuum limits exist for sequences of classical
sequential growth models other than a sequence of transitive percolation models, and
in particular whether one can obtain continuum limits that are radically different

from random semiorders. In Section 3.2, we show that this is not possible.

We say that a partially ordered measure space P is an almost-semiorder if the
probability that a random sample of four elements from P is isomorphic to either

H or L is zero.

Theorem 3.5. If a sequence of classical sequential growth models (P,)>, has a
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continuum ltmat, then this limit is an almost-semiorder.

It has been asked [24, 25] whether classical sequential growth models can be
constructed to resemble a “sprinkling” from Minkowski space M¢, for any dimension
d > 2, i.e., a partial order obtained from M? by taking points according to a Poisson
process with fixed density A. Alternatively, can a classical sequential growth model
have a continuum limit resembling M?? The results here demonstrate that this is
not possible. Indeed, an interval [a,b] of M? is a long way from being a semiorder,
so no classical sequential growth model can have a region of M? as a continuum
limit.

Before proving Theorems 3.4 and 3.5 we give a few observations about the prob-
abilities A\(Q; P).

Lemma 3.6. For Q, P finite labelled partial orders with |Q| = j, and for k with
j<k<|Pl,

> ANQ:P)=)Q.P).
2l g

Proof. Fix @ with |Q| = j. For any k with j < k& < |P|, construct a random
labelled partial order by taking a random sample x; ..., x; of k elements from P.
The probability that the labelled subposet on x4, ..., z; is equal to @) is the sum of
M@, P) over all labelled partial orders ()’ that, when restricted to {z1,...,z;}, are
equal to (). But this probability must be equal to A(Q; P), as we are only looking

at the structure of the first j elements sampled. O

Corollary 3.7. If Q is a (labelled) subposet of Q' then A(Q'; P) < NQ; P), for all
P with |P| > 1Q'].

Proof. This follows immediately from Lemma 3.6. m

Write A;, for the k-element labelled antichain and C), for the k-element labelled
chain, {x; < 3 < --- < x;}. We have the following result which will allow us just

to consider A\(Cy; P,,) and A\(Ag; P,).
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Proposition 3.8.

(i) If EX(Ag; P,) — 0 as n — oo, then EX(Q; P,) — 0 as n — oo for all finite
labelled partial orders @ that are not a chain, and EX(Cy; P,) — 1/k! as n —

oo for all k > 2.

(i7) If EX(Cy; P,) — 0 as n — oo, then EA(Q; P,) — 0 as n — oo for all finite
labelled partial orders @ that are not an antichain, and EA(Ag; P,) — 1 as

n — oo for all k > 2.

Proof. We show part (i). Part (ii) can be proved in a similar way.

Assume EA(Ag; P,) — 0 as n — oco. Fix k > 2, and let ) be any labelled
partial order of size k, but not equal to Cy. Define @) as a relabelled copy of @
with the elements xq, rs incomparable, which is possible since () # C}. Note that
MQ'; P,) = MQ; P,). Since Aj is a subposet of (', we can apply Corollary 3.7 giving
AMQ; Py) < AM(Ag; Py). So, EA(Ag; P,) — 0 as n — oo implies that EA(Q; P,) — 0 as
n — oo for all ) of size k not equal to C. But Z|Q|:k AM@Q; P,) =1, and there are

k! labellings of the k-element chain, so we have EA(Cy; B,) — 1/k!l asn — co. [

3.1 Random graph orders

We recall the definition of a random graph order.

Definition 3.9. Let P,, be a random partial order on [n — 1] = {0,1,...,n — 1},
formed by introducing the relation (i, j) with probability p, independently for each
pair of elements ¢ < j, and then taking the transitive closure. The partial order P, ,

is called a random graph order.

Note that the description of P, , above is equivalent to that given earlier. In
future, we will use the term random graph order, rather than transitive percolation,

but the reader should be aware that the terms are essentially interchangeable.
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3.1.1 Some results on P,

We include some results of Pittel and Tungol, from [23], which we will need in order
to prove the existence of a continuum limit. Results of a similar type can be found
in Bollobas and Brightwell [8], and Simon, Crippa and Collenberg [27]. We change
the notation slightly, for ease of use here. The following results apply to a random
graph order Py ., and we will apply them with particular values for N and 7. Very
crudely, these results can be interpreted as saying that, if ¢ and j are elements of

[N — 1], then

1

i) for a > 1, most pairs (4, 7) with j —i > an~tlogn~! are comparable in Py,
p J J g ;

1

(ii) for a < 1, few pairs (i,7) with 0 < j —i < ar 'logn~! are comparable in

Py ~.

Theorem 3.10 (Pittel and Tungol, [23, Theorem 4.1(3)]). Let X be the number of

comparable pairs i < j in Py.. Let m = alog N/N with « > 1. Then

EX — (1+0(1))% (N (1 - é))Q

Define v4(0) to be the size of the up-set of 0 in Py ..

Theorem 3.11 (Pittel and Tungol, [23, Theorem 2.3(1)]). Let 7 = alog N/N.

Suppose that o > 1. If M 1is such that

f(M) = (M—N (1 — l)) al(])\%N —loglog N = O(loglog N),

(0%

then

P(y4(0) > M) = (14 o(1)) exp (—éef(M)).

Theorem 3.12 (Pittel and Tungol, [23, Corollary 2.4(3)]). Let m=alog N/N. If
a=a(N)<1 and

(1 —a)log N —loglog N > —2logloglog N,

then

E(7x(0)) = (1 +o(1))N®.
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3.1.2 The continuum limits of P,
We show that, for suitable functions p(n), the continuum limit is the semiorder
defined below.

Definition 3.13. For 0 < ¢ < 1, let S. be the partially ordered measure space
([0,1], B, i1, <), where B is the family of Borel sets on [0, 1], the measure p, is the

Lebesgue measure on [0, 1], and < is defined by = < y if and only if y — x > c.

In particular, Sy is the partially ordered measure space ([0, 1], B, pr, <) with z <
y for all z < y, so that ([0, 1], <) is a chain, and S is the partially ordered measure

space ([0,1], B, ur, <) with £ y for all x,y, so that ([0, 1], <) is an antichain.

By associating the number y with an interval of length ¢ with left-endpoint vy,
we see immediately that S, is a semiorder. We now prove that, for certain p(n), the

semiorder S, is the continuum limit of our sequence of random graph orders.

Theorem 3.14. The sequence of models (Pnp)o> of random graph orders has a

continuum limit for p = p(n) when either

(i) limp o (p~" logp™"/n) =0,
(ii) lim, .o (p~'logp™/n) = ¢ for some 0 < c < 1, or

(iii) liminf, o (p~tlogp~t/n) > 1.
The continuum limit in each case s

(i) So, i.e., a chain,
(ii) S,

(iii) S1, i.e., an antichain.

Proof. Suppose that lim,, .., (p~'logp~!/n) = 0. We will show that the continuum

limit is Sp = ([0, 1], B, pur, <) with x < y for all x < y. Since A(Q; Sp) = 0 for all @
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not a chain, and A(Cy; Sp) = 1/k! for all k, by Proposition 3.8, it is enough to show

that EA(Ay; P,) — 0 as n — oo.

Fix € with 0 < € < 0.01, and let ny be such that p > (1/¢)logn/n for all n > ny.
We can apply Theorem 3.10 with N =n, 7 = (1/¢)log N/N, so that o = 1/e. We
have EA(Ay; Py) = 1 — EX/ (%) which by Theorem 3.10 gives

(1+0(1)5(n(1 —¢))”

()

E)\(AQ, Pn,p) < ]E)\(Az, Pn,(l/e)logn/n) =1- < 2e+ O(l)

So, EX(Ay; P, ,) — 0 as required.

Now, suppose that liminf, ., (p~*logp~!/n) > 1. We will show that the con-
tinuum limit is S; = ([0, 1], B, 1, <) with & £ y for all z,y. Since A\(Q;S;) = 0 for
all @ not an antichain, and \(Ag;S7) = 1 for all k, by Proposition 3.8, it is enough

to show that EA(Cy; P,) — 0 as n — oo.

Fix ¢ with 0 < ¢ < 0.01. Choose ng such that p < (1 + ¢)logn/n for n > ny.
We can apply Theorem 3.10 with N = n, 7 = (14 ¢)log N/N, so that o = 1 + ¢.
We have EA(Cy; Py») = EX/(%) which by Theorem 3.10 gives

(1+0(1)z(n(1 —1/(1+¢)))>

()

< e? +o(1).

E)\(027 Pn,p) < E)‘(027 Pn,(lJrE) logn/n) =
So, EX(Cs; P, ;) — 0 as required.

Finally, suppose that lim, .., (p~*logp™'/n) = ¢ for some 0 < ¢ < 1. We will
show that the continuum limit is S, = ([0, 1], B, pur, <) with z < y if and only if

y—1x>c.

Fix ¢ with 0 < ¢ < min{c, 1 — ¢}. Since lim,, .o, p~*logp™/n = ¢ we must also
have lim,, ., p~'logn/n = ¢, and since ¢ < 1, we have p > logn/n, for sufficiently

large n. Furthermore, since

(1+€/20)10g (c+e)n _ (c—|—5/2> log(c+ e)n <a _5)logn

(c+e)n c+e cn cn

Y

for some 6 > 0, we have p > (1 4 ¢/2¢)log (¢ + €)n/(c + €)n for sufficiently large

n. Similarly, we have p < (1 — ¢/2¢)log (¢ — e)n/(c — )n for sufficiently large
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n. Let ny be such that p > logn/n, (1 +¢/2c)log(c+e)n/(c+e)n < p < (1 —

e/2c)log (¢ —e)n/(c — €)n, and n > 1/e for all n > ny.

We proceed as follows. For each n > ng, take a random order P, , according
to P, p. Define an order <, on [0,1], by dividing [0, 1] into n intervals of length
1/n, identifying [i/n, (i + 1)/n) with ¢ € [n — 1], and putting [i/n, (i + 1)/n) below
[j/n,(j +1)/n) if and only if ¢ < j in P,,. Now for any sample of elements from

[0, 1] of fixed size k, we need that
P(<,, induces different partial order from <) — 0

as n — oo. This is enough to prove that EX(Q; P,,) — AQ; S.) as n — oo for all
finite partial orders @, as follows. Let P, be the atomless partially ordered measure
space ([0,1], B, i1, <), and suppose @ is any finite partial order with |Q| = k. By
the definitions of \(Q; P,,) and A\(Q; B,), the difference EX(Q; P,,) — EX(Q; B,)
is non-zero only because of the positive probability that in a random sample of k
elements from P, some of the elements are in the same interval [i/n, (i + 1)/n), for
some 7. Since the measure of these intervals tends to zero as n — 0o, we have that
EXNQ; P,,) —EXNQ; P,) — 0 as n — o0o. So, it is enough to show that EA(Q; P,) —
A@Q; Se.), which follows if P(<,, induces different partial order from <) — 0 as n —
oo. Indeed, it is enough to consider two elements x,y chosen uniformly at random

from [0, 1] and show that

P(=<,, induces different partial order from < on {z,y}) — 0 (3.1)
as n — 0o, since for any sample S of k elements from [0, 1],

P(<,, induces different partial order from < on S) < (g)q,

where ¢ = P(<,, induces different partial order from < on {x,y}).
Call a pair of intervals [i/n, (i + 1)/n) and [j/n, (j + 1)/n) good if either

S
(i) % > c and 4, j are comparable in P, ,, or
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i —jl+1
n

(i)

< c and ¢, j are incomparable in P, ,,

and call a pair of intervals bad otherwise.

We will show that the expected number of bad pairs of intervals is a small fraction
of n?. This will prove (3.1), since <,, and < will only induce different partial orders

on {z,y} if the intervals that contain z and y are a bad pair of intervals.

We can be rather crude with our calculations, and can afford to assume that
pairs of intervals that are “too close to call” are all bad. That is, we assume that all
pairs (i, j) with ¢ — e < |i — j|/n < ¢+ ¢ are bad. There are at most 2en? of these.
For all other pairs of intervals, either |i — j|/n > c+¢c or |[i — j|/n < c— ¢, and we

will show that almost all such pairs are good pairs.

First consider ¢ < j with (j —i)/n > ¢+ e. Such a pair 4, j is bad if i,j are
incomparable in P, ,. So the number of bad pairs of this type is equal to the number

of bad pairs of elements in P, ,:

{(z,y) € P,, : x,y incomparable,y — z > (¢ + €)n}|.

Define an element < (1 —c—¢)nin P, , to be an e-bad element if |Ulz] N [z +
(c+e)n]| <en/2, and an e-good element otherwise. We will show that the number
of e-bad elements is small, and the number of pairs z,y with x an e-good element

and y —x > (c + €)n is also small.

We can calculate the expected number of e-bad elements as follows. Let 7 =
(1+¢/2¢)log (¢ + €)n/(c+e)n. Since p > , the expected number of e-good elements
in P, , is greater than the expected number of e-good elements in P, .. So, working
with P, », note also that the size [U[z]N [z + (c+¢)n]| is equivalent to 77, ., (0), Le.,
the size of the up-set of 0 in Py, where N = (¢ + ¢)n. We want to apply Theorem
3.11 with N = (¢+¢e)n, m = (1 +¢/2¢)log (c + e)n/(c +€)n, so a = 1 +¢/2c. We

set M = N(1 —1/a), so that f(M) = —loglog N is O(loglog N) as required and
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the theorem implies that

1
]P’(nykCJrE)n(O) > M) = (1 + 0(1)) exp < T e loglog (C+€)n)

C1+¢e/2¢
c 1
2 (1+0(1)) (1_ c+s/210g(0+5)")'

Since

> en/2,

M:N(1—1/a)=(c+e)n<1 ! )_ cte en

C1+¢e/2¢)  c4¢e/22
we have P(z is e-bad in P, x) < P(7{,,.),(0) < M). Therefore, the probability that
x is an e-bad element in P, , is O(1/logn)+o(1). So, the expected number of e-bad
elements is o(n) and assuming the worst case, that every pair of elements (z,y) with

y —x > (c+ €)n, where z is e-bad, is a bad pair, this gives o(n?) bad pairs.

We now need to count the number of bad pairs (z,y) with y — 2z > (¢ +¢)n
where x is e-good. So |U[z] N[z + (¢ +¢)n]| > en/2, and the probability that (z,y)
is a bad pair is the probability that there are no edges between y and the elements
in Ulz] N [y]. But |[Ulz] N [y]| > |Ulz] N[z + (¢ + €)n]| > en/2. Therefore, for

y—x > (c+e)n,
P((x,y) is bad|z is e-good) < (1 — p)T/? < e7Pe/2 < /2

Therefore the number of bad pairs (z,y) with y —z > (¢ + ¢)n where x is e-good is

o(n?).

Finally we need to count the number of pairs i < j with (j—i)/n < c—e and i, j
comparable in P, ,. Let 7 = (1—¢/2¢) log(c—e)n/(c—e)n. Since p < 7 the expected
size |U[z]N [z + (c—¢)n]| in P,, is less than the expected size |U[z]N[z+ (c—¢)n]| in
P . So, working with P, -, note that |Ulz]N[z+(c—e)n]| is equivalent to v(,_),(0),
i.e., the size of the up-set of 0 in Py ., where N = (c—¢)n. So, the expected number
of pairs (z,y) in P, with 0 <y —z < (c —¢€)n is at most nEn{, ), (0) which by

Theorem 3.12 is n(1 + o(1))((c — )n)'=5/%¢ = o(n?).

Therefore the total number of bad pairs of intervals is at most 2en? + o(n?).
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Therefore, there exists n; > ng such that
P(=<,, induces different partial order from < on {z,y}) < be

for all n > ny. Since € is arbitrary we have the result. O]

To complete the proof of Theorem 3.4, we now show that, for all other p(n), the
sequence (P, ;)2 does not have a continuum limit. We first make the following

observations.

The probability that two elements selected at random from S, are incomparable
is
MAg S)=1—(1—-¢)?=2c—¢

which is monotonic in ¢ for 0 < ¢ < 1. So, we have

Lemma 3.15. For 0 < ¢ # co <1, AM(A2;Se,) # A(Ag; Se,). O

The following Lemma is an obvious extension to Theorem 3.14 and is stated

without proof.

Lemma 3.16. If we have a subsequence (P, p)o>y of random graph orders, with
p = pla,) satisfying one of conditions (i),(1i) or (iii) of Theorem 3.1/, then the

subsequence has a continuum limit as described in Theorem 3.14. 0

Theorem 3.17. If a sequence (P,)>2, of models of random graph orders has a
continuum limit, then p = p(n) satisfies one of conditions (i), (ii) or (iii) of Theo-

rem 3.14.

Proof. Suppose (P,,)5>, is a sequence of models of random graph orders with

p = p(n) not satisfying any of (i), (ii) or (iii). This means that

liminfp~logp~'/n < 1, and liminfp 'logp™'/n < limsupp *logp ' /n.

n—oo
So, there exist subsequences (a,), (b,) with lim, .., p~tlogp~!/a, = ¢; < 1, where

p = p(ay), and lim, o p~tlogp~t/b, = co > ¢, where p = p(b,,).
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So, by Lemma 3.16 the subsequence (P,, )5, has continuum limit S, and the
subsequence (P, )52, either has continuum limit S, or S; depending on whether
¢ < 1lorc > 1. In either case, by Lemma 3.15 we have lim,, o EA(A2; Py, ») #
limy, oo EA(Ag; Py, ). This implies that (EA(Asg; P,p))o>, does not converge, and

therefore (P, ;)52 is not compatible and so has no continuum limit. ]

This establishes Theorem 3.4.

3.2 Possible continuum limits of classical

sequential growth models

In Section 3.1.2 we showed that the random graph order P, , has a continuum limit
for suitable functions p = p(n) and, when it exists, the continuum limit must be the
semiorder S,, where 0 < ¢ < 1 depends on p. As explained earlier, random graph
orders are a particular class of models from the larger family of classical sequential
growth models. In this section, we show that for any sequence of classical sequential
growth models, if the sequence has a continuum limit, then this limit must be an
almost-semiorder, as defined earlier. Unfortunately, we do not have a complete
result, like that of Theorem 3.4 for random graph orders; we provide some necessary
conditions for a sequence of classical sequential growth models to have a continuum
limit. The question of whether our necessary conditions are also sufficient is similar
to the question of whether compatibility is a sufficient condition, and as mentioned

earlier, we do not answer these questions here.

The results we give apply to all sequences t, but they are most interesting when
the ¢; tend to zero at least exponentially quickly but, in some sense, not much more
quickly. By this we mean that the general case should mirror the situation in the
case of random graph orders, so that the “interesting” continuum limits occur for

sequences t that are delicately balanced. We do not wish to spend time making
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these statements rigorous, but to help the reader understand this point, we give
the following rather loose argument. In the case where a classical sequential growth
model is specified by a sequence where the t; do not tend to zero quickly enough, the
growth model will produce a partial order typically denser than that produced by
some random graph order, P, ,, satisfying condition (i) of Theorem 3.14. Therefore,
we would expect the continuum limit of the growth model to be denser than the
continuum limit of P, ,, which, by Theorem 3.14, is a chain. Hence, we expect the
continuum limit of the growth model to be a chain. On the other hand, if a classical
sequential growth model is specified by a sequence where the ¢; tend to zero too
quickly, the growth model will produce a partial order typically sparser than that
produced by some random graph order satisfying condition (iii) of Theorem 3.14,
and therefore we would expect the continuum limit of the growth model to be sparser

than that of the random graph order, and hence an antichain.

To give a specific example, we note that the continuum limit of a sequence of
random binary growth models (or indeed, any models where ¢; = 0 for all i greater
than some constant independent of n) is an antichain. This can be seen by noting
that for any r > en, the expected size of the up-set U[r] N [n] is bounded by a
constant (dependent on e, but not n), which follows from a simple path-counting
argument as in Lemma 2.13. This implies that, for any € > 0, the expected number
of comparable pairs of elements is less than 2en? for sufficiently large n and by

Proposition 3.8 this is enough to show that the continuum limit is an antichain.

Our task is to show that, for any continuum limit P, of a sequence of classical
sequential growth models; A(H; Py,) = A(L; Py) = 0. Informally, we need to show
that, in any classical sequential growth model C'SG(t), the number of copies of H
and L as subposets of C'SG(t) is small. To do this, we show that C'SG(t) has a
threshold “level” such that there are very few comparable pairs below the threshold,
whereas above the threshold, where the number of comparable pairs may become

significant, the model behaves very roughly like a random graph order, with every
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new element selecting a significant proportion of the existing elements.

To this end, we present some lemmas describing some properties of classical
sequential growth models. We believe these results to be important in their own
right, since they give particularly qualitative descriptions of a model C'SG(t) without

referring to the sequence t that specifies the model.

Recall that D, is the set of elements selected by element z, and U|[z] is the up-set
of . Note that D, is not the same as D[z], the down-set of 2. We begin with the

following observation on the expected size of D,.

Lemma 3.18. For any classical sequential growth model, E(|D,|) is increasing in

x.

Proof. We show that for any x, we have the inequality E(|D,|) < E(|Dy41|).

Suppose the classical sequential growth model is defined by the sequence t =

(to,t1,...). Note that
T ()t
E(|D,|) Zﬂp ID,| = j) = M

depends only on ty,tq,...,t,, and similarly

Zerl](r—H)t
E(|Dysl) = 2ot
ijo( j )tj

depends on tg,t1,...,tp11.

Note that, for fixed tg,t1,...,t, the probability P(|D,41| = = + 1) is increasing
in t,,1 and all other probabilities P(|D,41| = j) are decreasing in t,;. This means

that E(|D,1|) is increasing in ¢, and we have

Z] 0J (Hl)ty

—. 3.2
NG (32)

E(|Ds11]) =

Now, note that (”1) = —ZtL_(?) 50 the inequality (3.2) becomes

z+1-7\J
> i #i](z)tj

B Z] 0 z+1— ]()tj

(|Dx+1|)
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and it remains to prove that
Zj:o x+{—j (j) t > Z;‘::oj (f) t
Z;g:o ﬁ (j) ty Z;g:o (j) tj

which follows from Chebyshev’s Sum Inequality (see, e.g., [16, Theorem 43]), since

both j and 1/(z + 1 — j) are increasing on {0,1,..., z}. O

For a fixed C'SG(t), consider the process up to stage yy, which produces a partial
order on the ground set [yo]. Informally, the following lemma says that, if the
expected sizes E(|D,|) are small (these depend only on t and not the partial order
produced), then apart from the first en elements the expected sizes of the up-sets

of the elements in [y] are also small.
Lemma 3.19. For 0 < e < 1,60 >0 and n € N, if E(|D,,|) < dlogn for some

yo < n — 1 then E(|U[z] N [yo]|) < n®18 /9 for all x € [en,n — 1].

Proof. Note that by Lemma 3.18 we have that E(|D,|) < dlogn for all y < y5. We

use the fact that

E(|Dy)) _ dlogn

; ; (3.3)

P(y selects ) =

for all + <y < o, and count E(|U[z] N [yo]|) by a path-counting method.

Define a path from x to y to be a sequence of elements sy < 51 < -+ < s, with
5o = x, 5, = y, such that s; selects s;_; for all j = 1,..., k. So, the probability that
any given sequence sy < s; < --- < S is a path is exactly

k
H P(s; selects s;_1)

j=2
and the expected number of paths from x to some y with y < yq is

k

Z P(s; selects x) HIP’(sj selects s;_1).

s51<82< < s E€[z+1,y0] Jj=2

Since every element in U[z] N [ys] must be an end point of such a path, this expected
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number of paths is an upper bound on E(|U[z] N [yo]|). Using (3.3), we have

BUE oWl Y [ ] (”Mzgn)

51<s2<- <8 j=1 s=x+1
€[$+17yo]
L Slogn
<en( 3
S
s=x+1

Yo 1
< exp <5 logn/ —ds)
. S

< (@)(ﬂogn < (1/6)6logn _ nélog(l/z—:)
T

where the equality in the first line is seen by expanding out the product on the right
hand side and noting that each term appears in the sum on the left hand side. The

final inequality comes from the fact that yo < n and x > en. ]

Using Markov’s inequality with the conclusion of Lemma 3.19 gives the following

result.

Lemma 3.20. For 0 < ¢ < 1, § = (2log(1/e))™" and sufficiently large n, if
E(|Dy,|) < dlogn for some yo < n — 1 then P(|U[x] N [yo]| > en/2) < e for all

x € [en,n — 1].

Proof. By Lemma 3.19 we have that E(|U[z]N[yo]|) < n°'°¢1/®) for all x € [en, n—1].
So, Markov’s inequality implies that P(|U[z] N [yo]] > en/2) < 2n098(1/e) fen =

(2/e)n~Y2, which gives the result. O

So, we have that for sufficiently large n, in order to get large up-sets, we require
that the model C'SG(t) is such that the expected size E(|D,,|) is at least d logn for
some yo. The next lemma shows that if at any stage y the expected size E(|D,|) is
this large, then we do not have to continue the growth process much further before

we find z > y having a small probability that the random variable |D,| is small.

Lemma 3.21. For ¢ > 0 and sufficiently large n, if E(|D,|) > dlogn for some

y € [en,n — 1 —n/y/logn] and 6 > 0, then P(|D,,,  /oz=| < Vlogn) < g/8.
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Proof. Fix ¢ > 0. Suppose that E(|D,|) > 6 logn, for some constant 6 > 0. Since

D) = Z52 0

=0 \1¢

y y
Y Y
Oz<i)t,_5logni§:0 (i)tl (3.4)

7=l

we have

Let j = n/v/logn and M = y/logn. We need to bound from above the proba-
bility

P(|Dy+j| < M) = (3.5)

We use the following upper and lower bounds for (¥*7 ) / (ZZ’) We have,

() Ny +i-1) - (y+j—itl g+ Zi
o yly—1)---(y—i+1) Z( ” )—(Hy)

%

But j =n/v/logn and y > en, so j/y < 1/(ey/logn) so for any n > 0 we have

(")
(2)

(
oy
(
)

> (1 —n)eidlv (3.6)
for all i, for sufficiently large n.

Also,

() wrDyri=1)-lyti-itl) (y+j_i+1)i<eij/(y—z‘+1)
(%) yly—1) - (y—i+1) “\ y—i+l )~

So, for 1 < M = +/logn we have

< e2Mily (3.7)
for sufficiently large n.

So, using the upper bound for (*#7)/(Y) in the numerator in (3.5) and the lower
bound in the denominator, we have

e2Mj/y ZMO ()t . e2Mily SV (M)t

1= 7

(1—n) S0 ety — (1—m) g eV (It

P(|Dyy ;| < M) <

and using (3.4) we have

e2Mj/y v (Dt
P(|Dy4s] < M) < i '
(1 yH‘ <M) < (1-— n)élognZ?zo em/y@)ti
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Finally, we use the fact that i/e¥/¥ is maximised when i = y/j so that i/e”/¥ <
e ly/j.

So, we have
2Milvely ) j
(1 —n)dlogn

which, after substituting j = n/y/logn, M = y/logn and en <y < n, gives

B(Dy4s] < M) <

62/6—1

P(|D < +/1 <
(1 y+n/\/@| = ogn) < (1_77)5@

for sufficiently large n. Therefore

]P)(’Dy—&—n/\/logn' S V 10gn> < 8/8
for sufficiently large n, as required. O]

Combining the previous two results, we can now define a threshold in a classical
sequential growth model. Informally, the threshold has the property that, for suf-
ficiently large n, below the threshold we have very few comparable pairs, whereas
just above the threshold, where we begin to get a significant number of compa-
rable pairs, a high proportion of elements select a significant number of existing
elements. We shall see that, for example, this means that the expected proportion
of triples x7 < o < x3 with x; and x5 comparable and x; and 3 incomparable is
small. Importantly, the window between “below the threshold” and “just above the

threshold” is small enough not to be a problem.

Lemma 3.22. For any classical sequential growth model CSG(t), any e with 0 <

e <1 and any n € N, there exists a threshold yo = yo(t,e,n) defined as

(1) if y < wyo then P(|U[z] N [y]| > en/2) < e for all x € [en,n — 1],

(i) if yo <y <n—1 then P(|U[x] N [y]| > en/2) > e for some x € [en,n — 1].
Furthermore, if n is sufficiently large, then

(a) E(|D,|) > dlogn for all yo <y <n—1, where 6 = (2log(1/e))!,
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(b) P(|D,| < Vlogn) < e/8 for all yo +en/d <y <n-—1.

Proof. Fix t, e, and n. Note that for fixed x € [en,n — 1] the probability P(|U[x] N
[y]| > en/2) is zero for y < x — 1+ en/2 and increasing in y, so we have a threshold
as claimed. Specifically, 3o is the minimum over all = € [en,n — 1] of the maximum
y < n— 1 satisfying P(|U[z] N [y]| > en/2) < e. By the previous remark, this is well

defined and gives the threshold as required.

Now, suppose n is large enough so that we can apply Lemmas 3.20 and 3.21.
To prove (a), we apply Lemma 3.20, which implies that E(|D,|) > dlogn for all
Yo < y < n — 1, with ¢ as claimed. To prove (b), we apply Lemma 3.21 for
each y satisfying (a), which implies that P(|D,,,/ /men| < Viogn) < ¢/8 for all
Yo <y <n—1-mn/ylogn. For sufficiently large n, we have n/y/logn < en/4, so
that P(|D,| < vIogn) < e/8 for all yg +en/d <y <n—1. O

For a particular partial order P, arising from a growth process on [n — 1], and
elements x,y € [en,n — 1], we say that x is a y-good element (in P,) if |U[z]N[y]| <
en/2, and a y-bad element (in P, ) otherwise. So yy as defined above is the maximum
value y such that, for all elements x in [en, n — 1], the probability that z is y-bad is

less than . In particular, the expected number of yy-bad elements is at most en.

For any subset A C [n — 1] define max A to be the largest element in A. We
have the following lemma, which states that if a set is at least some (small) constant
proportion of [n — 1], then the expected number of elements above the threshold y,

not selecting elements in the set is at most some (small) constant fraction of n.

Lemma 3.23. For any € with 0 < ¢ < 1, and sufficiently large n, given any subset

A C [n—1] with |A] > en/2, and m = max{yo + en/4, max A + 1}, we have
E(number of elements in [m,n — 1] not selecting an element of A) < en/4,

where yo is the threshold defined in Lemma 3.22.

Proof. By Lemma 3.22, for y € [m,n — 1] we have P(|D,| < y/logn) < ¢/8,
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for sufficiently large n. So, the expected number of y € [m,n — 1] with |D,| <
Viogn is less than en/8, for sufficiently large n. For each y € [m,n — 1] with
|D,| > /logn the probability that y does not select an element in A is less than
(1 —g/2)VIo8n < e==VIo8n/2 < ¢ /8 for sufficiently large n. So, in total the expected
number of elements in [m,n — 1] not selecting an element in A is less than en/4, for

sufficiently large n. O

We also require a result of Chernoff, which bounds large deviations of a binomial

random variable from its mean. For further details see, for example, [2, Appendix A].

Theorem 3.24 (Chernoff). If X ~ B(N,7) and a > 0, then P(X < (1 —a)nN) <

e—a27rN/2' ]

Using Lemmas 3.22 and 3.23 and Theorem 3.24, we now prove Theorem 3.5,
which states that a continuum limit of a sequence (P,)2, of classical sequential

growth models is an almost-semiorder.

Proof of Theorem 3.5. Suppose P, is the continuum limit of (P,)5,. Recall
that H and L are the four-element partial orders in Figure 3.1. We will show that
both EA(H; P,) — 0 and EX(L; P,) — 0 as n — oo, where P, is a random partial
order taken from P, which implies that both A\(H; Ps) = 0 and A(L; Px) = 0.

Claim 3.1. EX(H; P,) — 0 as n — oo.

Proof of Claim 3.1. Call a quadruple X = (21,72, 73,24) € [n — 1] an H-
quadruple if the partial order on X induced by the order on P, is equal to the partial
order H. Fix ¢ > 0. We will show that, for sufficiently large n, the expected number
of H-quadruples is less than 5en?. This implies that EA(H; P,) < 6¢ for sufficiently

large n.

The number of H-quadruples including an element below en is certainly at most

2en?, so we may restrict attention to quadruples all of whose entries are in [en, n—1].

We now fix any pair of elements (xy,x9) from [en,n — 1], and estimate the
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expected number of H-quadruples with these elements as the first two entries, which

is exactly

E(|U[a1] \ Ulaa]| x [Ul2] \ Ulz4]l).

This is certainly at most n times the expectation of the minimum of these two
sizes. We claim that, for any choice of (z,z3), the expected value of min{|U]z;] \

Ulxs|, |U[xo] \ Ulx1]|} is at most 3en; this will suffice to prove the claim.

Recall the threshold yy = yo(t,e,n), as defined in Lemma 3.22, with:

(i) if y < yo, then P(z is a y-bad element) < € for all x € [en,n — 1],
(ii) if yo <y < n — 1, then P(z is a y-bad element) > ¢ for some x € [en,n — 1].
We consider increasing y until one of the two sets Ulx;] N [y] and Ulxs] N [y]
(without loss of generality the first) reaches size en/2. To be precise, define y; such

that, for all y < y;, both x; and x5 are y-good, and for all y > y;, one of them

(without loss of generality x;) is y-bad.

One of the following events occurs.

(a) y1 =n — 1, as neither set ever reaches size en/2,

(b) y1 < Yo,

(c) yo<yr <n—1L

If event (a) occurs, then certainly |Ulx;] \ Ulxs)| < en/2 < en.
The probability of event (b) is at most 2¢, by definition of yy and y;.

We now consider the case where event (c) occurs, and condition on the event
that y; takes some particular value in the range [yo,n — 2]; note that this event
depends only on the sets selected by those elements up to and including y; + 1; in
what follows we will only consider the sets selected by elements beyond y; + 1, so

we can effectively ignore the conditioning.
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By definition of y;, we have |U[z1]N[y1+1]| = |en/2|+1 and |U|zs]N[y1]| < en/2.

We now show that the expected size of Ulxs] \ Ulzy] is small.

Since the set U[x1]N[y; + 1] has size greater than en/2, and y; > yo, Lemma 3.23
implies that the expected number of elements in [y; + en/4,n — 1] not selecting an
element from Ulzy] N [y1 + 1] is less than en/4, for sufficiently large n. So the
expected number of elements in [y, +en/4,n — 1] not above x is less than en/4, for

sufficiently large n.

So, conditioned on this value of y;, the expected size of Ulxzy] \ Ulx;] is at most

\Ulz2] N ]| + |[yr + 1,91 +en/4]| + Eljyr +en/4,n — 1]\ Ulxq]|

<en/2+en/d+en/d=en,
for sufficiently large n.

Considering all the possible cases (a)—(c), we now have that the expected value
of min{|U[x1] \ Ulxs]|, |U[xs] \ Ulz1]|} is at most en + nP((b) occurs) < 3en, for

sufficiently large n. This completes the proof. O]

Claim 3.2. EX(L; P,) — 0 as n — o0.

Proof of Claim 3.2. Call a quadruple X = (21,75, 73,74) € [n — 1]® an L-
quadruple if the partial order on X induced by the order on P, is equal to the
partial order L. Fix € > 0. We will show that, for sufficiently large n, the expected
number of L-quadruples is less than 6en?. This implies that EA(L; P,) < Te for

sufficiently large n.

Generate a partial order P, on [n— 1] according to the classical sequential growth
process defined by t, and consider any quadruple (z1,xs, 23, 24) of elements from
[n— 1], with en < x; < 23 < x3 (in [n — 1]). Set y; = y1(P,, z1) to be the largest

element such that x; is a y;-good element. One of the following is true.

(a’> Y1 S Yo,
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(b) zy <y +en/4,
(¢) wo —en/d < xy < @,
(d) v1 > yo, x2 > y1 +en/4 and x4 > z9,

(€) y1 > yo, x2 > y1 +en/4d and x4 < x5 — en/4.

We show that the expected number of L-quadruples satisfying each of the above
sets of conditions is at most en*. This gives the expected number of L-quadruples
to be at most 6en?, including those with 2; < en. The above claim is immediate in
case (c). For case (a), the condition implies that x; is yo-bad, and we know that the
expected number of yo-bad elements is at most en. The bound for case (b) follows
immediately from the definition of y;: the condition implies that x5 lies in one of

the small sets Ulx1] N [11] or [y1 + 1,41 +en/4].

For case (d), it suffices to prove that, for fixed z1, s with 2o > m = max{yy +
en/4,y; + 2}, conditioned on the growth process up to m, the expected number
of elements x4 € [x9,n — 1] with x4 not above z; is less than en/4. We apply
Lemma 3.23 to the set Ulz1] N [y; + 1], which is of size |en/2] 4+ 1 by definition of

1. Since max(U[z1] N [y1 + 1]) = y1 + 1, we have that the expectation
E(number of elements in [m,n — 1] not selecting an element of Ulz] N [y1 + 1])

is less than or equal to en/4, which implies the desired result.

Turning finally to case (e), we fix xo with xo > yo + en/4, and x4 with z4 <
x9 —en/4, and condition on the growth process up to z4. It suffices to show that

E|U[xs] \ Ulz4]| < en.

Since zy > yo + en/4, we have E(|D,|) > dlogn for all z € [xy — en/4,z9 — 1],

where § = (2log(1/¢))™". So,

E(|D, 0l
P(z selects x4) = (1D:) > ogn7
z n




3.2. POSSIBLE CONTINUUM LIMITS OF CLASSICAL SEQUENTIAL GROWTH &9
MODELS

which means that the probability that fewer than e§logn/8 of the elements in

[xg — en/4, xy — 1] select x4 is less than
P(X < edlogn/8)

where X has the binomial distribution B(en/4,dlogn/n). Using Theorem 3.24 with

a=1/2, N =en/4 and m = dlogn/n gives
P(X < edlogn/8) < e =010en/32 < ¢ /8

for sufficiently large n. Let Z = Ulxy| N [xg — en/4,xo — 1]. With probability at
least 1 — ¢/8 we have |Z| > edlogn/8. We next show that, if this is the case,
then, conditioned on the growth process up to x,, with high probability either

|U[z2]| < en/2, or Ulxy] N [y] reaches size en/2 before Ulzy] N [y] does.

Recall that a path in a poset P arising from a growth process is a sequence
ai, as, . .., ag of elements such that each element selects the previous one; we say the
path has start point a; and endpoint a;. For z < x5 <y, define PY to be the set of
all elements in [y] that are an endpoint of some path with start point equal to z and
all other elements in the path in [x9 4+ 1,y|. The starting point for this definition is

that P?? = {z} for each z < xs.

Note that PY C Ul[z] N [y], with equality if z = xo. We claim also that the pro-
cesses (PY\ {z})p=,, are identically distributed, independent of the growth process
up to xq, for all z € Z U {xy}. To see this, note that P*2\ {z} = () for each z < x,

and that, for each y > xo, y enters PY if and only if it selects an element of PY~!,

an event whose probability depends only on |PY~!].

Now consider all the identically distributed size processes (|PY|)7=,,, for z €
Z U {x2}. The probability that |PY | reaches size en/2 before any of the other
processes is, by symmetry, at most 1/(|Z| 4+ 1) < 8/(edlogn) < £/8, for sufficiently
large n. So, with total probability at least 1 —¢/4, we have either (i) |P2| < en/2,

or (ii) there exists some z € Z and some y > x, with [PY| > en/2 and |PY,| < en/2.
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If (i) occurs, then |Ulzs]| = [P < en/2. We will prove that, if (ii) occurs,
then, conditioned on the growth process up to y, the expected size of Ulxs]\ Ulzy] is
less than 3en/4. This will imply that the expected size of U|xs] \ U[x4], conditioned

only on the assumptions in (e), is less than en, as we require.

Suppose then that (i) occurs, when we have |Ulxy4] N [y]| > |PY| > en/2 and
\U[z2]N[y]| = |PY,| < en/2. Applying Lemma 3.23 to the set U|[x4]N[y] implies that,
conditioned on the process up to y, the expected number of elements in [y + 1,7 — 1]
not above x4 is less than en/4, so the expected size of Ulzsy] \ Ulz4] is indeed less

than en/2 +en/4 = 3en/4.
This completes the proof. Il

Combining the claims, we have that the continuum limit P, satisfies A(H; Px) =

0 and A\(L; Py,) = 0 so that P, is an almost-semiorder. O



Part 11

Maps of rooted trees into
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This part is concerned with counting embeddings of trees into complete trees.
In [17], Kubicki, Lehel and Morayne proved that for binary trees T and Ty with T}
a subtree of T5, the proportion of the embeddings of T} into a complete binary tree
that map to the root is no more than the proportion of the embeddings of 75 into the
complete binary tree that map to the root. They conjectured that this inequality
holds even for T}, T, not binary. Here, we show that the conjecture is false and look

at different generalisations of their result.

In Chapter 4 we give some background and motivation for this work, and intro-

duce our notation.

In Chapter 5 we provide an algorithm for calculating the number of embeddings
of a tree into a complete binary tree and the number that map to the root of the
complete binary tree. Using this algorithm for a particular pair of trees we provide

a counterexample to the conjecture of Kubicki, Lehel and Morayne.

In Chapter 6 we investigate the asymptotic behaviour of the number of embed-
dings as the height of the complete binary tree tends to infinity. Using this behaviour
we are able to give conditions on when a pair of trees will be a counterexample for
all large enough complete binary trees. Using this we construct a family of pairs of

trees which are such “asymptotic counterexamples”.

In Chapter 7 we show that the results in Chapters 5 and 6 can be reformulated
for embeddings of trees into a complete p-ary tree and we state and prove some of

these more general results.

In Chapter 8 we generalise the result of Kubicki, Lehel and Morayne to em-
beddings of binary trees into a complete p-ary (rather than into a complete binary
tree). Our proof employs the FKG-inequality, a powerful result which gives corre-
lation inequalities for events on distributive lattices. Therefore, we can view the
Kubicki, Lehel and Morayne result as one of many possible correlation inequalities

for embeddings of binary trees into complete p-ary trees. In this light we see that
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the case of binary trees is special; we cannot use this distributive lattice method
when we generalise to embeddings of arbitrary trees. We give an example where a
correlation inequality for embeddings of binary trees does not hold if we generalise

to embeddings of arbitrary trees.

However, we show that we can generalise to arbitrary trees, if we instead look at
order-preserving maps from trees to complete trees. In other words, the conjectured
inequality is true, if we count order-preserving maps rather than embeddings. In
this case, we are able to apply the FKG-inequality to get correlation inequalities
for order-preserving maps of arbitrary trees into complete trees. This is true for
both strict and weak order-preserving maps. (Formal definitions can be found in
Chapter 8, but the main difference between strict and weak order-preserving maps
is that a strict order-preserving map cannot map two comparable elements to the
same element, whereas a weak order-preserving map can.) We finish the chapter

with some related open problems.

In Chapter 9 we look at some lemmas for product lattices, which give alternative
sufficient conditions for applying the FKG-inequality. We show that some of the

conditions can be weakened if we have other extra conditions holding.
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Chapter 4

Preliminaries

4.1 Basic definitions

A tree poset is a partial order with a maximum element, called the root, such that
every element that is not the root has exactly one upper cover. The minimal elements
of the partial order are called the leaves. The Hasse diagram of a tree poset is a tree
in the graph-theoretic sense; here we use the word tree as a synonym for tree poset.
For p > 2, a p-ary tree is a tree where every element has at most p lower covers.
We will use binary and ternary as synonyms for 2-ary and 3-ary, respectively. A
complete p-ary tree is a p-ary tree such that all maximal chains are of equal length
and every element that is not a leaf has exactly p lower covers. The height of a
complete p-ary tree fully determines the partial order, for example the complete

p-ary tree of height n, denoted by 7, has (p" —1)/(p— 1) elements and p"~ ! leaves.

For T" a tree, we write 17 for the root of T', and write 1, for the root of 7}7. An
embedding ¢ of a tree T" into the complete tree 7" is a map from T to T} such that
¢(x) > ¢(y) in T if and only if # > y in T'. Define Ag?)(n) to be the number of
embeddings ¢ of T into 77 with ¢(17) = ¢(1,,) and define C'(n) to be the total

number of embeddings of T into T}



4.2. BACKGROUND 95

4.2 Background

This work is motivated by results from previous papers by Kubicki, Lehel and
Morayne. In [22], Morayne looked at a partial order analogue to the secretary
problem. For a detailed history and discussion of the secretary problem see [13]. As
explained there, the classical secretary problem is to find the optimal strategy given

the following set-up.

1. There is one secretarial position available.
2. The number N of applicants is known.

3. The applicants are interviewed sequentially in random order, each order being

equally likely.

4. Tt is assumed there is a ranking of the applicants from best to worst without ties.
The decision to accept or reject an applicant must be based only on the relative

ranks of those applicants interviewed so far.
5. An applicant once rejected cannot later be recalled.

6. Your payoff is 1 if you choose the best of the N applicants and 0 otherwise.

It turns out that the optimal strategy is to reject the first M = M(N) applicants
and then accept the next applicant who is the best out of those already interviewed.
There is an explicit expression for M in terms of N, and M/N — 1/e as N — co.
Furthermore, the probability of success by following this strategy tends to 1/e as

N — o0. See, for example, [15] for both exact and asymptotic results.

The above conditions can all be modified to give different variants of the problem,
for example where the interviewer has k offers in which to get the best secretary,
or where it is possible to recall a rejected candidate (with some cost). Morayne

considers the situation where condition 4 is modified so that the applicants are
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ordered as a complete binary tree, and at each stage the interviewer knows the partial
order formed by the applicants interviewed so far. There is still a best applicant
and the problem is to find the optimal strategy that maximises the probability of
choosing the best applicant. The number of applicants NV is equal to 2" — 1 for some

n, the height of the complete binary tree 7T7'.

In [22], Morayne proves that the following strategy is optimal. If the partial order
of the interviewed candidates is not a chain, and the current applicant is best-so-far
then we accept him. If the partial order is a chain, then we only accept a best-so-far
applicant if the height of the chain is greater than n/2, half the height of 73'. In
other words, the strategy is to take the first applicant that is best-so-far, with the
caveat that if the first & applicants are totally ordered (for k£ < n/2), then we should
not take the best-so-far. This caveat for the chain case is necessary, as can be seen
in the following example. Suppose that n is large so that the number of applicants
N = 2" — 1 is large in comparison to n, and suppose that after three interviews the
partial order of the applicants is a chain, with the third applicant the best-so-far.
It is highly unlikely that the third applicant is the best; this probability is of the
order n~! and tends to 0 as n tends to infinity. In contrast, if after three interviews
we have that the third applicant is best-so-far, and the first two are incomparable,
then the probability that the third applicant is the best is greater than 1/2, for

any n > 2.

In this set-up, where the applicants are ordered as a complete binary tree, let us
look at the probability that the current applicant is the best applicant. As is the
case for the classical secretary problem, if the current applicant is not the best-so-
far then they cannot be the best applicant. So, consider the case when the current
applicant is the best-so-far. Therefore, the partial order seen by the interviewer is
a tree with the maximum element of the tree being the current applicant. Denote
this tree by T. The fact that the interviewer knows the ordering of the interviewed

applicants after each interview means we can consider T' to be a labelled tree. Sup-
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pose we have interviewed k applicants, so that 1" is a k-element tree labelled with
the numbers 1 to k, and the root is labelled with k. To calculate the probability
that the current applicant is the best, given the tree T', we need to count the number
of orderings of the elements of 73" so that the first £ form an isomorphic copy of T,
and count the proportion of those that have the k-th element as the root of 73'. Put
another way, we count the number of labellings of 73" (with the numbers 1..., N)
for which the elements labelled 1,..., &k form an isomorphic copy of T, and count
the proportion of those which have the root of T3 labelled k. But this is exactly the
proportion of embeddings of 7" into 73" that map the root of 7' to the root of 17'.
Therefore, the probability that the current applicant is the best applicant, given

that the interviewed applicants form the tree 7', is the ratio Agg )(n) / C’f)(n).

Morayne shows that this probability is greater than 1/2 when either 7" is not a
chain, or 7" is a chain with k£ > n/2. This means that any strategy which dictates
that we should continue interviewing applicants, given such a 7', is a worse strategy.
Morayne also shows that to stop interviewing if 7" is a chain with £ < n/2 is not an

optimal strategy, which essentially shows the strategy given above is optimal.

Important to Morayne’s proof is the fact that, for 7" a chain, Ag)(n)/Cj(?)(n) is
increasing in the height of the chain. This leads naturally to the question: Is the
ratio Ag? '(n)/ Cf([?)(n) “Increasing in 77, for other trees 77 In other words, if T, Ts
are trees with T a subtree of T, does the inequality

2 2
AR (n) _ AT (n)

Ci(n) ~ CF () (4'1)

hold? The intuition is that for the larger tree, we have more information about the
current applicant—he is better than more applicants—so the probability that he is
the best applicant should be greater. As mentioned above, in [22] Morayne proves
the inequality when 77,75 are chains. In [17], Kubicki, Lehel and Morayne prove

the inequality for binary trees 17,75, as below.

Theorem 4.1 (Kubicki, Lehel and Morayne). For any n and any binary trees Ty, Ty
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with T1 a subposet of Ty we have
AR (n) _ AR (n)
Cim) ~ ()

They prove the result using lemmas which can be stated as follows.

Lemma 4.2. For any binary tree T', and any x in T, we write C’i(FQ)(n;:c — k) for
the number of embeddings of T' into 13" that map x to an element in level k of Ty,
and write Ag,?) (n;x — k) for the number of those embeddings that also map the root

of T to the root of Ty'. We have

Ag)(n;x — k) < Ag?)(n;x —k+1)

< : (4.2)
Cg) (n;z — k) C;Q)(n;:c —k+1)
Lemma 4.3. For any binary tree T', in both cases
(a) z aleaf of T,
(b) x the only lower cover of an element in T,
we have
APD(k) AP (k+1

AZ (k) T APk + 1)
where S =T\ {z}.

Both lemmas are proved by “brute force”; Kubicki, Lehel and Morayne calculate
expressions for each term in the inequalities (4.2) and (4.3) in terms of sums of
products of similar expressions for smaller trees, and then apply induction to get the
result. They combine the two lemmas and results about log-concavity of sequences

to prove Theorem 4.1.

Informally, Lemma 4.2 states that, for any element x in 7', if an embedding maps
x to a higher level (nearer to the root) of T3 then it is more likely that the embedding
also maps the root of T" to a higher level, e.g., to the root. Lemma 4.3 states that,

in both of the two cases stated, there are proportionally more embeddings of the
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larger tree T than of S = T\ {z} when the root is mapped to a higher level of
T3. Both the lemmas give the impression of being correlation inequalities (on some
unspecified probability space). Indeed, we show in chapter 8 that the lemmas are
examples of correlation inequalities on certain lattices. In this way we can generalise
Theorem 4.1 to embeddings, and other mappings, into more general complete trees.
We essentially follow the proof method of Kubicki, Lehel and Morayne in [17], but
using the power of the FKG-inequality we can simplify (and therefore more easily

generalise) Lemmas 4.2 and 4.3.

In [17], Kubicki, Lehel and Morayne conjectured that the inequality (4.1) also

holds for arbitrary trees, as follows.

Conjecture 4.4 (Kubicki, Lehel and Morayne). For any n and any trees Ty, Ty
with T1 a subtree of Ty we have
2 2
A7) (n) _ Ay (n)
2 = @)\
C(n) ~ CF(n)

In [19], Kubicki, Lehel and Morayne show that Conjecture 4.4 is true for stars
rooted at their centre. Intuitively the conjecture seems highly plausible, especially
given the interpretation of the inequality in terms of the secretary problem. Surpris-
ingly then, the conjecture is in fact false. Indeed, we will show that the conjecture
is false even when we restrict 77, T5 to being ternary. As mentioned in the introduc-
tion, we study the asymptotics of Agﬁ '(n)/ C’(TQ)(n) which helps direct our search for

counterexamples to Conjecture 4.4 for arbitrarily large n.

We begin with some recurrence relations for Ag? '(n) and CC(FZ) (n). For ease of
notation we write 7" for the complete binary tree 73" and write Ar(n), Cr(n) for

the numbers Ag?) (n), C’;z)(n).
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Chapter 5

The expressions Ap(n) and Cp(n)

5.1 Recurrence relations for Ap(n) and Cp(n)

We can use the regular structure of 7™ to find recurrence relations for Ar(n) and
Cr(n). Let ty,ts be the 2 lower covers of 1,, in T™. Write (T"); for the set of all
elements that are lower than or equal to ¢; in 7", and similarly for (7™),. So, (T™),
and (T™)y are both copies of T"~!. For any embedding of a tree T into 7™ the root
17 of T is either mapped to 1,, or mapped into (77); or (1T");. Counting these

embeddings of T into T™ gives
CT(TL> — 2CT(n — 1) = AT(TL) (51)

So, once we have calculated Ar(n) we can solve a simple linear recurrence to find

OT(TZ)

We now show that Ar(n) also satisfies a linear recurrence relation. For any
x € T we write D|x] for the set of all elements in 7" that are lower than or equal
to x in T. Let T be a tree and suppose the root 17 has r lower covers zq, ..., x,.
For any subset L C [r] write T}, for the tree formed by removing the subtrees D]x;]
for all j € L¢. (Here, L® = [r] \ L.) Notice that T{;; \ {17} = D[z;], Tj) = T and
Ty = {1r}.
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We will count the embeddings of 7" into 7™ by considering the possible places
to map the elements xq,...,z,. In particular we are interested in the partition
of {x1,...,2,} defined by which of the two subtrees (7)1, (7T™), an element z; is

mapped to.

Write A7, (n) for the number of embeddings of Ty, into 7™ that map the root 1r
of T}, to 1, and map x; into (7™);, for each j € L. By the symmetry of 7" this is
the same as the number of embeddings of T}, into T™ that map 17 to 1, and map

x; into (T™)s, for each j € L.

For a fixed set L C [r] we can count the number of embeddings ¢ of T into T"
with ¢(z;) in (T™); for all i € L, and ¢(z;) in (T™) for all ¢ € L°. Since the two trees
(T™); and (T™)4 are below incomparable elements 1 and ¢5, we have that the number
of such embeddings that also map 1r to 1, is exactly the product Az, (n)Az,  (n).
So,

Ar(n) = ) Az, (W)Az,, (n). (5.2)
]

LC|r

For L = ), we have Ty = {17} and A, (n) is equal to 1. For L a singleton,
Az, (n) is the number of embeddings of T, \ {17} = D[z,] into (1™);, which itself
is a copy of T"~'. So A7, (n) = Cplz;(n — 1). Finally, for |L| > 2, A7, (n) is the
number of embeddings that map 1 to 1, and map x; to an element of (7™); for all
j € L. Since |L| > 2 any such embedding ¢ cannot map any of the z; to ¢;. So, for
each embedding ¢ we can construct a new embedding ¢ of T}, into 7™ by defining
Y(1p) =t and Y(z) = ¢(z) for all x € T \ {1r}. Now, ¢ is an embedding into
(T™); which maps 17 to t;, the root of (T™);. Since (T™); is a copy of T"! the
number of these embeddings 1 is A, (n — 1). Since each ¢ corresponds uniquely to

a 1, and vice-versa, we must have Ay (n) = Az, (n —1). To summarise,

.

1 L=10

Ar, () = Cppyn —1) L= {j} (5.3)

Ar,(n—1)  otherwise.
\
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It will also be useful to have another expression for Ay (n) when L = {j}. We
have that A;L(n) is the number of embeddings of Ty, into T™ that map 17 to 1,
and map z; to an element in (77);. By symmetry of 7" it is also the number of
embeddings of 77, into 7™ that map 1y to 1, and map z; to an element in (77),.
Since, every embedding of 77, into 7™ that maps 17 to 1,, must map x; to an element
in either (77); or (1™); we have 2A;, (n) = A, (n) or

Az, () = ) (5.4

for L = {j}.

We can use equations (5.1)—(5.4) to find Ar(n) and Cr(n) inductively. For T a

tree, the number of leaves of T' is denoted by (7).

Theorem 5.1. For any tree T, the number of embeddings of T into T™ is of the

form
uT)
Cr(n) = Zgj(n)an,
§=0
where each g; is a polynomial.
For T the 1-element tree, the number of these embeddings that map the root of

T to 1,, Ar(n), is equal to 1. Otherwise, for T with |T| > 1, the number is of the

form
(T) .
Ar(n) =) q;(n)2",
§=0

where each q; is a polynomial.

The following lemma on recurrence relations will be useful.

Lemma 5.2. Suppose | is some fixed positive integer. Then the solution to the

equation
l
Yo =21 = Y ()27, 1 =0, (5.5)
j=0

where each f; is a polynomial, is
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where each g; is a polynomial. Furthermore, for j # 1, the polynomial g; is the

unique polynomial satisfying the identity

gi(n) =27 g;(n — 1) = fi(n),
and g1 satisfies the identity

91(n) — g1(n — 1) = fi(n),

where the constant term of g1 is given by

Proof. By linearity, it is enough to find the complementary solution, and the
particular solutions to y, —2y,—1 = f;(n)2’" for each j. The complementary solution
is the solution to vy, — 2y,_1 = 0, which is just y, = K2", for some constant K. For
a fixed 7, a particular solution to vy, —2y,_1 = fj(n)2/" is of the form y,, = hj(n)2/",
for some polynomial h;, by an elementary result on recurrence relations. For j # 1,
the polynomial h; has the same degree as f;, and h; has degree one larger than
fi. (Also, assume h; has no constant term; this is covered by the complementary
solution.) The general solution is y, = Z;ZO g;(n)27" where g;(n) = hj(n) for all

j# 1and g1(n) = hy(n) + K. So, the solution to (5.5) will be of the required form.

Moreover, if y, = hj(n)2/™ is the particular solution to v, — 2y,—1 = f;j(n)2/",

then we have h;(n) —2'"7h;(n—1) = f;(n). So, for all j, the polynomial g; satisfies

gi(n) —2"9g;(n — 1) = fi(n).

For j # 1, since g; and f; are polynomials of the same degree, this equation uniquely
determines g;. Since the equation hi(n) — hi(n — 1) = fi(n) uniquely determines
hy (as we assumed that h; has no constant term), the polynomial g; is determined
except for the constant term K. We fix K with the initial condition of (5.5), y; = 0.

This gives the equation
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as claimed. O

Proof of Theorem 5.1. We include the case of T" being a 1-element set for
completeness. In this case, we see immediately that there are 2™ — 1 embeddings of
T into T, which is exactly the number of elements in 7. Also, only one of these
embeddings maps the root of T' to 1,,. So, Ar(n) = 1 as claimed, and Cr(n) = 2" —1

is of the required form.

For |T'| > 2, we simultaneously prove that Ar(n) and Cp(n) are of the required
form by induction on the size of T. We shall make use of Lemma 5.2 to solve recur-
rence relations for Ap(n) and Cr(n). We use induction to show that the recurrence
is of the form of equation (5.5), and since we will only be considering trees with

|T'| > 2 we have the initial conditions Az(1) = 0,C7p(1) =0 as in (5.5).

For |T'| = 2 the only tree is the 2-element chain, which has one leaf. Label the
root 17 and the leaf x;. Since 17 has only one lower cover, r = 1 in equation (5.2)
and the subtrees of interest are Ty =T and Tj = {1r}. Using equations (5.2) and
(5.3) we have

Ar(n) = Ag,(n) Az, (n) + Ay, (0)Ag (n) = 2C(uy)(n — 1)

But we have shown earlier that Cy,,y(n) = 2" — 1. Therefore Ap(n) = 2" — 2 which

is of the required form (where I(T') =1, go(n) = —2 and ¢;(n) = 1).

In fact, we can see immediately that Ap(n) = 2™ — 2, since this is exactly the
number of places to embed 7 in 7" (anywhere except at 1,,, where x is embedded).
Using (5.1) and Lemma 5.2 we have that Cp(n) = (n — 2)2" + 2 which is of the

required form (g;(n) =n — 2 and go(n) = 2).

Suppose the result is true for all 7" with |7 < k and let 7" be any tree with
|T'| = k. There are two cases to consider, depending on whether the root of T has

exactly one lower cover. If the root has exactly one lower cover, x1, equation (5.2)
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reduces, in a similar way to the base case, to
AT(TL) = 2CD[z1](n — 1)

Applying the inductive hypothesis to D[z4], a tree with {(D[z1]) = I[(T) leaves, we

have that
I(T)

961] Z g] 2]71

where g; are polynomials. Therefore,

1(T) UT)
Ar(n) =23 gi(n — 12700 =3 " g;(n)2"
j=0 j=0
where ¢; are polynomials.
If the root of T has r > 1 lower covers zy,...,x, then we can write equation
(5.2) as
Ar(n) = A;(,)(”)A (n) + AT[] Az, (n Z Az, (n)Az,.(n)
LC|r]
L#0,[r]
which can be rearranged to
Ar(n) = 2Az(n —1) = > Az (n)Ag, (n). (5.6)
LC[r]
L#0,[r]

We use equations (5.3) and (5.4) in order to apply the inductive hypothesis. Terms
in the sum where L is not a singleton or complement of a singleton are of the form
Ar, (n—1)Ag,.(n —1). Terms where L is a singleton but L¢ is not, are of the form
Ar, (n)Ar,.(n —1)/2; terms where L is not a singleton but L¢ is, are of the form
Ar, (n —1)Ar,.(n)/2 and terms where both L and L¢ are singletons (this will only

be for r = 2) are of the form Ar, (n)Ar,.(n)/4.

By our inductive hypothesis we have A, (n) = > j(Tg) ¢j(n)27™ for polynomials ¢;.

This means that the right hand side of equation (5.6) is of the form Zéfg hj(n)2im
for polynomials h;. That is, Ap(n) satisfies a recurrence relation and applying
Lemma 5.2 gives the result for Ar(n). Finally, we use (5.1) and Lemma 5.2 which

gives the result for Cp(n). O
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5.2 Counterexamples to a conjecture of Kubicki,

Lehel and Morayne

Note that the proof of Theorem 5.1 actually shows how to find the polynomials g;
and g, in the expressions for Ar(n) and Cr(n). However, for a particular tree T,
in order to calculate Ar(n) and Cp(n) we need to calculate A, (n) for all subtrees
T. For small trees the calculations are still relatively simple. We use the algorithm

given in the proof of Theorem 5.1 to find explicit expressions for the two trees 17, T

L

Figure 5.1: Counterexample to Conjecture 4.4

in Figure 5.1.

To find these expressions we need to also calculate Ag and Cyg for subtrees S of

T, and T5. Deﬁnethesubtre6851:{,5221,53:{\,54:/\,55:)\.

In order to find Az, we need to calculate Ag,, Ag,, As,, As,, and to find Ag, we need
to calculate Clg,. For Ap, we also need to calculate Ag, and to find this we need to

calculate Cg,. Table 5.1 lists the expressions Ag(n), Cs(n) needed.

Solving the recurrence relations for 77 and 75, using the expressions in Table 5.1,

gives

Ap, (n) = (n—14/3)8" + (—3n? + 24n — 34)4™ + (n* /3 — 8n® + 65n/3 +44/3)2" + 24

Ar,(n) = (2n/3 —20/9)8" + (—n® + 8n® — 30n + 58)4"

+ (—2n%/3 + 2n* — 40n/3 — 430/9)2" — 8
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MORAYNE
S Ag(n) Cs(n)
! ) (n—2)2" +2
{ (n —3)2" + 4 (n?/2 — 5n/2 + 4)2" — 4
N 4 (—2n 4 1)2° — 2 2.4™ 4 (—n? — 4)2" 4 2
{\ (n —4)4™ + (—n?/2 + 9n/2)2" + 4 Not needed
)\ 4" 4 (—n? +2n — 5)2" + 4 Not needed

Table 5.1: Ag(n), Cs(n) for small trees S

and, using (5.1), we have

Cr,(n) = (4n/3 — 20/3)8" 4 (—6n? + 60n — 134)4™

+ (n*/12 — 5n® /2 + 83n? /12 + 145n /6 + 494/3)2" — 24

Cr,(n) = (8n/9 — 88/27)8™ + (—2n* + 22n* — 110n + 250)4"

+ (—n*/6 +n?/3 — 35n? /6 — 487n /9 — 6878/27)2" + 8

So, Ar,(4)/Cr,(4) =99/101 > 67/69 = Ar,(4)/Cr,(4), a counterexample to the
conjecture of Kubicki, Lehel and Morayne. We also have

Ar(5) _ 2635 _ 1783 _ Ap,(5)
Cr,(5) 2837 ~ 1921  Cp(5)

but
A (6) 44147 31055  Ag(6)
Cr,(6) 49821 ~ 34897  Cp(6)°

So, for n = 4,5 these trees give a counterexample, but not for n = 6. In fact,

for n = 6,...,11 the conjectured inequality holds, but for larger n it does not.

Asymptotically, we have

An(n)  (n—14/3)8" +0(m24") 3 1
Cr(n)  (dn/3—20/3)8 + O(m2an) 4 2" 71
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and

Ap(n)  (2n/3-20/9)8"+O(n*4") 3 1 _
Cn(n) _ (8n/9—88/21)8" + O(mdan) 4 4 2

so Ar, /Cr, is asymptotically larger than A, /Cr,.

This asymptotic difference is very subtle. Here, the ratios Az, /Cr, Az,/Cr,
differ only in the n=2 terms and terms of lower order. We will show, in Section 6.3,
that for any 77 C T, which have Ar, /Cr, asymptotically larger than Ar,/Cr, the

ratios differ only in the n=2 terms and terms of lower order.

For small values of n there are two competing factors which determine whether
the conjectured inequality holds. Since Ar and C7p are related by (5.1), we have
Ar(n)/Cr(n) =1—2Cp(n—1)/Cr(n). So, the conjectured inequality is equivalent

to

CTz (n - 1) CT2 (n)
Cn(n—1) = Cn(n)

We can think of the ratio Cr,(n)/Cr,(n) as the expected number of embeddings of
T, into T™ that are an extension of a randomly chosen embedding of 77 into T™.
So, for n = 3, each embedding of T into T? can only be extended one way (there
is only one place in T° to which we can map the extra element of Ty), therefore
C1,(3)/Cr,(3) = 1. For larger values of n, some embeddings of 7} into 7" have no
extensions to an embedding of T3 into 7™, others will have many extensions to an
embedding of T, into T™. In this example, as n increases there will tend to be a
larger fraction of embeddings of T} into 7" with no extension to an embedding of
T, into T™. However, those embeddings of 77 into 7" that do have extensions to
embeddings of 75 into 7™ will tend to have more of them, as n increases. These
two competing effects determine whether the ratio Cr,(n)/Cr, (n) will increase or
decrease for an increase in n. In this example the two effects are quite equally
balanced, making it difficult to see intuitively why the inequality holds for some

values of n and fails for others.

The following example better illustrates the failure of the conjectured inequality,
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Tl T2

Lok

Figure 5.2: Counterexample to Conjecture 4.4

as in this example one effect dominates the other. Let 77 and T, be as shown in
Figure 5.2, where k is some fixed integer. As we have explained, the conjecture
claims that Cp,(n)/Cr, (n) is increasing in n. However, we show that for these trees,
the ratio is considerably larger for small n than it is for large n, since for small
n there is a higher proportion of embeddings of 7} that can be extended to an

embedding of T5.

For any n with n > k + 1, an embedding of T5 into 7™ must map all the leaves
T1,...,Toe—1 into the same half of 7", and it must map all the leaves zor-1,1, ..., Tor
into the same half of T™. This is a restriction imposed by the elements y; and s.
Embeddings of T into T™ do not have this restriction, and any embedding of T}
into 1™, which does not partition the leaves in the same way cannot be extended to

an embedding of T5.

Now, for n = k+1, the tree T**! has 2* leaves, so all embeddings of T} into T*+!
map the leaves of T} to the leaves of T**!. Therefore, we know that half the leaves
of T} are mapped into one half of T**! and the other half into the other half of T%+1.
So whether the embedding extends to an embedding of 7, depends only on which
particular set of 28~1 leaves are mapped into one of the halves of T#*!. Since there
are (2,3:) subsets of size 2°~1, and two of these yield an extendible embedding (when
we choose {z1,..., o961} or {Tor-141,...,29}), each with one possible extension,

the ratio Cp, (k +1)/Cr, (k + 1) is equal to 2/(2,3:).
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For n > k + 1, most mappings from 7} into 7™ are embeddings, but only
those which partition the leaves as described above can be extended. Moreover,
most of the embeddings that can be extended map the leaves x4, ..., zor—1 into one
half of 7™, and the leaves xor-1,1,..., 2o into the other half of 7™ (rather than
the same half) and most of these extendible embeddings have only one possible
extension. So of the total number of embeddings of T; into T™ the fraction that are
extendible is roughly 272" and most extendible embeddings have just one possible
extension. Therefore, C, (n)/Cr, (n) is roughly 1/22°, which is considerably smaller

than Cr, (k +1)/Cr, (k + 1) = 2/(,25,).
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Chapter 6

Asymptotic behaviour of Ap(n)
and Cp(n)

In this chapter we study the asymptotic behaviour of Ar(n) and Cr(n) in order to
provide counterexamples to Conjecture 4.4, for arbitrarily large n. This tells us that
we cannot hope for a version of the conjecture that holds “for sufficiently large n”.
The calculations are similar in style to those in the previous chapter, but here we
need to be more exact, as we will need to calculate the leading terms of Ap(n) and
Cr(n). Also, using these expressions, we are able to describe a “typical” embedding

of T into T™ (for large n).

6.1 Leading terms of Ap(n)

We have shown that Ar(n) = Zé:o qj(n)2", where each ¢; is a polynomial. We
wish to examine the asymptotic behaviour of Ar(n) and so we need to calculate
the leading terms of the dominant polynomial ¢;(n). Throughout this chapter we
use the symbol ~ to mean “asymptotically equivalent to”; we write f(n) ~ g(n)
if f(n)/g(n) tends to 1 as n tends to infinity. We shall make use of the following

lemma which gives the solutions to some particular recurrence relations.
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Lemma 6.1. The recurrence relation
!
Yn — 2yn71 = Z fj(n)2jn7
=0

where each f; is a polynomial, and the leading term of fi(n) is an?, has solution

(

—dj‘_ a2t =1
Yp ~ (6.1)
2l—1
i1 1and2l" if 1 > 2.
\ _

Furthermore, if d > 0 and the leading two terms of fi(n) are an® + Bn=t, then the

solution is

.

Qa1 é QN d\on Y
(—d+1n +(d—|—2>n)2 ifl =1

21 d
o1 _ 1 (omd + (6 - QZT(I_1> nd_1> 21n Zfl Z 2.

Proof. We have, for example from Lemma 5.2, that the solution to the recurrence

\

relation is

where each g; is a polynomial satisfying
gi(n) =27 g;(n — 1) = fi(n). (6.3)

The dominant terms of the solution come from the polynomial g;. It is a simple
exercise to check, using (6.3), that if the leading term of f;(n) is an?, then the
leading term of g;(n) is given by (6.1), and, for d > 0, if the leading two terms of

fi(n) are an? 4+ pn?=1, then the leading two terms of g;(n) are given by (6.2). [

Theorem 6.2. The leading polynomial qyry(n) in the expression

I(T)

Ar(n) = Z ¢;(n)2"
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has degree d(T), where d(T) = [{x € T : x not the root or a leaf, D]x] is a chain}|.

The coefficient ar of n™T) satisfies the following equations.

If T is the 2-element chain, then ar = 1. Otherwse, if the root of T' has r lower

covers, then

;

A Dl ‘
d?%; T a chain, r=1
A Dl ‘
QZ(T)?E ! 1 T not a chain, 7 =1
ar = (6.4)
oy, gy, 21072 =2
ST -1 _ | r=
> o1 orgy g 2TV 5T o e 27 >3
\ Ql(T)—l -1 T =

Moreover, if d(T) > 0 the coefficient Br of n™~1 satisfies the following equa-

tions.

If T is the 3-element chain, then Br = —3. Otherwise, if the root of T has r

lower covers, then

( Bopy _ d(T)ar
dT) -1 2

T a chain, r=1

ﬁD[Il] — d(T)OéT2l(T)71
2UT)-1 _ 1

T not a chain, r =1

Br = { (azy, Bry, + ary, B, 2072 — d(T)ar

A(M)-1 _ 1 r=2
> ji(ary, Bryye + oy Bry, — d(T{j}c)aT{j}aT{j}c)QZ(T{j})_l
o2UT)-1 _ | 5
r >
22§|L|§r—2<aTLﬁTLC + aTLCﬁTL - d(T)OéTLaTLC)Q_l - d<T)aT
\_'_ 2l(T)—1 -1
(6.5)

where Bs = 0 for any subtree S CT with d(S) = 0.

Proof. We proceed by induction on |T|. We first show that the degree of g7 is
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d(T) and that o is as claimed. For |T| = 2 we have already shown that T is the
2-element chain and Ap(n) = 2" —2. For this tree d(T') = 0, [(T") = 1, so q1y(n) =1
a polynomial of degree 0, with leading coefficient equal to 1. That is, ar = 1 as

claimed.

Suppose the result is true for all 7" with |7 < k and let 7' be any tree with
|T| = k. As in the proof of Theorem 5.1, there are different cases to consider,
depending on whether the root of T" has exactly one lower cover. If the root has
exactly one lower cover, x;, we have equation Ap(n) = 2Cpp,j(n — 1). But by

Theorem 5.1, and our inductive hypothesis, we know that

AD[M] <n> ~ OéD[l«ﬂnd(D[mDZl(D[m])n.

If T is a chain, then [(T) = [(D[z1]) = 1 and d(T) = d(D][z1])+1 since the element
contributes to d(T) but not d(D[x1]). So, Cpy,j(n) satisfies the recurrence relation
(5.1), which is of the form in Lemma 6.1 with a = app,], d = d(D[z;]) and [ =
[(D[x1]) = 1. So, by (6.1),

QDl[z1] d(Dlz1])+1on _ XD[@1] d(T)on
C o~ ~ 1 2 = —— 2 .
bt 1}(71) d(Dl[z4]) + 1n "

S0
Ar(n) = 2Cpp(n — 1) ~ 252811y _ qydMgn=t _ ZDlea) g, _ q)diTign,
d(T) d(T)
Therefore g,y is of degree d(T) and ar = app,)/d(T), as claimed. If T is not a
chain, then I(T') = I(D[z1]) > 1 and d(T") = d(D[z,]) since the element x; does
not contribute to either d(T") or d(D[z;]). As above, Cpp,)(n) satisfies a recurrence
relation of the form in Lemma 6.1 with o = app,,), d = d(T) and [ = [(T') > 1. So,

by (6.1),
211~ A(T)ol(T)n
Cpzy)(n) ~ CTEpE— 1OCD[x1]n (T)UT)n

So
2l(T)—l

d(T)ol(T)(n—1
-1 1 Pll(n = 1) (T)9l(T)(n—1)

Ar(n) = 2Cpp,)(n — 1) ~ 2

_ 9Dz d(T)ol(T)n
= gimy-1 g DT
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Therefore g7y is of degree d(T) and ar = apy,;/(2"T "1 — 1), as claimed.

If the root of T" has two lower covers xy, x5 then equations (5.6) and (5.4) give
Ar(n) — 2A7(n — 1) = Az, (1) Ar, (n)/2. So,
Ar(n) = 2A7(n — 1) ~ ag, n® T2 0 q  pdTe) 2 Ten /o
= aT{l}aT{Q}nd(T)2l(T)"/2
since d(T1y) + d(Ty2y) = d(T') and I(Tqy) + ((Tyy) = U(T). So, Ap(n) satisfies a

recurrence relation of the form in Lemma 6.1 with a = ar,,ary,, /2, d = d(T),

[=1UT) > 1. So, by (6.1),

21(T)—1aT ar
- (1 M2y d(T)ol(T)n
Ar(n) ~ G 1y " 2
so qry has degree d(T") and o is as claimed.
Finally, if the root of T" has r > 3 lower covers xy,...,x, we can write (5.6) as

1
Ar(n) = 2A7(n—1) =2 A1, () Az (n = 1)
j=1

+ Y A (n—1)Agp.(n—1).

2<|L|<r—2

Terms in the first sum are of the form
AT 1) ol(Ty 1) ATy ye)ol(Tine)n—1) YT ¥Tiye  g(T)ol(T)n
n2HU ) 9L {5y (n - 1) {53e)Hd gye ) ~ L U 2 ,

n
ar, . n
Tijye QU(Tjy)

ATy
and terms in the second sum are of the form

ar, (n — 12T T g ( _ 1)dTee)9l(Tee)n1) , VTLOThe p a(D)pi(Tym

OTpe 9U(T)

So, Ar(n) satisfies a recurrence relation of the form in Lemma 6.1 with

T
=3 iy Migye 3 1, QT
2l(T{j}c) QZ(T) )
Jj=1 2<|L|<r—2

d=d(T)and [ =[(T) > 1. So, by (6.1),

/(1)1 — a1, 01y, QT Oy, d
N ° Tl e (T)oUT)n
j=1 2<|L]<r—2
_ D=1 Oy o 2O+ Pagipjer 2 0m 0m, 27 (D) UTIn

2(T)-1 _ 1
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Therefore gy(ry is of degree d(T") and ay is as claimed.

We now prove that (7 is as claimed. For |T'| = 2, we must have T" equal to the
2-element chain and so d(7") = 0 and there is nothing to prove. For |T'| = 3 the
only T" with d(7T") > 0 is the 3-element chain. As calculated earlier (see Table 5.1),

Ar(n) = (n —3)2" 4+ 4 and so fr = —3 as claimed.

We now prove the inductive step, following the exact method used for ar but we

d(T)-1 2Z(T)n

now also consider the coefficient of n in the calculations, and use (6.2)

when applying Lemma 6.1.

Suppose that 7 is as claimed for all T with |T'| < k, that is, that 07 satisfies
(6.5) when d(T') > 0. Let T be any tree with |T| = k and d(T") > 0. By our
inductive hypothesis we have that for all S C T with d(S) > 0 the first two terms
of ¢;(n) are agn®® + Ben®S)~1. For some S C T we may have d(S) = 0. For these
trees set g = 0. Doing so means that, for all S C T the first two terms of ¢;(n) are

agnd® 4 3gndS)-1

We can now consider the different cases depending on the number of lower covers
of the root of T'. If the root has exactly one lower cover, x;, we have equation
Ap(n) = 2Cppg,(n — 1). But by Theorem 5.1, and our inductive hypothesis, we

know that
AD[II](n) ~ (aD[xl]nd(D["“"l]) T 5D[$1]nd(D[xl])—1)2l(D[ml])n.

If T is a chain, then [(T) = [(D[z1]) = 1 and d(T) = d(D][z1])+1 since the element x;
contributes to d(T") but not d(D[x1]). So, Cpy,j(n) satisfies the recurrence relation
(5.1), which is of the form in Lemma 6.1 with o = appe,), 8 = Bpja,]; d = d(D[z1])
and [ = I(D[z,]) = 1. So, by (6.2),

ADla:] d(D[z1])+1 [SIEN QDla:] d(D[z1]) | on
Cpiz ~ | — 2
plen)(?) (d(Dwm” ey T2 )"

_ (D] ar Po@) | ADli] ) am)-1) on
<d(T)" +(d(T)—1+ 2 )" '

Note that, since T is a chain of at least four elements, we have d(7") > 1 so that we




6.1. LEADING TERMS OF Ar(n) 117

are not dividing by zero. So

Ar(n) = 2Cpp,(n — 1)

D[] 4(T) Bz | D) AT)-1 ) o1
~ 2 1 1 p
(=« (e + ) o=

o [ 8Dl ar) _ d(T)—1 Bpai) QD[z1] \ d(T)-1 on
(—d(T) n Qpz,]T + A1) —1 + 9 n

_ [ @Dl Bp] ADlzi] \ | d(T)-1 on
‘(d(T)” +(d<:p>_1 2 )” |

Therefore, using (6.4), we have

Oplsi) D@y Ppeg  d(D)ar

br=am -1 T2 T am) -1 2

as claimed. If T"is not a chain, then [(T") = I[(D[z1]) > 1 and d(T) = d(D[x1]) since
the element x; does not contribute to either d(T") or d(D[z1]). As above, Cpiz,j(n)
satisfies a recurrence relation of the form in Lemma 6.1 with o = appe,}, 8 = Bp[a,];
d=d(T)and [ =1(T) > 1. So, by (6.2),

21071 T A(T)apey | ary-1) oi(m)m
o)~ ey (oo™ + (B = 4 ) )27

So

AT(H> == 2CD[$1] (n— 1)

QZ(T) aDz _ _

T -1_q {O‘D[xl] n—1)4" 4 (ﬁD T 111]) (n—1)4") 1} QUT)(n-1)

1 appe ™ — d(T)app,n™ ™! -
~N —_— 2 n

2Z(T)_1 —1 ﬁ d(T)O{D[Il] d(T)—1
D] ~ -1 1 ) "

! AT d(T)opE)2 N yry-1] oirim

T -1_ 1 {O‘D[wl]n @ + <5D[m} — ZZ(T)J_ : ndT) QUT)n_

Therefore, using (6.4), we have

- 1 d(T)ape, 2D Bppy d(T)ar2" -1
Br = UT)-1 _ Bpper) — oUT)-1 _ o

U -1 _q UNT)-1 _ 1
as claimed.

If the root of T has two lower covers x, x5 then equations (5.6) and (5.4) give
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AT(TL) — 2AT(7L - 1) = AT{l} (n)AT{2} (TL)/Q SO,
AT(”) - QAT(TL - 1) ~ (aT{1}nd(T{1}) + ﬁT{1}nd(T{l})_1)21(T{l})n

% (aT{Q}nd(T{z}) + ﬁT{z}nd(T{z})*l)Ql(T{z})n/Q

N (O‘T{I}O‘T{z} Rd(T) ary, Briyy + oy, Oy, nd(T)—l) 9l(T)n
2 2

since d(T{l}) + d(T{Q}) = d(T) and Z(T{l}) + Z(T{Q}) = l(T) So, AT(TL) satis-
fies a recurrence relation of the form in Lemma 6.1 with o« = aT{l}aTm/ 2, 3 =

(aT{l}ﬂT{Q} + OéT{2}ﬁT{l})/2, d= d(T), [ = l(T) > 1. SO, by (62),

M1 Tary, oy, |
~ (1)
AT(”) 2l(T)7]_ _ 1 |: 2 n
" ary,y Bry + arp, Bryyy B d(T)ary,,omy, /2 (1)1 | Ql(T)n
2 2UT)—-1
So, using (6.4), we have
2l(T)_2 d(T)OéT{l}OZT{Z}
Or = UT)—1 _ | (O‘T{l}ﬁT{z} + ary, Bry,y — oU(T)—1 )
= (@) Bres, + O‘T{a}ﬁT{l})Ql(T)_2 — d(T)ar
2UT)-1 1 ’
as claimed.
Finally, if the root of 7" has r > 3 lower covers xy, ..., x, we can write (5.6) as

1
Ar(n) = 2Az(n—1) =2 A1, () Az (n = 1)
j=1

+ Y A (n—1)Agp.(n—1).

2<|L|<r—2

Terms in the first sum are of the form
(aT{j}nd(T{j}) "’ﬁT{j}nd(T{j})_I)QZ(T{J'})"
X (arg,e(n — 1) A7) 4 Briye(n — 1)4(Tepe)=1) QU Tzpe) (n=1)

d(T)
1 aT{j}aT{j}cn 2l(T)n

2l (Tjye) d(T)—1
- <O‘T{j}ﬁT{j}c + oz, Oy — d(T{J’}C)aT{j}aT{j}C> n

and terms in the second sum are of the form

(o, (n — 1)) 4 B, (n — 1)AT)—1)gHTe)(n=1)

% (a’TLc (n . 1)d(TLc) + ﬁTLc (n . 1)d(TLc)—1)2l(TLC)(n—1)

1

~ iy lomom,n™® + (am, Brye + arfr, — d(T)ar, g, 1] 210",
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since [(T') = U(T) + I(Tye) and d(T) = d(Ty) + d(Tye).

So, Ar(n) satisfies a recurrence relation of the form in Lemma 6.1 with

,
a=3" ATy Migye 3 1y ATy
i=1 2<|L|<r—2

T

5 _ Z aT{j}ﬁT{j}c + aT{j}cﬁT{j} - d(T{j}C>aT{j}aT{j}c
7j=1

2HTjpe)

n Z ar, Brye + o B, —d(T)ar, o,

UT) ’
2<|L|<r—2

d=d(T) and [ = I(T) > 1. So, by (6.2), the coefficient 37 of the term n“™)~1 in

the leading polynomial ¢; of Ar(n) is

T

Z ary, Brgye + argyeOryy — d(Tgye)arg oy,

j=1
9I(T)~1 - ar, Brye + oy P, — d(T)ar, or,.
_— 2UT)
2(T)-1 _ 1 2<|L|<r—2
d(T) — QT OT e QT 0Ty
S oUT)-1 _ ] Z ol(T(jyc) + Z 9U(T)
j=1 2<|L|<r—2

Therefore, using (6.4), we have

. (T y)—1
> j—i(ary,, Bryye + omyy Bryyy — d<T{j}”)O‘T{j}O‘T{j}C)2( )

ﬁT - (T)-1 _
N > ocinj<ralar, Brye +ary Br, — d(T)ar ar, )27 — d(T)ar
2T)-1 1 ?
as claimed. O

6.2 Typical embeddings of 1" into 1"

We have that, for T a tree with |T| > 1, Ap(n) ~ apnd@2iTM" for ar some
constant that can be found. Let us give an informal description of a “typical”
embedding of T" into T™, giving an alternative method of seeing at least the lower
bound Az(n) = Qn4™M2UT™) " For any tree T, call the elements counted by d(T)

lower bead elements of T'. So, a lower bead element of T is an element x such that
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D[z] is a chain, and z is not a leaf or the root. Call an element which has more
than one lower cover a branching element of T. Call the remaining elements of T
different from its leaves the upper bead elements of T. These are elements x which
have only one lower cover, but D[z] is not a chain. Therefore, upper bead elements
only occur on a chain above a branching element. Note that, depending on the tree

T, the root can be either a branching element or an upper bead element.

So, if T is a chain, then T" has a root and one leaf, joined by a chain of d(T") lower
bead elements. Otherwise, for I(T') > 1, the tree T has a root, the root and the
branching elements are joined by (possibly empty) chains of upper bead elements,
and some branching elements are joined by (possibly empty) chains of lower bead

elements (of which there are d(T")) to the I(T') leaves.

To see that Ar(n) = QndT2UTI")  first consider T a chain. We count the
embeddings that map the root of T" to 1,, and the leaf of T' to some leaf of T™. We
have 2"~! choices for where to map the leaf. Once we have fixed the leaf of 7™, this
defines a path from 1,, to the leaf of T™. This gives a choice of n — 2 elements of
T™ into which we can map the d(T") lower bead elements of 7. So, asymptotically
we have ©(n%™)) choices for where to map the d(7T") lower bead elements. Therefore
Ar(n) = Q(n4™2"), and since [(T) = 1 we have that Ap(n) = Q(n™2U1") for T

a chain.

For T not a chain, so there exist branching elements of T’ let ¢ be some embed-
ding which maps the root of T to 1,,, and maps the branching elements of T" to as
high a level of T as possible. Consider, for large n, the number of embeddings of T’
into T™ that agree with this fixed ¢ on the root, branching elements and upper bead
elements. Let us only consider those embeddings which map the leaves of T to the
leaves of T™. If a leaf y is joined to a branching element = by a chain of lower bead
elements, then note that ¢(z) is a fixed distance from the root of 7, so that ¢(x) is
in level n — k, of T", where k, is a constant independent of n. So, given ¢, the leaf y

can be mapped to 275271 Jeaves in T™. So, the total number of choices for all the
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leaves is asymptotically ©(217)"). (The over-counting due to the possibility that
two leaves that are below the same branching point are mapped to the same leaf
of T™ is negligible for large n.) It remains to choose where to map the lower bead
elements. However, in a similar way to the case where 7" is a chain, a lower bead
element on the chain between the branching point = and the leaf y must be mapped
to an element on the path between the images of x and y. Since x is mapped to level
n — k,, and y to a leaf, the path has n — k, — 2 elements, with k, independent of n.
Since there are d(T) lower bead elements, we have asymptotically ©(n®™)) choices
for where to map the lower bead elements. (Again, this is an over-count due to the
possibility that two lower bead elements that are below the same branching element
but above different leaves are mapped to the same element of T". However, this
is negligible because typically the lower bead elements will not be mapped within
O(1) of a branching element.) So, the number of embeddings that agree with ¢ is

asymptotically Q(ndT)2T)") "and we have Ap(n) = Q(n¥ 21" for T not a chain.

By Lemma 6.1 we also have the asymptotic behaviour of C'r(n), given in the

following corollary.

Corollary 6.3. For any tree T" with [(T') = 1 the number of embeddings of T into
T" is asymptotically

L ar d(T)+19n
Cr(n) ~ gy 1"

and if d(T) > 0 then

CT(TL) ~ (—d(j?;T+ 1nd(T)+1 + (d?;) + %) nd(T)) on.

For any tree with [(T') > 1 the number of embeddings of T into T™ is asymptoti-

cally

and if d(T) > 0 then

21D=1 d(T)a
Cr(n) ~ UT)-1T _ 1 (OéTnd(T) + (ﬁT — 3 <—)1 L 1> nd(T)l) ol M)n.
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Proof. We have that Ar(n) ~ apnd@2i0n and if d(T) > 0 then Ar(n) ~
(pn®®) 4 BrpdM-1)2UTIn Qo Cr(n) satisfies the recurrence relation (5.1) which is
of the form in Lemma 6.1. Applying Lemma 6.1 with o = ay and § = [ gives the

result. O

This tells us that for a tree T' not a chain, a typical embedding of T" into 7™ maps
the leaves of T' to the low levels of T, the branching points and upper bead elements
of T to the high levels of T, and the lower bead elements of T will be mapped to
elements spread roughly evenly along the paths in 7™ defined by the images of
branching elements and leaves of T, as explained earlier. There are ©(n4™)2!(T)n)

of these embeddings.

For T" a chain, a typical embedding maps the leaf of T to a low level of T™, and
the remaining elements of T" are mapped to elements spread roughly evenly on the
path from 1,, to image of the leaf in T™. Here the root is not necessarily mapped to
1,,, and the root can be thought of as a lower bead element, so there are d(7T) + 1

elements to position on this path. So, we get ©(n¥™)+127) of these embeddings.

6.3 Asymptotics of the ratio Ap(n)/Cr(n)

Ar, (n) . Ar, (n)
Br(m) = 1Ma—oo B0y

where Br(n) is the number of embeddings ¢ of T" into T™ with ¢(17) # ¢(1,), by

In [18], Kubicki, Lehel and Morayne proved that lim,_ .

showing that lim,, .., Ar(n)/Br(n) = 21~ — 1 (Proposition 2.3 in [18]). Here,

using Theorem 6.2 and Corollary 6.3 we have

. Ap(n) 21Dt
lim =
n—co Cr(n) 2UT)—1

which is equivalent to Proposition 2.3 in [18], since Br(n) = Cr(n) — Ap(n). This
tells us that for trees 74,7, with {(T}) < [(T») there exists some ng such that
Ar,(n)/Cr,(n) < Ar,(n)/Cr,(n) for all n > ny. Here, we show that there exist trees

Ty C Ty, with {(T}) = [(T3), with the inequality the other way round. That is, there
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is an ng such that Ar (n)/Cr,(n) > Arg,(n)/Cr,(n) for all n > ny. All such pairs

Ty, Ty are counterexamples to the conjecture, for all n > ny.

Theorem 6.4. For any tree T with [(T) > 1 and d(T") > 0, we have

n d(T) - )
oy 1= (1 50 G ) oy

n n2

where
y B d(T)
T = ar UT)-1 _1°

For any tree T with I(T') > 1 and d(T) = 0, we have

_ 1 -1
Cr(n) 1- UT)—1 +o(n™).

Ar(n)  d(T)+1 o(n-]
Cr(n)  n +o(n™).

(6.6)

(6.7)

(6.8)

(6.9)

Proof. Let T be a tree with [(7) > 1 and d(T) > 0. By (5.1) it is sufficient

to work with the ratio Cr(n — 1)/Cr(n).

Efg ¢j(n)2’™ and by Corollary 6.3 we have that

21 d ard(T) AT
)—1
@(n) ~ ST (aTn )+ <5T T a1 1) ! ) '

So,
Cr(n) = 2l(T)”aT(nd(T) + b=t 4 eppdM=2 4 O(nd(T)_Q))
where
s , _ Pr__d(T)
ar = 9UT)-1 _ 1aT’ T = Oé_T T oUT)-1 _ 1

By Theorem 5.1 we have that Cr(n) =

and cp is an unspecified constant. Note that this equation is true for d > 2, and
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can be made true for d = 1 by setting ¢y to 0. We have

Cr(n—1)  2M0Vap((n—1)"T) + byp(n—1)""" + ¢ (n—1)4172 + o(nd1)=2))

Cr(n) 21T )”aT(nd + bypnd(T)- 1+c ndM)=2 4 o(pd(M)-2))
1 (1 —1/n)4T 7( —1/n)dM-1 4 (1 — 1/n)4D)=2 4 o(n~2)
- oUT) 1+ bT/n + cT/n2 + o(n—z)
1 d(T) (d(QT)) br  bp(d(T)—1)  er L
BIG) (1_ Sttt s o)

and, using (5.1), we have

Ar(n) 1 (1_@ ) b_T+O(n_2)>

Cr(n) ~  2UD-1 n o nz

as required.

Now, suppose [(T) > 1 and d(T) = 0. So, Cr(n) = az2""" + Z q;j(n)27m.
That is, Cr(n) = ar2"M"(1 + O(g(n)2™")) for some polynomial g(n). So, it is

certainly true that Crp(n) = ar2!™"(1 + o(n™')) and

CT(H — 1) . 1
CT(TL) N 2l(T)(

1+o(n™"))
which by (5.1) gives the required result.

If [(T) = 1, then Ar(n) = 2"azr(n™ +o(n¥™)) and Cr(n) = 2" 72— (ndDH 4

AT+
o(n?™F1)). So,
Ar(n)  2%ap(n?® 4o(nd™))  d(T)+1
Cr(n) — 2038 (nAMH1 4 o(nd™1)) — (14 0(1)). .

Corollary 6.5. For any two trees Ty, T, if either
(i) UT}) > U(T3), or
(ZZ) Z(Tl) = l(TQ) and d(Tl) > d(Tg), or

(ZZZ) Z(T1> = l(TQ), d(TI) = d(TQ) >0 and OéTl/ﬂTl > OZTQ/ﬁTQ,
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then there exists an integer ng such that

ATl (n) ATz (n)
Cr(n) ~ Cry(n)

for all n > ny.

Proof. (i) If I(71) > [(T3) then we can just compare the limits of the ratios
Ar, (n)/Cr,(n) and Az, (n)/Cr,(n). By Theorem 6.4 (or from [18]) we have that

) T T e

Note that this also holds for trees 7" with [(7') = 1. Since the limit is increasing in

[(T) the result follows.

(i) If (Ty) = I(T) and d(Ty) > d(T3) there are two cases to consider. If

[(Ty) = I(T) = 1 then using equation (6.9) from Theorem 6.4 we have that

Ap(n)  d(Th) +1
Cr,(n) n Cry(n) n

and since d(T) > d(T5) there exists an ng such that Ar, (n)/Cr, (n) > Ar,(n)/Cr,(n)

for all n > ng.

If I(T}) = I(T%) > 1 then using equation (6.6) from Theorem 6.4, and considering

only terms up to n~! we have
Ap (n) 1 d(Ty) 1
Cr,(n) _1_W<1_ n oln™),
A, (n) 1 d(T3) 0
—1- 1 .
Cr,(n) 9U(T2)—1 ( n +o(n™)

This is also true for d(73) = 0 by equation (6.8). Since I(71) = I(T3) and d(T}) >

d(Ty) there exists an ng such that Ag, (n)/Cr,(n) > Ar,(n)/Cr,(n) for all n > ny.

(iii) If I(T7) = I(T3) and d(T1) = d(T3) > 0 and o, /B, > ar,/Br,, we first note
that {(7T}) cannot be equal to 1. (If {(T}) = I(T3) = 1 then d(T}) = d(T3) implies that
Ty and T are the same tree, the (d+2)-element chain.) So we have [(T}) = [(T3) > 1

and using equation (6.6), we see that Ap, (n)/Cr (n) and Ar,(n)/Cr,(n) differ only
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in the n=2 term and in terms of lower order. Therefore, it is enough to show that

br, < br,. But this follows immediately from the inequality ar, /81, > ag, /07, and

(6.7). 0

6.4 A family of counterexamples to

Conjecture 4.4 for arbitrarily large n

Corollary 6.5 provides a simple method for comparing the asymptotics of the ratios
Ar, (n)/Cr,(n) and Arg,(n)/Cr,(n). Firstly, we compare the number of leaves of the
two trees, the tree with more leaves being the tree with the asymptotically larger
ratio A/C. If the trees have the same number of leaves, then we compare the values
of d(Ty) and d(T3); the tree with the larger d has the asymptotically larger ratio
A/C. Both the number of leaves, {(T'), and d(T) are very easily obtained from the
Hasse diagram of the tree. If both of these are the same for the two trees, then
we need to compare the ratios ag, /87, and ag,/07,. The tree with the larger ratio
a/ 8 has the asymptotically larger ratio A/C'. This comparison involves rather more
calculation, using the algorithm provided by Theorem 6.2. These calculations can
be simplified if the two trees have a very similar structure, for example, as we will
see later, if the trees are identical except for the addition of one element to one of

the trees.

Corollary 6.5 also guides our search for more counterexamples to the conjecture
of Kubicki, Lehel and Morayne. The counterexample given in Section 5.2 has two
important properties, namely that [(T}) = [(T,) and d(T7) = d(T5,). That this is a
necessary condition for a pair of trees to be an asymptotic counterexample follows
from Corollary 6.5. Since we are only considering trees T} C T, we must have {(T}) <
[(Ty). But we are looking for trees Ti,T» where the ratio A/C' is asymptotically
larger for T} than for Ty, so we need to look at trees with I(T}) = I(Ty). If T} C Ty

and the trees have the same number of leaves we must have d(T}) < d(T3). (Each
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element counted by d(77) must also be counted by d(7T») otherwise Ty would have

more leaves than T7.) So, to find our counterexamples we need to look at trees with

d(Ty) = d(T3).

The following theorem gives an infinite family of pairs of trees which form coun-
terexamples. We do not claim, or believe, that this is the only way to construct
counterexamples. However, the construction is relatively simple, which makes the
calculations much more manageable. Also, there are many ternary tree pairs in this
family, including the counterexample given in Section 5.2, which shows that the

conjecture does not just fail for trees with high branching numbers.

Theorem 6.6. Let T' be a tree whose root x has three lower covers xq,xo,x3, and
let T" be formed from T by adding a new element y below x and above x5 and w3
(see Figure 6.1). If d(T) > 0 and d(Dly]) = 0, then there exists ny such that
Ar(n)/Cr(n) > Ap(n)/Cr(n) for alln > ny.

T T

T i) XT3 T i) XT3

Figure 6.1: General counterexample for d(T") > 0,d(D]y]) = 0

Proof. We have [(T') = [(T") and d(T") = d(T") > 0 so by Corollary 6.5 it is enough
to show that ap B > ap/Br. We use equations (6.4) and (6.5) to express these o and
[ in terms of some other ag and (g for common subtrees S of T and T”. As before,
for L C [3] write 17, for the subtree formed from 7" by removing the elements in D|x;]

for each j € L¢. Write T7,, for the subtree formed from 7" by removing elements in
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D[y] and write T, for the subtree formed by removing elements in D[x;]. We have
that Ty = 17, and T{s3y = Dly]. By the assumption that d(D[y]) = 0 we have
that d(T) = d(T") = d(T12y) = d(T,3y) = d(Ty), and we denote this common
value by d. We also have that d(T(sy) = d(Tysy) = d(T7,) = d(DJy]) = 0. For ease
of notation, we write [ for the common value [(T) = I(1"), write {; for [(Tf1}), li2
for [(T71,9y), etc., and we use a similar notation for o and . For example, writing

o for ary,, -

Using equation (6.5) to find 87 and (1, we have

By — 23012071 + (aafiz — dagans) 22 + (asfia — dasans)2B ! — dar
T — )

2-1 1
Oéy512l_2 — dOéT/
2-1_1

Br =
SO

1 aray 51277 — apr (as3B12" 7 + (B — dananz)22 1)

ar P —ar fr = o-1_7

— ap/(a3by — dasan)2#!
and using (6.4) to find ar and oz we have

04104232l171 + &2@132&71 -+ (1/3&1221371
T =

G ’
B ozlozyQZ 2
R
This gives
Qv r— Qg 21_1 -1 2
(arfr (;QHZT—Z( ) = (042041321271 + 043041221371) B
y
(agBi3 — dagay)2P !
+ (a3Brg — davzrg9)2B !
= 22" (e — a1 Bz + dajans)
+ 257 Yz (aeB — a1 B + dagags).
Finally, we have
610632l13_2 — dOélg 0410432113_2
Bz = and o3 =

2hs—1 _ | hs—1 _ |
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SO
liz—2 liz—2
a1381 — a1 13 + doga :M -« frap2 V" = daug + doja
1391 1913 13 = 5 0 1 T — 1013
dOélOé132ll3_1
S 2l

and similarly

dOélOé122l12_l
a1ef — 1010 + doyoyg = —————

2h2—1 ]
Therefore
. ay21’2 Io—1 dOleé132l13 la1 da1a122112*1
OéTﬁT/—OéT/ﬁT— m |:22 a2m+23 Og3m
. Oy (21_2)2 dOél Qo(V13 Q3012
- (21—1 _ 1)2 oliz—1 _ 1 olia—1 _ 1
_dap27? [ apong Q3019
Sl [ 2hsml 1 2l

and since ag > 0 for all trees S, we have arfBr — ap/Br > 0 as required. Il
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Chapter 7

Results for the complete p-ary tree

We can generalise the results of Chapters 5 and 6 to embeddings of trees into the
complete p-ary tree. The aim of this chapter is to show that a most accommodating
version of Conjecture 4.4 is still false, namely that even for embeddings into p-ary
trees with p > 2, there exists a pair of ternary trees 17,75 with T a subposet of T5

such that
AP () AP (n)

C(n) O (n)
for all n > ng, for some ny. This means that, even in this setting, the restriction on

Ty, T5 being binary cannot be removed.

We present some of the results in this chapter without proof, since they are the

exact analogues of the results for the particular case p = 2.

7.1 Recurrence relations for A (n) and C\'(n)

Let t1,...,1, be the p lower covers of the root of T}, and let T}; be the elements of

T} below or equal to #;, for i = 1...,p. The subtrees T}; are copies of T}?_l.

So, the recurrence relation corresponding to (5.1) is

O (n) — pCP (n — 1) = AP (n). (7.1)
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Let T be a tree and suppose its root 17 has r lower covers xy,...,x,. We are
now interested in the partition of {z1,...,x,} defined by which of the p subtrees
1, ..., T}, an element x; is mapped to. For L C [r] write Ag?L) ~(n) for the number
of embeddings of T}, into T} that map the root 1 of Ty, to 1,, and map x; into T
for each j € L. As for the complete binary tree, this number is the same as the

number of embeddings of Ty, into T} that map 17 to 1, and map z; into T}, for

each j€ L, for anyt=1,...,p.

Write (L4, ..., L,) F [r] to mean that the sets Ly,..., L, form a partition of [r],

so that J!_, L, = [r], Lin L; = 0 for all ¢ # j. We have

APy = > f[Ag’fL)i(n) (7.2)

Ly,...,Ly:
(L1, L)1)
corresponding to equation (5.2),

(

1 if L=10
AF ()= {0 (n—1) ifL={j} (7.3)

Ag?L) (n—1)  otherwise

\

for all i = 1,...,p, corresponding to equation (5.3), and
A(P) n
AR (n) = —T;( ) (7.4)

for L = {j}, corresponding to equation (5.4).

We have the following result for embeddings into T}, analogous to the complete

binary tree case.

Theorem 7.1. Let p be an integer with p > 2. For any tree T, the number of

embeddings of T into T}} is of the form

(1) |
CP(n) = g;(m)p’",
§=0

where each g; is a polynomial.
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For T the 1-element tree, the number of these embeddings that map the root of
T to 1,, Ag?) (n), is equal to 1. Otherwise, for T with |T'| > 1, the number is of the

form
uT)

AP (n) =3 g™,

where each q; s a polynomial.

To prove this, we again use some results on recurrence relations; here we need

the following generalisation of Lemma 5.2.

Lemma 7.2. Let p be an integer with p > 2, and suppose | is some fized positive

integer. Then the solution to the equation
1
Yn = PYn-1 = > Li(n)p", y1 =0, (7.5)
§=0

where each f; is a polynomial, is

where each g; is a polynomial. Furthermore, for j # 1, the polynomial g; is the

unique polynomial satisfying the identity

9;(n) = p'g;(n = 1) = f;(n),
and g1 satisfies the identity

91(n) = gi(n = 1) = fi(n),

where the constant term of g1 is given by

Proof. The proof method exactly follows that of Lemma 5.2, with 2 replaced
by p. O]
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Proof of Theorem 7.1. The proof follows the same method as for Theorem 5.1,
but with slight modifications because of the difference between equations (5.2) and

(7.2).

We include the case of T" being a 1-element set for completeness. In this case,
we see immediately that there are (p" —1)/(p — 1) embeddings of T" into 7}, which
is exactly the number of elements in 77'. Also, only one of these embeddings maps
the root of T" to 1,,. So, Ag?)(n) = 1 as claimed, and C’;p) (n)=@"—1)/(p—1) is of

the required form.

For |T'| > 2, we simultaneously prove that Ag? )(n) and C’j(ﬂp )(n) are of the required
form by induction on the size of 7. We shall make use of Lemma 7.2 to solve
recurrence relations for Ag?) (n) and Cép '(n). We use induction to show that the
recurrence is of the form of equation (7.5), and since we will only be considering

trees with |7 > 2 we have the initial conditions Ag?)(l) =0, C’;p)(l) =0 asin (7.5).

For |T'| = 2 the only tree is the 2-element chain, which has one leaf. Since the
root 17 has only one lower cover z;, say, we have r = 1 in (7.2). The only partitions
of the set [1] = {1} are those with L; = {1} for exactly one i, and L; = ) for all
J # i, a total of p different partitions. Using (7.3) with L; = {1} or L; = ), equation
(7.2) becomes

AP (n) = pCP (0 — 1).

(Compare this with the binary case, where p = 2.) We have shown earlier that

(p)
Clan)

required form, since {(T) = 1, qo(n) = —p/(p — 1) and ¢1(n) = 1/(p — 1). Using

(n) = (p" —1)/(p — 1). Therefore Ag?) (n) = (p" — p)/(p — 1) which is of the

(7.1) and Lemma 7.2 we have that

_(p-1n—p)+p
(p—1)

which is of the required form, since I(T) = 1, go(n) = p/(p — 1)? and g¢;(n) =

((p—Dn—-p)/(p— 1)~

Suppose the result is true for all 7" with |7 < k and let 7" be any tree with
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|T| = k. As before, there are two cases, depending on whether the root of T' has
exactly one lower cover. If the root has exactly one lower cover, x1, equation (7.2)

reduces, in a similar way to the base case, to
A(P)( ) = i) (n—1)
7 (n) =pCh,, (n .

Applying the inductive hypothesis to D[z1], a tree with I[(D]z4]) = I(T) leaves, gives
uT)
n) =Y gy,
=0
where g; are polynomials. Therefore,

I(T)

ngj (n—1)p"=Y Zq]

where ¢; are polynomials.

If the root of T" has r > 1 lower covers z1, ..., z,, then [r] has exactly p partitions
with L; = [r] for some ¢, and L; = () for all j # i. All other partitions have L; # [r]

foralli=1,...,p. So equation (7.2) becomes

P
APy =pAP -1+ > J[AR (),

or, equivalently,

AP () = pAP (-1 = 37 ﬁAé@(n» (7.6)

It remains to show that this equation is a recurrence relation of the form of equation

(7.5), as follows.

Each term A%)_(n) is either 1, Agf;)_ (n)/p for some L; a singleton, or A%) (n—1)

2

for some L; not a singleton. Since all trees Ty, have fewer elements than 7' (by
the condition that L; # [r]) we can apply our inductive hypothesis and we have

A%)i (n) = Z;(Ié) ¢j(n)p’™ for polynomials ¢;. This means each term A%)*(n) is

i
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either 1, or of the form Zéfé)rj(n)p]” for polynomials r;, for some L; # 0,[r].

Therefore each term appearing in the sum in equation (7.6) is of the form

P m; ) '

[1> £l

i=1 j;=0
for polynomials f;j), where ) . m; = [(T') and some m; can be 0. So the right hand
side of equation (7.6) is of the form Zéfg q;j(n)p™™ for polynomials ¢;. This means
we have the required recurrence relation for Ag? )(n) and applying Lemma 7.2 gives

the result for Ag,? ) (n). Finally, we use (7.1) and Lemma 7.2 which gives the result
for C’j(? ) (n). O

7.2 The leading terms of Ag@(n)

We now generalise the results of Chapter 6, giving the leading terms of Agf’) (n),
and therefore the asymptotics of A(Tp) (n)/ C}p )(n) We will require the following

generalisation of Lemma 6.1.

Lemma 7.3. The recurrence relation
!
Y — PYnr = Y _ fi(n)p"",
=0

where each f; is a polynomial, and the leading term of fi(n) is an?, has solution

(
«

d+1

nd+1pn Zfl =1

-1

p din
—an if 1 > 2.
P

Furthermore, if d > 0 and the leading two terms of f;(n) are an® + Bn®=t, then the

A | é [ WA R Y
(—d+1n +(d+2)n)p ifl=1

Yp ~ (7.8)

-1
p d ( dov ) dl) n
—lan*+ ({f———|n P if 1 > 2.
P -1 ( P11 0

solution is
4
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Theorem 7.4. The leading polynomial qyry(n) in the expression

(p) Z q]

has degree d(T'), where d(T') = |{z € T : x not the root or a leaf, D[x] a chain}|.

The coefficient a ofn () satisfies the following equations.

If T is the 2-element chain, then ozé?) =1/(p —1). Otherwise, if the root of T

has r lower covers, then

d?i[lgj;} T a chain, r=1
i
1 .
ag?) _ ]m T not a chain, r=1 (7.9)
> o Tt
(Ll,...iﬁk[r} i:Li A0
Li T
\ - r>1

where p = p>iltd=1TL)=D=L = Noreover, if d(T) > 0 the coefficient 5%’) of ndT)—1

satisfies the following equations.

If T is the 3-element chain, then ﬁé?) = (=2p+1)/(p — 1)%. Otherwise, if the

root of T' has r lower covers, then

pw AT a®
d(]f))[i]l_ ( ;aT T a chain, r=1
B — d(T)afp ! |
; T not a chain, r=1
D (T)—1 _ 1
By =
> o S0 TLot) - (ITo) ¥ acr
(L1, Lp)F[r] LjiL;#0 i:L; #0 i:L; #0 i Li|>1
Li#[r] i#]
pl(T)—l -1
r>1
d T)ozgg)
L pl(T)—l -1
(7.10)

where Bs = 0 for any subtree S C T with d(S) = 0.
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Proof. Here we prove only that the degree of gy is d(7) and that a&?) is as

claimed. The proof method is naturally very similar to the method used in the
proof of Theorem 6.2, which covers the case p = 2. The proof that ﬁ% ) is as claimed

1,.U(T)n

can be obtained by considering the coefficient of n™)~1p in the calculations

below, and using (7.8) when applying Lemma 7.3.

We proceed by induction on |T|. For |T'| = 2 we know that Ag?) (n) = (p" —
p)/(p—1) and for this tree d(T") = 0, I(T') = 1, so qr)(n) = 1/(p — 1) a polynomial
of degree 0, with leading coefficient equal to 1/(p — 1). That is, Osz) =1/(p—1) as

claimed.

Suppose the result is true for all 7" with |T'| < k and let T' be any tree with
|T'| = k. If T has one lower cover, xy, then A(Tp) (n) = ngD[)xl](n—l). By Theorem 7.1,

and our inductive hypothesis, we know that

A (»)

(p) d(Dlz I[(D[z1])n
o ) il f(Plern,

(n) ~ ap
If T is a chain, then {(T) = I(D[x]) = 1 and d(T) = d(D[z1]) + 1, so C}y) (n)

satisfies the recurrence (7.1), which is of the form in Lemma 7.3 with o = O‘%gxl}v

d = d(Dlz1]) and I = I(D[z1]). So, by (7.7)
(p) (»)
YDlay) dDlz )41 n _ YDles] (1) n
)~ D) 71" “am " !
So
(p) (p)

ap 1 n— Dix n
AP (0) = pCR (0 = 1) ~ pgepst (= )" = e = DO

Therefore g1y has degree d(T') and aT =« D )/ d(T), as claimed. If T"is not a
chain, then [(T') = l[(D]x;]) > 1 and d(T") = d(D[z1]), so again C’I(jp[) ,(n) satisfies a
recurrence of the form in Lemma 7.3 with a = ag’[) pd= d(T) and [ = [(T). So,

by (7.7), .
I(T)—1

p
Cg)[)a:ﬂ (n) ~

a(p) d(T), UT)n
plD-1 _ 1 D]

$1]n p
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So

(T)—1
p n—
AP () = pCjyy (0 = 1) ~ Pm=1_ 1O‘g€xﬂ(” - Anptey
(»)

aD[xl] (n . 1>d(T)

— I(T)n
P11 '

p

Therefore gy has degree d(T') and o) = O‘(ngxl} /(P71 — 1), as claimed.

If T has r > 1 lower covers, then Ag? ) (n) satisfies the recurrence

AP () —pAP (-1 = Y HA“’)

Li,..,Lp: =1
(L1,....Lp)F[r],
L;#[r]

Since A%) “(n) is equal to 1 when L; = ), the equation above becomes
AP —pAP -1 = 30 [T AR )
(L, Lp)[r], i:Li 0
Llf T
For L; # (, the term A%):(n) is either A%)i (n)/p or Ag’fgi(n — 1), depending on
whether L; is a singleton or not. By our inductive hypothesis the leading term of
Ag{?,( ) is aé?) nd L) plTLm 5o we have

H Aggl) H aTL TL n/p H aT (TLi)pl(TL )(n—1)

i:Li£0 it|Lil=1 it|Li|>1

=i 1=1 12, > (L) H aTL d(T (T)n
i:L; #0

S VT o) | e pteom

:L; 70

~p

where p = pXilnl=1UTL)=D=1 - Therefore Ag?) satisfies a recurrence of the form in

Lemma 7.3, with

= Z pz(ze)—1 H O‘%)i 7

(L1, L)1), 0L A0
Li#[r]
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d=d(T),1=1(T)> 1. So by (7.7),

I(T)—1

(p) p P ®) | . d(T), L(T)
Ap’(n) ~ P11 Z PO H A, (NP
(Lo Ly )F[1], i 70
> oIl o%
(L1yeees Lp)})—[r] i:L; #0
Li#lr d(T), I(T)
PO 1 e
Therefore gy has degree d(T") and agg ) is as claimed. O

Note that we can use equations (7.9) and (7.10) to explicitly calculate 04573 ) and
ﬁ(Tp ) for a particular tree T, and particular p, but the calculations would be ex-
tremely cumbersome. Even without expressions for 045? ) and ﬂé? ) we can see that
the dominant term accounts for most embeddings, as in the complete binary tree

case.

7.3 Typical embeddings 7 into T

As in section 6.2 we describe a “typical” embedding of T" into T}, which shows

that the leading term given in the previous section gives the lower bound Ag? )(n) =

QAT Ty,

If T is a chain, we can count the embeddings that map the root of T to 1,, and
the leaf of T" to some leaf of T'. We have p"~! choices for where to map the leaf.
Once we have fixed the leaf of 777, this defines a path from 1,, to the leaf of T}'. This
gives a choice of n — 2 elements of 7" into which we can map the d(T') lower bead
elements of T. So, asymptotically we have ©(n®™)) choices for where to map the
d(T) lower bead elements. Therefore Ag?)(n) = Q(n?™pn), and since I(T) = 1 we

have that Ap(n) = QndMpM) for T a chain.

For T not a chain, so there exist branching elements of T', let ¢ be some embed-

ding which maps the root of T' to 1,,, and maps the branching elements of T" to as
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high a level of 77" as possible. Consider, for large n, the number of embeddings of T
into 77" that agree with this fixed ¢ on the root, branching elements and upper bead
elements. Let us only consider those embeddings which map the leaves of T" to the
leaves of T7'. If a leaf y is joined to a branching element = by a chain of lower bead
elements, then note that ¢(r) is a fixed distance from the root of T, so that ¢(x) is
in level n—k, of T, where k, is a constant independent of n. So, given ¢, the leaf y

can be mapped to p~*=

p"~ ! leaves in 1. So, the total number of choices for all the
leaves is asymptotically ©(p"™)"). (The over-counting due to the possibility that
two leaves that are below the same branching point are mapped to the same leaf
of T} is negligible for large n.) It remains to choose where to map the lower bead
elements. However, in a similar way to the case where T is a chain, a lower bead
element on the chain between the branching point x and the leaf y must be mapped
to an element on the path between the images of x and y. Since x is mapped to level
n — k., and y to a leaf, the path has n — k, — 2 elements, with k, independent of n.
Since there are d(T) lower bead elements, we have asymptotically ©(n%™)) choices
for where to map the lower bead elements. (Again, this is an over-count due to the
possibility that two lower bead elements that are below the same branching element
but above different leaves are mapped to the same element of 7'. However, this
is negligible because typically the lower bead elements will not be mapped within
O(1) of a branching element.) So, the number of embeddings that agree with ¢
is asymptotically Q(n?™p"™™) and we have Ag‘? )(n) = Q(ndMp!™Mm) for T not a

chain.

By Lemma 7.3 we also have the asymptotic behaviour of C’;p ) (n), given in the

following corollary.

Corollary 7.5. For any tree T with [(T) = 1 the number of embeddings of T into

T s asymptotically

(p) 0‘% d(T)+1
C ~— K
7 () d(T) + 1n p
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and if d(T) > 0 then
(p) (p) (p)
(p) N Qr d(T)+1 T Qr a1\ n
Cr(n) <d(T)+1" * (d(T)+ 2 )” )p'

For any tree with [(T') > 1 the number of embeddings of T into T)} is asymptoti-

cally
(T)—1

p n
CP(n) ~ g o

and if d(T') > 0 then

(r)-1 A(T)a
(p) p (p), d(T) (») (T)ar d(T)-1 | UT)n

This tells us that for a tree 7' not a chain, a typical embedding of 7" into T} maps
the leaves of T" to the low levels of 77", the branching points and upper bead elements
of T' to the high levels of 77, and the lower bead elements of 7" will be mapped to
elements spread roughly evenly along the paths in 77 defined by the images of
branching elements and leaves of T', as explained earlier. There are @(nd(T)pl(T)”)

of these embeddings.

For T" a chain, a typical embedding maps the leaf of T" to a low level of T}, and
the remaining elements of T" are mapped to elements spread roughly evenly on the
path from 1,, to image of the leaf in T™. Here the root is not necessarily mapped to
1,,, and the root can be thought of as a lower bead element, so there are d(7) + 1

elements to position on this path. So, we get ©(n“™*1p") of these embeddings.

7.4 Asymptotics of Ag,@(n)/C}p)(n)

We have the following extension to a result of Kubicki, Lehel, and Morayne, which
follows immediately from the asymptotic expressions for Ag? ) (n) and C’;p )(n) given

by Theorem 7.4 and Corollary 7.5.

Proposition 7.6.
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This provides the following extension to the asymptotic inequality of Kubicki,

Lehel and Morayne.

Corollary 7.7. For anyn and p and any trees Ty, Ty such that T, contains a subposet
1somorphic to Ty, we have

APm) AP (n)
Jm e S m e
CT1 (n) CT2 (n)

(7.11)

Proof. This follows immediately from Proposition 7.6, since we have I(T}) < [(T5).

]

We have the following asymptotic behaviour of Ag? ) (n)/ C’&p ) (n), similar to the

result for the binary complete tree.

Theorem 7.8. For any tree T with [(T) > 1 and d(T') > 0, we have

(p) d(T) (p)
Ap(n) 1 (1_@+M+W>+o(n—2) (7.12)

P (n) P n n2 2
where
(p) d(T)
pP) — P _ . 7.13
T o PO (7.13)

For any tree T with I(T') > 1 and d(T) = 0, we have

Ag,?) (n) 1 .
=1————+o(n ). 7.14
C;p) (n) pl™-1 (™) (7:14)

AP(n) d(T) +1 I
oD (n) == 7 o(n™ ). (7.15)
]

Corollary 7.9. For any two trees Ty, Ty, if either
(i) U(T1) > U(T3), or

(i) (Ty) = I(T3) and d(T)) > d(T3), or

(i) (Th) = (T»), d(T1) = d(13) > 0 and ag,?l)/ﬁg) > a%)/ﬁg),
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then there exists an integer ng such that
AR ) AR ()
Cf(n) O ()

for all n > ny. O

This implies that to find examples of trees 17, T, with T, containing a subposet
isomorphic to T} and satisfying
Af)(n) _ AR ()
C(n) O ()

for all n greater than some ngy, we need only consider pairs with {(T}) = I(T5),

d(Ty) = d(Ty) > 0 and o) /B¥) > o /6.

We finish this chapter by showing that the pair of trees 7,75 in Figure 5.1 on
page 106 are an example of such a pair. The following calculations are very similar to
those in the proof of Theorem 6.6, but using the more complicated expressions (7.9)
and (7.10) for agf’ ) and Bg? ), Indeed, it would be possible to generalise Theorem 6.6
to give a whole family of examples, however the calculations would be rather more

involved.

Theorem 7.10. Let T1,T5 be trees as depicted in Figure 5.1. There exists some ng

such that

for all n > ny.

Proof. Note that {(T}) = I(T3) = 3 and d(T1) = d(T3) = 1. So, by Corollary 7.9, it

is enough to show that
(p) (p)

ap
— > —.
o o)

As in the proof of Theorem 6.6, we will calculate a% ) ﬁ% ) _ 04% ) 6% ) and show that

it is positive.

Let the lower covers of the root of T7 be x1, x5, x3 and let y be the extra element

of Ty, so that Ty = Ty \ {y}. For each tree T = Ty, T5, we write ozgf)) and 67(?) in
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Tty Ty =Ty Thoy=Tng Tt Tty

Figure 7.1: Subtrees of 77 and T3

terms of ozgp) and ﬂép ) for the subtrees S defined in Figure 7.1. For ease of notation,

we write P for a%)l}, al? for ol

imi (p)
t12y7 €€ and similarly for 5¢”.

Also, note that d(Ty,,) = d(T(2,3y) = d(Tt2y) = d(Tt33) = 0 and therefore ﬁgsp) =

(7 _ (p ) = §p ) = 0, which will simplify the calculations.

23 =
Using (7.10), we have
g 2=l 8P + g5 oy — afalf) + B — ooty o)
T = 2 _ T:
P ! ( )51 aé”)ag p 1
p(p — a al
s _ D) o)
SO

p—1 pﬁ p)aT - (5§ ?) 23 + 6%?042 - agp)agg))a%)

® (p) () _
6 Qar, ﬁ T p2 -1

(512 a O‘z(%p)O‘gg) + (p — 2)5( )a( )Oég ))O‘(TQ)
and using (7.9), we have

p—1
() _ 1[ (») . (p) (»)  (p) (»)  (p) (p—2)a(p) (p) (p)},

i) _pg_ o 0423 +a2 Q13 +O‘3 0412 + 1 0‘2 O3
w _ plp—Daf”ay”
OéT2 —

p?—1
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This gives,
(o) 5 — o) B)) " — 1)?
L e = 67 (P al) + ool + P )
oy p(p—1)

+ 800~ 2)afPafff

(ﬂlp)%?, + 513 a2 - O‘é )04%))

~alf (B~ alfalf + (p~2)aal)

(p)( (p) . (p)

_ af )02

0‘13 _Oﬁ 513 +O‘1 O3
+alf (BP0l — o 80 + aP )

Finally, we have

1 (» (® _  (p)
g — (p—Db"as” —ay5 al?) = oW
p—1
SO
(») () (p)
p— 13" a3’ —«
§p)04§3 (p)513 +aff a(lg) =By a?’)as) agp)( ! ;— i =+ O‘(lp)ags)

p

- 2ol

and similarly

BB _ (P50 | o@)a® _ = p ol

Therefore

(») 2
oy 'plp—1)° p
o) = HOD P ((00fal) 1 aPoal)

® (), 2
ay o pS(p—1) (p)  (p) (») (p)
= Qs e + Qs o
(2 —1)? (o oy 3 Qo)

p
2 ool + alfal?)

NQFI

®)

which is positive, since ay.’ is positive for all 7T'. Il

Note that the above expression for a% ) ﬁ% ) Oz% ) ﬁ% ), with p = 2, corresponds
exactly with the expression for ag, Or, — ap,Or, found at the end of the proof of
Theorem 6.6, for the specific trees T = T7 and 7" = T5. In fact, the calculations
throughout the two proofs are very similar; the main difference is that for p > 2,

the set [3] can be partitioned into three sets {1} U{2} U {3}, which is not possible if
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p = 2. These partitions account for the terms with the prefactor of (p — 2) (which

vanish for p = 2), and we note that these terms apparently cancel when calculating
o) ol
As mentioned earlier, this hints at a possible generalisation to Theorem 6.6 which

would give a family of pairs of trees " C T" with

AP (n) _ AF)(n)
CP(n) ~ O (n)

for sufficiently large n. However, more important than finding many of these pairs is
the fact that there is at least one such pair of trees that are ternary. Theorem 7.10
tells us that if we want to generalise Theorem 4.1 of Kubicki, Lehel, and Morayne,
to embeddings of trees into the complete p-ary tree, we must keep the condition on
the trees being binary. For example, we do not have, as might at first be hoped, that
the result is true for embeddings of p-ary trees into the complete p-ary tree (nor even
for embeddings of ternary trees into the complete p-ary tree). In the next chapter
we show that the result s true for embeddings of binary trees into the complete

p-ary tree.
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Chapter 8

Generalisations of Theorem 4.1

We have shown that Theorem 4.1, of Kubicki, Lehel and Morayne, stating that

Ar(n) _ Ap(n)
Cry(n) = Cry(n)

for binary trees T}, T such that T5 contains a subposet isomorphic to T}, does not
extend to arbitrary trees 77 C T,. Here, we look at generalisations of the result
in other directions, for example by looking at embeddings of binary trees into the
complete p-ary tree, for any p > 2. We will also generalise the result to order-

preserving maps of arbitrary trees into the complete p-ary tree.

As explained in the previous chapter, we cannot generalise Theorem 4.1 to em-
beddings of arbitrary trees into the complete p-ary tree. In this regard, we have the
best possible result, that Theorem 4.1 generalises to embeddings of binary trees into

the complete p-ary tree.

8.1 Embeddings of binary trees into the complete

p-ary tree

Recall that 7' is the complete p-ary tree of height n, with root 1,, and we write
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Agf’)(n) for the number of embeddings of 7" into T} that map the root 17 of T to 1,
and C:(pp ) (n) for the total number of embeddings of T" into T)}. We prove the result

that

A (n) _ AR (n)

C)(n) ~ CF) (n)
for binary trees Ti,T5 such that T, contains a subposet isomorphic to T;. We
do so by defining an appropriate distributive lattice and then applying the FKG-
inequality. The FKG-inequality is a powerful corollary of the Four Functions The-
orem by Ahlswede and Daykin. See, for example, [3] for a background to the FKG-

inequality and examples of its use in probabilistic combinatorics. We state a form

of the inequality that we will use repeatedly.

Theorem 8.1 (Fortuin, Kasteleyn, Ginibre (1971)). If (F, <) is a finite distributive
lattice and if o, B are both increasing (or both decreasing) non-negative functions on

F and p is a non-negative function on F such that pu(f)u(g) < p(f vV g)u(f Ag) for
all f,g € F, then

ST ulHalh) D uHBU) <3 u() D ulfalH)Bf) (8.1)

fer fer fer fer

A function p on a lattice F is said to be log-supermodular if

u(fp(g) < p(fVau(fAng) forall figeF. (8.2)

The power of this result means the inequality A% )(n) / C’%’ ) (n) < A% ) (n)/ C;’; ) (n)
can be viewed as just one of many correlation inequalities for embeddings of binary
trees into complete trees. We define an appropriate distributive lattice F and log-
supermodular function p so that >, - u(f) equals the number of embeddings into
T3. Then we have the FKG-inequality (8.1) for any pair of increasing functions «;, 3.
As we will see, the definition of the lattice F means that the indicator functions
of events like “the root of T" is mapped to 1,” or “element x € T is mapped to a
high level of T will be increasing on F. The FKG-inequality then tells us that
events like this are positively correlated, i.e., the probability that one event occurs

increases if we condition on the other event occurring.
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We only need consider the case where T and 75 differ by one element, since we
can reduce to this case by the following lemmas. Lemma 8.2 is obvious, and the

proof of Lemma 8.3 can be found in [17].

Lemma 8.2. Given a binary tree, the following types of operation produce another

binary tree with one element fewer.
(a) Removing a leaf,

(b) Removing the lower cover of an element that has exactly one lower cover. [

Note that if an element has exactly one lower cover and the lower cover is also a
leaf, removing this leaf can be considered as an operation of both types. Also, note
that we can think of operation (b) as contracting the edge between the element and

its lower cover, that is, identifying them in the new tree.

Lemma 8.3. If T} and T, are binary trees and Ty contains a subposet isomorphic
to Ty, then there is a sequence of operations of type (a) and (b) leading from Ty to

an isomorphic copy of T1 through binary trees. [

Theorem 8.4. If T\ and T are binary trees such that Ty contains a subposet iso-

morphic to Ty, then
AR (n) _ AP ()

<
CP(n) ~ O (n)

(8.3)

Proof. From Lemma 8.3 it is enough to show (8.3) for the particular cases where T}
is isomorphic to the subposet produced from 75 by exactly one operation of either
type (a) or (b). Let m be the element removed from 75, and for ease of notation we

identify 77 with the subposet T3 \ {m}.

Firstly, we define a distributive lattice. Write [n] for the chain on the n-element
set {1,2,...,n} with the natural ordering. For any binary tree T', write Fr =
F(n;T) for the lattice of strict order-preserving maps from 7' to [n]. So f € Fr

is a function from 7" to [n] such that x > y in T" implies f(z) > f(y) in [n]. The
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ordering on Fr is f > g if and only if f(x) > g(z) for all x € T. The join, f V g, is
the pointwise maximum of f and g, and the meet, f A g, is the pointwise minimum
of f and g. It is relatively simple to check that Fr is a distributive lattice. The

easiest way to see this is to note that it is a sublattice of the distributive lattice

)",

We call a function in Fr a level function. If we have an embedding ¢ of T" into
17, we can construct a function f by setting f(z) equal to the level of ¢(z) in T}'.
Since ¢ is an embedding, x > y in T implies that the level of ¢(z) is greater than
the level of ¢(y), and so f(x) > f(y). Therefore, f is a level function and we say
that ¢ corresponds to f. In fact, we can do this for any strict order-preserving
map ¢ from T to T}7. For each level function f € Fr we can count the number of

embeddings from 7' to T} that correspond to f. This defines a function p from Fr

to Ryt u(f) = pr(f)ue(f) where uy, o are defined as

pi(f) = pn—f(lT) H pf(x)—f(y)7

x>y, an edge in T'

p(f) = [[ @ —preteiGi-fw),

yeT,
y has 2 lower
covers, z1, 22

Here, 11(f) counts the number of strict order-preserving maps from 7' to T that
correspond to the level function f. However, a strict order-preserving map from
T to T} need not be an embedding of 7" into T)'. The term uy(f) is exactly the
fraction of those strict order-preserving maps from T' to 77" corresponding to the
level function f that are also embeddings of 7" into 7. To see that y;(f) and po(f)
are as claimed, suppose we are constructing a strict order-preserving map ¢ that
corresponds to f, by choosing the element ¢(x) from level f(z), for each = from the
root, 1p, downwards. We have p"~f(17) choices for ¢(17), and then for each edge
x > y in T, once we have chosen ¢(z) we have p/®=f®) choices for ¢(y). This
gives a total of py(f) strict order-preserving maps. Since we have ¢(x) > ¢(y) for
all z > y in T, the map ¢ is an embedding if ¢(z;) and ¢(z3) are incomparable

for all elements zy, zo with a common upper cover in 7. Let y be some element
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of T" which has two lower covers 21, 2o and, without loss of generality, suppose that
f(z1) > f(z2). When constructing ¢, once we have chosen ¢(y) and ¢(z;) (elements
in the levels f(y) and f(z2) respectively), there are p/®@=/(21) choices for ¢(z).
One of these choices (the element on the path between ¢(y) and ¢(z9)) will give
¢(21) > ¢(22) in T}, meaning that ¢ is not an embedding. The other choices mean
¢(z1) and ¢(zy) are incomparable as required for ¢ to be an embedding. Because
of the regularity of 7', these numbers are independent of the choice of ¢(22), so
the fraction of choices which allow ¢ to be an embedding is 1 — p~ @ =/(z1)) Qo
taking the product over all such y gives the expression us(f) as the fraction of strict

order-preserving maps (corresponding to f) that are also embeddings.

Claim 8.1. u is log-supermodular on Fr.

Proof of Claim 8.1. Since

(fAg) () + (fV g)(x) = min(f(2), g(x)) + max(f(x), g(x)) = f(z) + g(x)

for all x € T, we have that u1(f)ui(g) = w(f AN g (f V g). So, it is enough
to prove (8.2) for us. For each y € T with two lower covers, z1, z9, write o(f) =
max(f(z1), f(z2)) — f(y). Since s is a product of terms indexed by such y, it is

sufficient to prove that
(1 _po*(f)>(1 —p°W) < (1 —p7UNDY (1 — pa(va)) (8.4)
for all y € T" with two lower covers.

Without loss of generality, we can assume that f(z1) > f(z2),9(21), g(22). So

o(f N g) = max{min(f(z1),g(z1)), min(f(22), 9(z2))} — min{f(y), g(y)}
= max{g(z1), min(f(22), 9(22))} — min{f(y), 9(y)}
and
o(fVg) = max{max(f(z1),g(z)), max(f(2), 9(2))} — max{f(y), 9(y)}
= f(z1) —max{f(y), 9(y)}
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which gives

a(fNg)+o(fVg)=max{g(z), min(f(22),9(22))} + f(21) — f(¥) — 9(v)
< max{g(z1),9(22)} + f(21) — f(y) — 9(y)
=o(f) +o(g)

(with equality unless both g(z1) < g¢(22) and f(z2) < g¢(22)). Moreover, since

o(fVg)=f(z)—max{f(y),9(y)}, if f(y) = g(y) then o(fV g) = o(f) and so
o(fAg) < o(g) and then (8.4) follows. Otherwise, f(y) < g(y). Set s = g(y)— f(y) >
0. Then o(f Vv g) = f(z1) — g(y) = o(f) — s and o(f A g) < o(g) + 5. Also,
o(g) + s =max{g(z1), g(22)} — g(y) + s < f(21) — f(y) = o(f)- So,

(1- p”(ng))(l _ pa(f\/g)) > (1 - pa(g)+8)<1 _ po(f)fS)

= 1 —_ po—(g)+5 . po—(f)_s _I_ pa(f)+a(g)
>1—p°W — polf) 4 polf)teolo)
= (1—p")(1 —p7),

where the second inequality holds since the function x : x +— p* is convex for all

r€R, and o(g9) < o(g) +s,0(f) — s < o(f) with s > 0. O

So, we have that pu is log-supermodular on Fr, and therefore the restriction g/’

of p to any sublattice ' of Fr is log-supermodular on F'.

We have that the number of embeddings of 7" into T is > ,cr p(f). Also,
we can split a tree T" at any point and perform similar sums on the two subtrees,
as follows. Recall that for z € T, the set D[z| is the down-set of x in T". Write
D(x) for the set D[x] \ {z} of elements below x in T. Let z be an element of
T and define subtrees S = T\ D(x) and Sy = D[z| and consider two lattices
Fik) ={f € F(n;S) : f(z) =k} and Fo(k) = {f € F(k;S2) : f(z) = k}, where
1 <k <n. Then )z ) n(f) is the number of embeddings of Sy into T}}' that map
z to an element of T in level k, and Zfef2(k) w(f) is the number of embeddings of
Sy into T that map  to the root (the only element in level k of T)}). Consider any

pair of embeddings (¢1, ¢2) where ¢, is an embedding of S; into T that maps x to
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an element in level k, and ¢ is an embedding of S5 into Tsz that maps z to the root
of T;. We can construct an embedding ¢ of T" into T} as follows. For any point
y € Sy, define ¢(y) to be ¢1(y). So, the point x € S; is mapped to ¢(x) = ¢1(x), an
element in level k. So, ¢; specifies a unique copy of T’~C in 7', namely the down-set
of ¢1(z) in T}'. So, for elements y € Sy define ¢(y) to be the element corresponding
to ¢2(y) in this copy of Tf . Since the only element in S; NSy is  and ¢o(x) is by
definition the root of T 157 we have a well defined function ¢ and this is certainly an
embedding of 7" into T}* that maps x to an element in level k. Since any embedding
of T"into T} that maps x to an element in level £ can be split into two embeddings
by reversing this process, we have that the number of embeddings of 7" into T}}" that
map z to an element in level kis 3 rc 7, ) 11(f) 2o ge 7, (1) £(9) and therefore the total

number of embeddings of T" into T™ is

Z doulh) D ulg) (8.5)

k=1 feFi(k) geFa(k)

Note that this holds for any element x in 7.

Recall that m is the point removed from T, to obtain T;. Let [ be the upper
cover of m in Ty. Write T; for the subtree T} \ D(l), and T}, for D[l] as a subtree of
Ti. Note that we have split T} into two trees T; and T} as explained earlier. Write
Ty+ for the tree DJl] as a subtree of Ty, so that T,+ = T, U{m}. Therefore, we have
split T into two trees T; and Ty+. So, T; is common to both trees 11,7, and Ty
and T,+ differ by only one element. Furthermore, since we have that T} is obtained
from Ty either by (a) removing a leaf, or (b) removing the lower cover of an element
with exactly one lower cover, we know that either (a) T,+ has the extra element m
as a leaf, directly below the root [ of T+, or (b) T,+ has the extra element m as

the only lower cover of . (See Figure 8.1.)

Let us look at the sublattice F' of F(n;T;) defined by F' = {f € F(n;13) :
f(l) =kor f(l) = k+ 1}, for 1 <k < n. We have u defined on F as described
earlier, and p is log-supermodular. Define a(f) = I{f(11,) = n} as the indicator

function of the event f(17,) = n and define 3(f) = I{f(l) = k+ 1} as the indicator
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(a) m is a leaf (b) m is the only lower

cover of [

Figure 8.1: The two cases for T+

of the event f(I) = k+ 1. Both o and 3 are increasing functions, since the sets

{f:f(dy) =n}and {f : f(I) = k+ 1} are both up-sets of F".

For k = 1,...,n, let a; be the number of embeddings of T} into T} that map I
to an element in level £, and let by be the number of embeddings of T} into T} that

map [ to an element in level £ and map the root 17, to the root 1,,. Then,

> nlfalf) = b+ be, S ulf) = ax + ai,
fer’ feF

> ulB) = axsa, > ulf)a(HB) = brsa,

feF’ feF

and applying Theorem 8.1 to F', u, o, 3 gives (b + bry1)ars1 < (ag + ags1)bgr1 or

by < bit1

ar ~— Opy1

forall k£, 1 < k < n.

Now let us look at the trees T, and T,+. Let ¢, be the number of embeddings of
T, into Tlf that map [ to 1, and let dy be the number of embeddings of T+ into Tlf

that map [ to 1, for k = 1,...,n. First consider case (a), where m is a leaf of T;+.

Each embedding of T,+ with [ mapped to 1; can be thought of as an extension

of an embedding of T;, with [ mapped to 1,. To extend an embedding of T, with
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[ mapped to 1; to an embedding of T+ with [ mapped to 1; we just need to
decide where in T]f to map m, being careful to make sure that the chosen element
is incomparable with the image of the other lower cover of [. When this other lower
cover is mapped to level k£ — 1 of Tlﬂ“, there are p*~! — 1 choices for m, and if it is
mapped to any lower level, then there are more choices for m. Since the total number
of elements below 1 is equal to (p* — p)/(p — 1), we have that every embedding of

T, with [ mapped to 1; can be extended to at least p*~!

— 1 distinct embeddings of
T,+ with [ mapped to 1, but to at most (p* — p)/(p — 1) distinct embeddings of

Ty+ with [ mapped to 1;. Since p > 2, we have

i pk—p<pk_1< i1

Ck p—1 Ck+1

We now show that dy /¢, < dgy1/ck11 also holds in case (b), again using Theorem
8.1. Let F” be the sublattice of F(k + 1;T}) defined as F" = {f € F(k + 1;T}) :
f(l) =kor f(I) = k+ 1}, for 1 < k < n. Take p defined on this sublattice as
before, so that u is log-supermodular. Define a(f) = I{f(l) = k + 1} and define
B(f) = (pfmin —p)/(p—1), where f,;, = minger, f(x). We have that « is increasing
on F”, and f,.;, is increasing on F” therefore (3 is also increasing on F”. Before

applying Theorem 8.1 we show what each of the terms in (8.1) is.

There are p elements in level £ of T}f“ whose down-set is a copy of T}f, SO
each of the ¢, embeddings of T} into Tlf that map [ to 1, corresponds to p distinct
embeddings of T}, into T]f“ that map [ to an element in level k. Therefore the sum
> feFn p(f), which counts embeddings of T} into T’ Iﬂ““ that map [ to an element in
level k or k + 1, equals pey, + 1. The sum 3~z pu(f)a(f) equals cgpy1. The sum
> pern (f)B(f) counts the number of embeddings of 7y+ into TH*" that map [ to
an element in level k or k + 1. To see this, fix f in F” and let ¢ be an embedding
of Ty into T:“ that corresponds to f. By definition the lowest level mapped to by
@ 1S finin, SO ¢ maps the elements of Ty to elements of T Iﬁ““ between levels f,,;, and

be(l)_fmln‘f'l

f(1) inclusive. In fact, it maps T} into a copy of defined as the elements

in the down-set of ¢(l) that are in levels f;, to f(I) of T*™ inclusive. Call this
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copy Ty. We can construct an embedding ¢ of T+ into Tf*l as follows. Choose
some integer i between 1 and f,,;, — 1; this is the number of levels by which we will
“push down” the embedding ¢ so as to “fit in” the element m. (So, if f,.;;, = 1 this
construction does not yield an embedding of T,+, which agrees with u(f)3(f) =0
for fiin = 1.) Define ¥(I) to be ¢(I) and define 1)(m) to be any element in level
f(1) —i that is below ¢ (l). Once this choice is made v is then determined. Consider
the copy of Tg D~ that is the down-set of 1(m). By the choice of i, this has at least
as many levels as T, so just considering the top f(I) — fin + 1 levels, we have a
copy of Ty. Then, for all € T)+ with x # [, m, define ¢(z) to be the element
in this copy of T that corresponds to the element ¢(z) in the original Ty. Since
for each ¢ we have a choice of p’ elements for ¢(m), the total number of distinct

embeddings this construction yields for a particular ¢ that corresponds to f is

fmzn

fmin _
Zp =580

Since there are p(f) distinct embeddings that correspond to f, this construction
yields > cpn p(f)B(f) distinet embeddings of Ty+ into TH! that map [ to an

element in level k£ or k + 1.

Since each embedding of T+ into Tlf“ that maps [ to level £ or £+ 1 can be
converted to an embedding of T}, into T;H that maps [ to level k or k+1 by reversing
the above construction, we have that the total number of embeddings of 7,4+ into
T)+! that map [ to an element in level k or k + 1 is exactly Y .z u(f)B(f)-
Therefore, > czn pn(f)B(f) = pdi + dprr and 3 - zn p(f)a(f)B(f) = dpta. So,
applying Theorem 8.1 gives ¢x.1(pdy + dy1) < (pck + cx11)dr+1 which is equivalent

to the inequality dy/ck < dpy1/Cre1-

So, we have two increasing sequences (by/ax) and (dy/cx) for k = 1,...,n. We
need to apply Theorem 8.1 once more to a very simple lattice, namely the n-element
chain, [n]. A chain is obviously a distributive lattice, and moreover any function
p is log-supermodular, since {k,k'} = {k A K,k V K'} for all k, k" € [n]. Define
(k) = agcy, define a(k) = by/ax, and define G(k) = di/ck. Then « and [ are
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increasing on [n], and applying Theorem 8.1 gives

k=1 k=1 k=1 k=1

Note that this inequality is the weighted version of the elementary inequality known

as Chebyshev’s Sum Inequality (see, for example, [16, Theorem 43]).

But »,_, axcy is the total number of embeddings of 7} into T, as we split T}
into T; and Ty. Similarly, 22:1 ardy, is the total number of embeddings of T5 into
T, as we split T3 into T; and T,+. Since by only counts those embeddings counted
by a; that also map the root of T; to 1,, we have that 22:1 brc, 1s the number
of embeddings of T} into T that map the root of Ty to 1,, and Y ,_, brdy, is the

number of embeddings of T, into T} that map the root of T5 to 1,,.

Therefore equation (8.6) becomes
AF) (MO (n) < CF (WAL (n)
as required. O

Note that the proof is similar in its approach to the original proof by Kubicki,
Lehel and Morayne; however in the set-up where we can apply the FKG-inequality
we can view this result as one of many possible correlation inequalities on the lattice
F(n;T), for T some binary tree. Informally, in the proof of Theorem 8.4 we first
show that the events “the root of 7} is mapped to a high level of T'” and “the
element [ is mapped to a high level of T'” are positively correlated on the lattice
F(n;Ti). We then show that in the lattice F(k;T}) having “I mapped to a high
level of Tf” means “the number of ways to embed an extra element” increases. We
combine these correlations to show that if the root of T} is embedded “higher up”

in 17, then there are more embeddings of an extra element into 77

We can use the lattice F(n;7T) and the function p and other pairs of increasing
functions on F, to find other correlation inequalities. For example, we have the

following result, which informally says that for any binary tree T and any two
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elements z,y in T, the events “z is mapped to a high level of 7' and “y is mapped

to a high level of T)'” are positively correlated.

Theorem 8.5. For any binary tree T', and any elements x,y € T, and for any k

and | with 1 < k,l <n, we have

E(k+1,1)
E(k,I)

Ek+1,1+1)
E(k,1+1)

<

where E(i,j) is the number of embeddings of T into T that map x into level i, and

y into level j.

Proof. Consider the sublattice ' of F(n;T') defined by ' = {f € F(n;T) :
flz) =k,k+1and f(y) =1,1+1}. We take u to be our log-supermodular function

as described above, so that ) . u(f) is exactly
Ek )+ Ek+1L)+EkI+1)+Ek+1,1+1).

Define a(f) = I{f(z) = k+1} as the indicator of the event f(x) = k+1, and define
B(f) = I{f(y) =l + 1} as the indicator of the event f(y) =1+ 1. Both a and 3

are increasing on F’ and so we can apply Theorem 8.1. This gives the inequality

Bk +1,0)+ B(k + 1,1+ D] [E(k, 1 + 1) + E(k + 1,1 + 1)]

<[Ek,)+Ek+1,)+EkI+1)+EEk+1LI+1)]EKL+11+1)
which is equivalent to the required inequality. O

This statement is not true if T is allowed to be arbitrary, as illustrated by the
following example. Let T be a tree with 4 elements, the root x and its three lowers
covers Ty, T2, T3. Suppose we are embedding T into T#, the complete binary tree
on 4 levels. We can calculate the different number of embeddings that map the
elements x1 and x5 into particular levels. There are 12 embeddings that map x; to
level 3 and x5 to level 2, there are 32 embeddings that map z; to level 3 and x5 to
level 1, there are 76 embeddings that map x; to level 2 and x5 to level 2 and there

are 184 embeddings that map z; to level 2 and x5 to level 1. So, if we consider a
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uniform probability distribution over all embeddings of T" into 7™, we have that the
conditional probability that an embedding maps x5 into level 2, given that it maps
Ty into either level 1 or 2 and maps z; into level 3, is 12/44 = 3/11. However, the
conditional probability that an embedding maps x5 into level 2, given that it maps
x5 into either level 1 or 2 and maps z; into level 2, is 76/260 = 19/65 which is
greater than 3/11. In other words, it is more likely for z5 to be in the higher of the
two levels 1 and 2, if 21 is in the lower of the two levels 2 and 3. This is still true
for embeddings of T" into 7 If for p > 2. This means that we are unable to use this

approach even for embeddings of p-ary trees into the complete p-ary tree.

8.2 Order-preserving maps of arbitrary trees

into the complete p-ary tree

We can consider the case of T being binary as special. For arbitrary T" we cannot
define a log-supermodular function y on F(n; T') so that 3~ ;. #(f) is the num-
ber of embeddings of T into 7;'. However, we can look at other types of mapping
from 7" into T}, for example order-preserving maps. Recall that an order-preserving
map preserves comparability of elements, but may introduce extra relations between
elements. We look at both strict and weak order-preserving maps, the difference
essentially being that a strict order-preserving map must map comparable elements
to distinct elements, but a weak order-preserving map need not. We give formal

definitions later.

8.2.1 Strict order-preserving maps

For strict order-preserving maps, the situation is very much simplified; as we have
seen in the proof of Theorem 8.4 the function p;, which counts the number of strict

order-preserving maps, is log-supermodular with equality on F. Moreover, if we
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allow T' to be arbitrary, the function p; still counts the number of strict order-
preserving maps. This is essentially because a strict order-preserving map only
needs to preserve edges and not incomparability between elements. Therefore we can
generalise the correlation inequalities for embeddings of binary trees to correlation

inequalities for strict-order preserving maps of arbitrary trees.

Recall that a strict order-preserving map is a map ¢ from 7' to T} such that
x >y in T implies ¢(x) > ¢(y) in T;'. Define flgf’) (n) to be the number of strict
order-preserving maps of 7" into T}* that map the root of T" to 1,,, and define C*ép ) (n)
to be the total number of strict order-preserving maps of 7" into T;'. We have the

following result, corresponding to the inequality of Theorem 8.4.

Theorem 8.6. If T} and T are trees such that Ty contains a subposet isomorphic

to Ty, then ) )
AP n) _ AE(n)
O (n) ~ C¥(n)

Proof. We follow the proof method of Theorem 8.4, making the necessary changes

for strict order-preserving maps of arbitrary trees.

Firstly, note that we can define a distributive lattice of level functions F(n;T)
when T is an arbitrary tree. We take iy defined, as before, as

p(f) = pnff(lzr) H pf(r)ff(y),

x>y, an edge in T'

which is a log-supermodular function. This satisfies log-supermodularity with equal-

ity (as noted in the proof of Theorem 8.4). Also, for any tree T', the sum

Z pa(f)

FEF(mT)

is the number of strict order-preserving maps of 7" into 7}, as explained earlier.

As before, we can assume that 77 is isomorphic to the subposet 15 \ {m} of T5,
where m is some element of 7,. Let [ be the upper cover of m in T5. We split T}
into T, = Ty \ D(l) and T, = D[l] as a subposet of T}, and split Ty into T; and

Ty+=T,U {m}
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Set /' = {f € F(n;Ty) : f(I) = kor f(I) = k+1} for 1 < k < n and let
a(f) = I{f(1y,) = n} and B(f) = I{f(l) = k + 1}, which are both increasing on
F.

For k = 1,...,n, define a; to be the number of strict order-preserving maps of
T} into T} that map [ to an element of level k, and define bi to be the number of
strict order-preserving maps of T; into 7' that map [ to an element of level k£ and

map the root of T} to the root 1,,. Here, we have

> (falf) = b+ brea, > (f) =k + aps,
feF feF

> m(N)B(f) =k, > m(Hal)B) = brya,

feF fer

and applying Theorem 8.1 we get
b _ b

ag

<

— 9
QR+1

in a similar way as in the proof of Theorem 8.4.

Now we look at trees T, and T;,+ and define ¢, to be the number of strict order-
preserving maps of T}, into T; that map [ to 15, and define dj, to be the number of
strict order-preserving maps of T+ into 7 [ﬂ“ that map [ to 1. Whereas in the proof of
Theorem 8.4 we had two cases to consider (from the two cases in Lemma 8.2), here,
since the trees 17, T, are not necessarily binary, we cannot be so specific. However,

we just need that m is the lower cover of [ in Ty+, where [ is the root of T,+.

Let 7/ ={f e Flk+ 1;Ty) : f(I) =kor f(I) =k + 1} for 1 <k < n and let
a(f) = I{f(l) = k+1}. Recall that D(m) is the set of elements below m in T,+. We
can consider D(m) as a subposet of either T} or Ty+. Let S(f) = (p/n —p)/(p—1),
where fin = Mingepemyuqy f(x). We have that o and 3 are increasing on F”. As
before, the sum > (7 p1(f) equals pey + 41 and the sum - ¢z pin (f)a(f) equals

Ck41-

We now show that 3z i1 (f)B(f) = pdi + diy and Y- o pa (f)a()B(Sf) =

dy11. Note that D[m], the subtree of Ty+ of elements below or equal to m in Tj+
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is isomorphic to the subtree D(m) U {l} of T,. In a similar way as in the proof
of Theorem 8.4 we construct strict order-preserving maps from T,+ to Tf“ using
strict order-preserving maps from 7T, to T;““. Fix f in F” and let ¢ be a strict
order-preserving map from 7 to T]f“ that corresponds to f. By definition of foin,
the map ¢ maps the elements of D(m)U{l} to elements of T#™ between levels frin
and f(() inclusive. So, it maps D(m)U{l} into a copy of Tg(l)ff’"mﬂ defined as the
elements in the down set of ¢(I) that are in levels f,.;, to f(I) of T]f“, inclusive.
Call this copy Ty. We construct ¢ a strict order-preserving map from 7,4+ to T]f“
as follows. For all z € T}, \ D(m) set () = ¢(x). Choose some integer i between
1 and fin — 1. Define 1)(m) to be any element in level f(I) — i that is below ().
Since we are constructing an order-preserving map, it does not matter if we choose
an element that is comparable, or even equal to ¢ (x) for some x € T, \ (D(m)U{l}).
So, we have a choice of p* elements. Once the choice is made ) is then determined.
Consider the down-set of ¢ (m), which is a copy of T, ,f 0= By the choice of 7, this
has a least as many levels as T, so considering just the top f(I) — Fomin + 1 levels
we have a copy of Ty. Then, for all x € D(m), define 1)(z) to be the element in this
copy of T that corresponds to the element ¢(z) in the original 7. Each choice of
i and choice of element ¢ (m) gives a distinct strict order-preserving map from T+
to T ]f“, so this construction yields

fmin_l

i_pfmi”_p:
121 P=T B(f)

distinct strict order-preserving maps for a particular ¢ that corresponds to f. There
are py(f) distinet strict order-preserving maps that correspond to f, each yielding
B(f) distinct strict order-preserving maps, so we can construct a total of

> m(HB)

feF"

distinct strict order-preserving maps from 7T,+.

Since each strict order-preserving map from T,+ to Tf“ can be converted to a

strict order-preserving map from 7;, to T;“ by reversing the above construction,
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and the level that [ is mapped to is unchanged in the construction, we have that
> rern i1 (f)B(f) is the total number of strict order-preserving maps from Ty+ to
TH* that map [ to an element in level k or k4 1. Therefore, Y er i (f)B(f) =
pdy, + dj1 and Y pern i (Na(f)B(f) = dj41, and applying Theorem 8.1 gives the

required inequality dy/cx < diy1/Crit-

Finally, as in the proof of Theorem 8.4, we have increasing sequences (by/ay)

and (d),/¢) and a final application of Theorem 8.1 gives
D bkl Y ady <Y @k » | brdy
k=1 k=1 k=1 k=1
which, by inspection of each sum, is identical to the inequality
AR (n)C) (n) < CF) () AF) (n)
as required. Il

As with embeddings of binary trees, by applying the FKG-inequality to different
increasing functions, versions of this proof can be used to establish other correlation
inequalities for strict order-preserving maps of arbitrary trees into the complete

p-ary tree.

8.2.2 Weak order-preserving maps

We have an analogous result for weak order-preserving maps from 7' to T7'. A
weak order-preserving map is a map ¢ from T' to T} such that x > y in T" implies
¢(x) > #(y) in T;*. Note that a function which maps all of T' to a single element of

T is a weak order-preserving map.

Define f:lgf’ )(n) to be the number of weak order-preserving maps of T into T that
map 1p to 1,, and define é;p ) (n) to be the total number of weak order-preserving

maps of T" into T}

We have the corresponding inequality as follows.
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Theorem 8.7. If T and Ty are trees such that Ty contains a subposet isomorphic

to Ty, then - -
AR (n) _ AR ()

CP(n) ~ CP(n)

Proof. The proof is naturally very similar to that for strict order-preserving maps.
We follow that proof through, highlighting the differences for weak order-preserving

maps.

For any tree T, write F(n; T) for the lattice of weak order preserving maps from
a tree T to [n]. So, f € F(n;T) is a function from T to [n] such that z > y in
T implies f(z) > f(y) in [n]. As for F(n;T), the lattice of strict order-preserving
maps from T to [n], the ordering on F(n;T) is f > g if and only if f(x) > g(x) for
all x € T. Again, the join, f V g, is the pointwise maximum of f and g, and the
meet, f A g, is the pointwise minimum of f and g, and we have that F(n;T) is a

distributive lattice.

We call a function in F(n; T) a weak level function. Every weak order-preserving
map ¢ from T to T} corresponds to a weak level function f by setting f(z) equal
to the level of ¢(x) in T)'. Moreover, if 11, is defined on F(n;T) as

i (f) = pn—f(lT) H pf(x)—f(y)
@ >y, an edge in T
then >, FnT) p1(f) is equal to C:'C(pp ) (n) the number of weak order-preserving maps

from T to T}
As before, the function yu; is log-supermodular (with equality) on F(n;T).

Assume T is isomorphic to Ty \ {m}, for some m € Ty. As in the earlier proofs,
we split 7} into Ty and Ty, and split Ty into T} and Ty+. Let F' = {f € F(n;T}) :
f()=kor f(I)=k+1} and let a(f) = I{f(1;) =n} and B(f) = I{f(l) = k+ 1}

which are both increasing on F'.

We define @ to be the number of weak order-preserving maps of 7} into T}

that map [ to an element of level k, and define l:)k to be the number of weak order-
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preserving maps of 7} into 7' that map [ to an element of level k and map the root

of T} to the root 1,,. Then, as in the proof of Theorem 8.6 we apply Theorem 8.1 to

f/7/,[,17057ﬁ to get

b
< k+1

Q41

@Hl I
=~ |=

Now, define ¢ to be the number of weak order-preserving maps of T}, into Tlf that
map [ to 1, and define jk to be the number of weak order-preserving maps of T,+
into T that map [ to 1. Let 7" = {f € F(k+1;Ty) : f(I) = kor f(I) = k+ 1}
and let o(f) = I{f(l) = k+ 1 and B(f) = (pf» — 1)/(p — 1) where fom =

minmED(m)U{l} f(ill') :

Given a weak order-preserving map from 7y to T [ﬂ““ we use the same construction
as described in the proof of Theorem 8.6 to construct weak order-preserving maps
from Ty+ to T[f““. However, note that a weak order-preserving map from T,+ is
allowed to map the elements [ and m to the same element in T;“. In order to also
construct these maps we allow the choice for ¢ to include 0, so that the level we pick
for the element m can be the same as the level for [. Therefore, for a particular weak
order-preserving map ¢ from 7T, to Tlﬂ““ corresponding to some f, our construction

yields .
fmin
%

p

i=0 p—1

= B(f)

distinct weak order-preserving maps from 7,4+ to T[ﬂ““. This means that

> m(HB) =pdx+ i and D (Ha(HB(f) = dia,

feF feF

as in the proof of Theorem 8.6.

So, we apply Theorem 8.1, giving

dit1

Ck+1

QH|?? I

Finally, as before, we can apply Theorem 8.1 a final time, to the sequences
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(be/a@r) and (dj,/E) to get

3
3
3
3

which by inspection of each sum, is identical to the inequality
AR (MO (n) < OF (n)AF) (n)

as required. Il

8.3 Related open problems

We finish this chapter by stating some open problems.

We have shown that Conjecture 4.4 does not hold for arbitrary trees, and we have
the result of Theorem 4.1 for binary trees. Does the inequality hold for other trees?
Our counterexamples in Section 6.4 show that we cannot allow arbitrary ternary
trees. However, all our counterexamples have the property that [(77) = [(T3) and
d(Ty) = d(T3); recall that Corollary 6.5 implies that this is a necessary condition
for the pair of trees to be an asymptotic counterexample. Could it be that if either
(i) I(Ty) < U(T), or (ii) I(T}) = I(T») and d(T}) < d(T»), then the trees T}, T, satisfy

the inequality?

Question 8.8. Is it the case that, for any n and any trees Ty, Ty with T1 a subposet

of Ty and either

(1) (T1) < l(Ty), or

we have
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Alternatively, we could restrict to the case where T} is obtained from 75 by only
removing leaves. Again, this would exclude all of the counterexamples presented
earlier. From experience we believe that disallowing these pairs of trees, where the
extra element of T, is not a leaf, is enough to imply the inequality. Unfortunately,
when we remove the restriction on 77 and 7, being binary, we are no longer able
to apply the FKG-inequality and we are back to looking for a brute-force counting
argument. We believe we have such an argument for ternary trees 17,75, but this

method will not generalise to arbitrary trees.

Conjecture 8.9. For any n and any trees 11, Ty such that an isomorphic copy of
Ty can be obtained by sequentially removing leaves from Ty, we have
2 2
AR (n) _ Ay (n)
5 :
Cr (n)
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Chapter 9

FKG-type inequalities for product

lattices

In Chapter 8 we used the FKG-inequality to prove correlation inequalities for certain
maps of trees into complete trees. We were able to find a distributive lattice F with
a log-supermodular function g and increasing functions o and [ on F, so that the
sums in the FKG-inequality (8.1) counted the specific mappings we were interested
in. What if we have F, u, , § so that the sums are of interest, but we do not have
increasing functions «, 87 In this chapter we show that it is sometimes possible to

get a correlation inequality

ST ulHalh) D uHBU) <3 u(h) D ufalHB) (9.1)

feF feF feF feF

like the FKG-inequality, even if one of the functions o or 3 is not increasing.

To be precise, we consider the case when F is a product lattice 7 x U, and 3
is not increasing, but “tiered” on 7 x U, meaning that for all ¢; > t5 in 7, the
minimum value of § on {t;} X U is greater than or equal to the maximum value
on {to} x U. This condition means that we can find closed intervals I; of R for each
t € T, such that: (a) 5(t,u) € I, for all w € U, and (b) if ¢; > t5 then the interval

I, lies entirely to the right of the interval I, in R (allowing touching end-points).
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The general idea is to “average out” the deviations within I, of 5(t,u) over {t} x U
for each t € 7 to obtain an increasing function on 7 x U, and to then apply the

FKG-inequality. We define 3(¢,u) to be the weighted average

Zuel/{ p(t, w)B(t, u)
> ey Mt u)

which, by construction, is constant on {t} x U so that G(t,u) =

B(t.u) =

(t). Now, by
(a), B(t) is some real in the interval I, and, by (b), we have ((t;) > ((t,) for all

t1 >ty € T, so [3 is increasing on 7 X U.

So, if we also have the usual conditions that u is log-supermodular on 7 x U
and « is increasing on 7 x U, then we can apply the FKG-inequality to the lattice

T x U and functions u, a and s. By construction of the “average” function B,

we have that the sums >, pu(f)B(f) and >, u(f)B(f) are equal, and with the

extra condition that « is constant on {t} x U, for all t € 7, we have that the

sums Zfefu(f)a(f)ﬁ(f) and ) o pu(f)a(f)B(f) are also equal and we get the

correlation inequality (9.1) for « and /3.

In fact, we can give a more general result, where F is a sublattice of a product
lattice 7 x U x V, and for each v € V the function [ is tiered on 7 x U x {v}.
In this situation, extra conditions are required to ensure that the method described
above of “averaging out” ( still yields an increasing function . Tt should also be
pointed out that the condition on « is crucial; we have no other way of ensuring

that > r w(Ha(HBS) = > per M()a(f)B(f). Before stating the result we give

the following definition.

Definition 9.1. For F a sublattice of 7 xU x V let F|;, = {u €U : (t,u,v) € F},

foreacht € T,v e V.

Lemma 9.2. Suppose F is a sublattice of some product lattice T x U x V and
i, o, B are non-negative functions defined on F, with p log-supermodular on F and

a increasing on F. If we have the further conditions,
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(1) forallty >ty € T, v eV with Flyy,» # 0 and Fli, ., # 0,

min ﬁ(tb u, U) > max ﬁ(t% U, 'U),
UE]:|t1,'u 'U«E]:‘tQ,v

(2) Fltw, = Fliw, for allt € T, vi,v9 €V with Flip, # 0 and Flia, # 0,
(3) Zf (taua Ul) = <t7ua 1}2) € F then ﬁ(t,u, vl) > ﬂ<t7ua 1}2),

(4) plt, w,v) = ur (£ w)pa(t,v) for some iy, iz,

(5) «a is constant on {t} x Fli, x {v} forallt € T,v €V,

then the FKG-inequality holds. That 1s,

S ulHalf) Y u(HBU) <D ulh) Y ulfalf)Bf).

feF feF ferF feF

Let us informally discuss these conditions. As described earlier, the idea is to
“average out” the deviations of 3 over the U-coordinate. Note that conditions (1)
and (3) imply that § is increasing in the 7- and V-coordinates, so we just need to
perform the average in a way that preserves this monotonicity. Condition (1) means
that for each ¢t € 7, v € V with F|;, non-empty we can find a closed interval I,
of R such that g(t,u,v) € I, for all u € F|;, and the interval I , is entirely to
the right of the interval I;,, in R if ¢; > t5 in 7. (Note that we assume nothing on
the ordering of intervals I}, ,, and Iy, ,, for vy # vy.) So, for each t € T,v € V with
F i non-empty, we can average 3 over {t} x Fl;, x {v} to obtain a new function

B defined as a weighted average

N B Zueﬂm At u,v)B(t, u,v)
6(t’ " U) B Zuef\t,v )\(t’ u, U)

and condition (1) ensures that this 3 is increasing in the 7T-coordinate. By con-
struction, B is constant on Fl;, for all t € 7,v € V, so we just need to ensure B
is increasing in the V-coordinate. One way of achieving this is to take the same

weights A for different v € V), that is, to assume A is just a function of ¢ and u, and
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to assume conditions (2) and (3). Then the function

3 _ Zue]—‘\m >\<t7 U)ﬁ(t, u, U)
B(t, u,v) = S A

will be increasing in the V-coordinate. Finally, we assume condition (4) on p so that

we can find an appropriate weight A(¢, u) that ensures that the sums > .z u(f) B(f)
and >, - pu(f)B(f) are equal. (We will see that this weight A(¢,u) should be the

factor py(t,u).) We assume condition (5) which, with condition (4), ensures that

the sums Y 1(f)al)B(f) and X el f)a()B(f) are equal.

These conditions may seem rather arbitrary, and it is reasonable to ask whether
we can find examples of lattices and functions satisfying them. We will show later
in this chapter, that the lattice of level functions studied in the previous chapter,
with some familiar functions, do satisfy the conditions of Lemma 9.2 and this will

enable us to give an alternative proof of one of the cases of Theorem 8.4.

Before proving Lemma 9.2, we state some corollaries, which are special cases
of the lemma and follow immediately by interpreting conditions (1)—(5) for the
particular case. If F is the whole lattice 7 x U x V, then we have the following,
since Fl,, =U forallt € T,v € V.

Corollary 9.3. Suppose F is a product lattice F =T xU x V and j, o, B are non-
negative functions defined on F, with p log-supermodular on F and o« increasing on

F. If we have the further conditions,

(1) forallty >ty €T, v eV,

| >
IuIlelg{l/B(t17u’U) = Iq?gl/}l{ﬁ(t%u’i))?

(2) Zf (t> u, Ul) > (tv u, Ug) € F then ﬁ(t u, vl) > ﬁ(@ u, v2);
(3) pu(t,u,v) = pi(t, u)pa(t,v) for some p, pa,

(4) « is constant on {t} x U x {v} forallt € T,v €V,
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then the FKG-inequality holds. That 1s,

ST ulHal) D ulHBU) <D w(h) D nlHalf)B). O

fer fer fer fer

Also as a corollary to Lemma 9.2 is the case where V is a single element, so that
T XU x YV can be thought of as the product 7 x U. For F a sublattice of 7 x U,

write F|; for the set {u € U : (t,u) € F}.

Corollary 9.4. Suppose F is a sublattice of some product lattice T x U and u, o, 3
are non-negative functions defined on F, with u log-supermodular on F and o in-

creasing on JF. If we have the further conditions,

(1) for allty >ty € T with Fly, # 0 and Fy, # 0,

min [(ty,u) > max [(te, u),
u€.7-'|t1 Uef‘t2

(2) « is constant on {t} x F|; for allt € T,

then the FKG-inequality holds. That is,

ST ulPalh) S B <3 wh) D ulh)alfB). O

fer feF ferF fer

Note that the case of F being the whole lattice 7 xU is the special case informally
described at the beginning of the chapter. For completeness, we state the formal

result here.

Corollary 9.5. Suppose F is a product lattice F = T X U and p, o, 3 are non-
negative functions defined on F, with p log-supermodular on F and o increasing on

F. If we have the further conditions,

(1) forallty >ty €T,

i >
rggﬁ(hw) > Iilgfﬁ(tmu),

(2) « is constant on {t} x U for allt € T,
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then the FKG-inequality holds. That 1s,

ST ulHal) DB <3 1) D ulhH)alfB). O

fer fer feF feFr
We now give the proof of Lemma 9.2.

Proof. Define

)= X mwstu) [ 3 it (9:2)

UEF|t,v UEF |t
for all t € T,v € V with Fl,, # 0. We can think of § as a function on F, by
defining B(t, u,v) = ((t,v) for all (t,u,v) € F. We have that 3 is increasing on F,
as follows. For (t1,u,v) > (t2,u,v) € F, so that F|;, , # 0 and Fs, ., # 0, we have

B(ty,v) = Z Ml(tlau)ﬁ(tlauav)/ Z pa(tr, u)

UE]'—|t1,v uef'tl,v

> min f[(t1,u,v) > max [(tg,u,v) by (1)

’U«Ef‘tl,'u U€.7:|t2,v

> 2 st [ 3 it = Heao)

’U«Ef‘zb,’u U€f|t2,v
For (t,u,vy) > (t,u,vs) € F,sothat Fli,, # 0and Fli,, # 0, we have Fliy, = Flt v,
by (2). So,

B = 3 st/ 3 )

u€f|t,vl u€f|t,vl

= Z ul(t,u)ﬁ(t,u,vl)/ Z pa(t, w)

UEF |t vy UEFt,0q

> 5 st [ ) =)

UEF |t 0 UEF|t,0

where the inequality follows from (3). Since (3 is, by definition, independent of the

U-coordinate, and increasing in the 7- and V-coordinates it is increasing on F.

So, a and B are increasing on F and p is log-supermodular and we can apply

the FKG-inequality, giving

ST ulHalh) D uHBU) <3 u(h) D u)alHB)

ferx ferF feF ferF
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It just remains to show that the sums Zfefu(f)ﬁ(f) and o r w(fa(f)B(f) are
equal to the sums Zfe]—' u(f)B(f) and Zfe]—' u(f)alf)B(f)-

We have

Z pu(t,u,v)p Z Z g (t, u) o, 0) (¢, v) by (4)

(t,uv)eF (t0)ET XV uEF|t,0
Fle,o#0

= Z pa(t, v) B(t,v) Z pa(t, w)

(tw)ET xV WEF 1w
f‘t,v#@

Z pa(t, v) Zultu (t,u,v) by (9.2)

(t,w)ET XV uEF|t,v
]:‘t v?éw

_ Z p(t,u, v)B(t, u,v).

(t,uw)eF

By (5), we can view « as a function «(t,v) of just the 7- and V-coordinates, so we

have
> altuo)a =YY it wmt e o))
(tyu,w)EF (tW)ET XV uEF|tv
fltv?éw
= Y pa(tv)altv) | Bte) > mltu)
(t,w)eT xV uEF|t,0
flt,v?éw
= Z /LQ(t,’U)Oé(t,U) Z ,ul(t,u)ﬁ(t,u,v)
(t,w)eT xV uEF|t,0
flt,v#@
= 3 ult,u,v)alt, v)B(Eu0)
(t,uw)eF
which completes the proof. O]

We finish by using the above results to give an alternative proof to Theorem 8.4
in the case where the trees T} and 75 differ by one element m, a leaf of T5, and the
upper cover of m is not a leaf in 77. Recall in the earlier proof, that in this case we

did not use the FKG-inequality to show that the sequence di/cy is increasing.

Alternative proof of a case of Theorem 8.4. Let T} and 75 be binary trees
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with Ty, = 11 \ {m} for some leaf m of Tp. We will show that

AP ) AP (n)
CP(n) ~ ¥ (n)

As in chapter 8 we work with a lattice of level functions. Let [ be the upper
cover of m and let m; be the lower cover of [ that is different from m. Recall that
D(my) is the set of all elements in T} that are below m;. We work with the lattice
of level functions F(n; Ty \ D(m4)). Let h be the height of Dim;] = D(my) U {m},
and let F’ be the sublattice 7' = {f € F(n; Ty \ D(m1)) : f(m1) > h}. As before,
we have a log-supermodular function x4 on F' defined as

M(f) - pn*f(lTl) H pf(:v)ff(y) H (1 _ pmaX{f(m),f(Zz)}*f(y)).

>y, an edge yeT1\D(m1),
in T1\D(m1) y has 2 lower
covers, z1, 22

Let a(f) = I{f(1z,) = n} and let B(f) = 210 (0 = 1)/(p — 1).

Note that, since h is the height of D[m,], any embedding 1 of T} into T must
map m; into level h or higher. This means that the level function g corresponding
to 1 has g(my) > h, so g restricted to the set T} \ D(mq) is in F'. That is, the
restriction of any embedding of T into T} to the set 71\ D(m;) yields an embedding

of Ty \ D(my) into T} that corresponds to some level function in F.

Conversely, for each embedding ¢ of Ty \ D(my) into T}' that corresponds to
f € F', we can construct A = Agfml](f(ml)) embeddings ; for i = 1,..., A of T}
into T}, as follows. Write 0;, i =1,..., A for the distinct embeddings of D[m,] into
TJ("“) that map my to 1y(m,). Since ¢(m;) is an element in level f(m1) of T)', the
down-set of ¢(m;) is a copy of TJ(”“). So, for x € T} \ D(m,), define ¢;(x) = ¢(x),
and for x € D(my) define ¢;(xz) to be the element in this copy of T that
corresponds the the element 0;(x). We have that ¢); is an embedding of T} into 7},
and the 1; are all distinct. Since there are pu(f) embeddings of Ty \ D(m,) into T
that correspond to f we have a total of pu( f>AgEm1]( f(my)) distinct embeddings of

T into T} for each f € F. Therefore, C’:(ﬁl’) (n) = Zfefu(f)A%?ml](f(ml)).
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Notice that, since {f,g} = {f Ng, [V g} for all f,g € F, we have

AR ) AR (g(ma)) = AR ((F A g)ma) AR ((F V g)(ma))

so that the function p/(f) = ,u(f)AgEml](f(ml)) is also log-supermodular on F’, and

we have

CPn) =3"4(f), AR ) =" W (falf).

feF feF
We now show

CP(n) =W (B,  ARMm) =" W(HalfH)B),

feF feF

as follows.

As before, the restriction of any embedding of T3 into T to the set Ty \ D(m;)
yields an embedding of 77 \ D(m;) that corresponds to some level function in F. We
show that for each f € F', we can construct p'(f)3(f) embeddings of T5 into 7. For
each f € F' we can construct y//(f) embeddings of Ty into T using the construction
described above. Let ¢ be such an embedding. We construct an embedding ¢ of T5
into T} by setting ¥(z) = ¢(z) for all # € T, and choosing an element of T} for
(m). We require 1(m) to be below () but incomparable with t(m;) and since
Y(l) = ¢(l) is in level f(I) of T)' and ¥(my) = ¢(my) is in level f(m;) we have
a choice of Z{:(l}(_nil)(pi —1)/(p—1) = B(f) elements for 1)(m). Note that by the
regularity of 77" the number of places only depends on the level function and not
the exact positions of ¢(I) and ¢(my). See Figure 9.1, for an example where p = 2,

f(l) =5 and f(m;) = 2. Clearly each choice defines a different embedding of 75

into T, so the total number of embeddings of T5 into T} is > ;- ' (f)B(f)-

Furthermore, if we have f € F' with f(17,\pm,)) = n, the construction yields an

embedding that maps the root 17, = 17\ p(m,) of T to the root 1, of . Therefore,

we have Agf;)(n) = ier W (N)a(f)B(f), as claimed.

It remains to show the inequality (9.1). We would like to apply the FKG-

inequality, but the function (3 is not increasing. However, we see that the dominant
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Figure 9.1: The number of places to map m is 3(f) = Zf(l @ =1)/(p—1)

i=f(m1)

term in the sum Zf l} nil)(pi —1)/(p — 1) is the last term; moreover, it is larger

than the sum of all the previous terms. This means that if we have f,g € F' with
f(1) > g(I) then B(f) > B(g) whatever the values of f(m;) and g(m;). This appears
very similar to condition (1) of Lemma 9.2 and we now show that we can apply the

lemma.

Suppose [ is not the root of 77. Let 7 x U x V be the product lattice [n] x [n] x
F(n;Ty \ D[l]). So an element (t,u,v) is a triple whose first two coordinates are
elements in [n], and the third is a level function of T7 \ D[l]. Let k be the upper
cover of [, and recall that h is the height of D[m,]. Consider the following sublattice
{(t,u,v) €T xU xV:v(k)>t>u>h}of T xU x V. For each element (¢, u,v)

in this sublattice we can define a function f : T; \ D(m;) — R as

;

v(xz) forz €Ty \ D],
fx)=14+¢ for x =1,

U for x = m;.

and since v(k) > t > u > h we have f(k) > f(I) > f(mi1) > h which means

that f is in F’. Conversely, for each level function f € F' we can define a triple
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(t,u,v) €T xU xV by

t = f(1),
U = f(m1)7
v = flr\ppy,;

and since v(k) >t > u > h, by definition, we have that (t,u,v) is in the sublattice

{(t,u,v) €T xU XV :v(k) >t>u>h}.

So, we can think of F’ as a sublattice of product lattice 7 x U x V by considering
[ as the triple (f(), f(m1), flr\py)- The functions p', o and 3 are non-negative
functions of F’, and p’ is log-supermodular on F’, and « is increasing on F’, so we

need to check that conditions (1)—(5) hold in order to apply Lemma 9.2.

For t € 7 and v € V, the set F'|;, is non-empty when v(k) > ¢ > h and in this

case we have F'|;,, = {h,h+1,...,t—1}. We have 3(t,u,v) = S (p' —1)/(p—1).

Suppose t; > ty € [n], v € F(n; Ty \ D[l]) with v(k) > t; > h and v(k) > ty > h.

Then, since t; — 1 >ty and p > 2, we have

t1—1 t1—1

min_ S (' =D/p-1)= > @¢'-1)/p-1)

i=t1—1

="' =-1/(p-1)

> (p”-1)/(p—1)*

to—1 ta1
= ' —-1) > i_q 1
Zz_;p =)= gnas ZZ_;(? )/(p—1)

which means that condition (1) holds. Suppose we have ¢t € [n], vi,v2 € F(n; T3 \
D[l]) with vy (k) >t > h and va(k) >t > h. Then F'|;y, = {h,...,t — 1} = F'li0,,
so condition (2) holds. Since §(t,u,v) is not dependent on v we have condition (3).
Using the definition of u(f) on F’, we have

u(f)=pf0m I PO [ (- preense-so)

>y, an edge yeT1\D(m1),
in T1\D(m1) y has 2 lower
covers, 21, 22

Consider the contribution of the element m; in the above expression. There is a

factor of p/W=/(m1) which appears in the first product because of the edge | > m;.
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There is no contribution to the second product since m; is not the lower cover of an
element that has two lower covers (that is, [ does not have two lower covers). So,

we can write the above as

u(f) = pf(l)*f(ml)pn*f(lTl) H pf(x)*f(y) H (1— pmaX{f(Zl),f(zz)}*f(y))

z>y, an edge yETI\Dlmi,
in T1\D[m1] y has 2 lower
covers, z1, 22

— p—flm1) {pf(l)pnf(ln) H pf(x)*f(y) H (1_pmaX{f(Z1)7f(ZQ)}*f(y)) )

z>y, an edge yeT\Dlmi),
in T1\D[m1] y has 2 lower
covers, 21,22

Note the change in the subscript in the products to T} \ D[m;]. So, writing t = f(I),
u = f(mi), v = flp\pp, we have pu(t,u,v) = p~us(t,v) since the term in square

brackets depends only on ¢ and v. Since p/'(t,u,v) = u(t,u,v)A(p) (u), we have

D[m]
w(t,u,v) = p(t,w)pe(t,v), where py(t,u) = p_“Agfml](u) is a function just of w.
Therefore condition (4) holds. Finally, we note that a(t,u,v) = I{v(ly) = n} is
not dependent on u, and so condition (5) holds, and applying Lemma 9.2 gives the

result.

Recall that we assumed that | was not the root of T;. In the case where it
is, then things simplify greatly, and the product lattice 7 x U x V reduces to
the product 7 x U = [n| x [n]. The tree Ty \ D(m;) is simply the 2-element
chain [ > my. We can think of the lattice of level functions F’ as the sublattice
{(t,u) € T xU :t > u > h} of T xU = [n] x [n] by considering a function
f € F' as the pair (f(l), f(my1)). We want to apply Corollary 9.4 so we need to
check conditions (1) and (2) hold. Since F'|; is equal to {h,h+1,...;t—1}ift > h

and empty otherwise, and B(t,u) = S \_.(p* — 1)/(p — 1) we have that if t; > t,

then
t1—1 to—1
o ;(p Jp=1)z max ;(p )/(p—1)

exactly as before, so condition (1) holds. Also, the function a(t,u) = I{t = n} is
independent of u so condition (2) holds, and we can apply Corollary 9.4 which gives

the result. O
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