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1. Introduction

We consider one of the simplest models of a randomly growing graph: starting from a single
node, each arriving new node connects uniformly at random to one of the existing nodes. We de-
note by UA(n) the corresponding tree on n vertices, also known as the uniform random recursive
tree. We investigate whether a snapshot of the tree at a finite time can give information about the
asymptotic future evolution of the tree. More precisely, we want to know if conditioning on the
value of UA(k) for some finite k affects the limiting distribution of UA(n) as n goes to infinity.
Equivalently, we study the uniform attachment model starting from an initial seed, and we want
to know if the limiting distribution depends on the seed.

For n > k > 2 and a tree S on k vertices, we define the random tree UA(n, S) by induction.
First, UA(k, S) = S. Then, given UA(n, S), UA(n + 1, S) is formed from UA(n, S) by adding
a new vertex u and adding a new edge uv where the vertex v is chosen uniformly at random
among vertices of UA(n, §), independently of all past choices. For two seed trees S and 7', we
are interested in studying the quantity

8(S,T)= lim TV(UA(n, ), UA(n, 7)),

1350-7265 © 2017 ISI/BS


http://www.bernoulli-society.org/index.php/publications/bernoulli-journal/bernoulli-journal
http://dx.doi.org/10.3150/16-BEJ831
mailto:sebubeck@microsoft.com
mailto:roneneldan@gmail.com
mailto:mossel@wharton.upenn.edu
mailto:racz@stat.berkeley.edu

2888 Bubeck, Eldan, Mossel and Rdcz

a limit which is well-defined,! where we recall that the total variation distance between two
random variables X and Y taking values in a finite space X with laws u and v is defined as
TV(X,Y) = %er)( |1 (x) — v(x)|. Our main result shows that each seed leads to a unique
limiting distribution of the uniform attachment tree.

Theorem 1. For any S and T non-isomorphic with at least 3 vertices, we have that 5(S, T) > 0.

In some cases, our method can say even more. As a proof of concept, we prove the following
result, which states that the distance between a fixed tree and a star can be arbitrarily close to 1
if the star is large enough.

Theorem 2. Let Sy denote the k-vertex star. For any fixed tree T one has

lim 8(S, T) = 1.
k— 00

1.1. Our approach and comparison with the preferential attachment model

The theoretical study of the influence of the seed graph in growing random graph models was
initiated, to the best of our knowledge, by [1] for the particular case of preferential attachment
trees. They showed that seeds with different degree profiles lead to different distributions of
limiting trees from a total variation point of view. [2], using a different but related approach,
then showed that this also holds for any two non-isomorphic seeds, that is, that the analogue of
Theorem 1 above holds for the preferential attachment model.

The main idea in both papers, motivated by the rich-get-richer property of the preferential
attachment model, is to consider various statistics based on large degree nodes, and show that
the initial seed influences the distribution of these statistics. Consider, for instance, the problem
of differentiating between the two seed trees in Figure 1. On the one hand, in S the degree of
ve is greater than that of v,, and this unbalancedness in the degrees likely remains as the tree
grows according to preferential attachment. On the other hand, in 7' the degrees of v, and v, are
the same, so they will have the same distribution at larger times as well. This difference in the
balancedness vs. unbalancedness of the degrees of vy and v, is at the root of why the seed trees
S and T are distinguishable in the preferential attachment model. A precise understanding of the
balancedness properties of the degrees relies on the classical theory of Pdlya urns.

In the uniform attachment model, the degrees of vertices do not play a special role. In particu-
lar, in the example of Figure 1, v, and v, will have approximately similar degrees in a large tree
grown according to the uniform attachment model, irrespective of whether the seed tree is S or
T. Nonetheless, we are able to distinguish the seed trees S and 7', but the statistics we use to do
this are based on more global balancedness properties of these trees.

An edge of a tree partitions the tree into two parts on either side of the edge. For most edges in a
tree, this partition has very unbalanced sizes; for instance, if an edge is adjacent to a leaf, then one

IThis is because TV(UA(n, S), UA(n, T)) is non-increasing in n (since one can simulate the future evolution of the
process) and always nonnegative.
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(a) Preferential attachment. The degrees of v, and v, are unbalanced in S but balanced in T,

and this likely remains the case as the trees grow according to preferential attachment. This

is at the root of why S and 7T are distinguishable as seed trees in the preferential attachment
model.

(b) Uniform attachment. The sizes of the subtrees under vy and v, are unbalanced in S but
balanced in T, and this likely remains the case as the trees grow according to uniform
attachment. This is at the root of why § and T are distinguishable as seed trees in the

uniform attachment model.

Figure 1. Distinguishing between two trees requires different approaches for the uniform and the prefer-
ential attachment models.

part contains only a single vertex. On the other hand, for edges that are in some sense “central” the
partition is more balanced, in the sense that the sizes of the two parts are comparable. Intuitively,
the edges of the seed tree will be among the “most central” edges of the uniform attachment tree
at large times, and so we expect that the seed should influence the global balancedness properties
of such trees.

Consider again the example of the two seed trees S and T in Figure 1. The edge ¢( partitions
the tree into two parts: a subtree under vy and a subtree under v,. In S these subtree sizes are
unbalanced, and this likely remains the case as the tree grows according to uniform attachment.
On the other hand, in T the subtree sizes are equal, and they will likely remain balanced as the
tree grows. Again, Pélya urns play an important role, since the subtree sizes evolve according
to a classical Pélya urn initialized by the subtree sizes in the seed tree. The difference in the
balancedness vs. unbalancedness of the subtree sizes is at the root of why S and 7T are distin-
guishable in the uniform attachment model. To prove Theorem 1, we need to analyze statistics
based on more general global balancedness properties of such trees, but the underlying intuition
is what is described in the preceding paragraphs.

To formalize this intuition, we essentially follow the proof scheme developed in [2]. However,
the devil is in the details: since the underlying statistics are markedly different—in particular,
statistics based on degrees are local, whereas those based on balancedness properties of subtree
sizes are global—some of the essential steps of the proof become different. We provide a more
detailed comparison to the work of [2] in Section 4.1, after we present our proof.
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1.2. Further related work

A tree with node set [n] := {1, ..., n} is called recursive if the node numbers along the unique
path from 1 to j increase for every j € {2, ..., n}. A stochastic process of random growing trees
where nodes are labeled according to the time they are born is thus a sequence of random recur-
sive trees. If we choose a recursive tree with node set [n] uniformly at random, then the resulting
tree has the same distribution as UA(n). A random tree grown according to the preferential at-
tachment process starting from a single node is also known as a random plane-oriented recursive
tree, see [8].

There is a large literature on random recursive trees and their various statistics; we refer the
reader to the book by Drmota [4]. Of particular interest to the question we study here are recent
works on a boundary theory approach to the convergence of random recursive trees in the limit as
the tree size goes to infinity, see [5] and [6]. The main difference between these and the current
work is that they consider labeled and rooted trees, whereas we are interested in what can be said
about the seed given an unlabeled and unrooted copy of the tree.

2. Partitions and their balancedness: Simple examples

In this section, we show on a simple example how to formalize the intuition described in Sec-
tion 1.1. We define a simple statistic based on this intuition, and after collecting some preliminary
facts in Section 2.1, we show in Section 2.2 that § (P4, S4) > 0, where P4 and Sy are the path and
the star on four vertices, respectively. We conclude the section by proving Theorem 2 in Sec-
tion 2.3. The goal of this section is thus to provide a gentle introduction into the methods and
statistics used to distinguish different seed trees, before analyzing more general statistics in the
proof of Theorem 1 in Section 3.

For atree T and an edge e € E(T), let T} and T, be the two connected components of T \ {e}.
Define

g(T,e)=|Ti*|T21*/IT|*,

where |T'| denotes the number of vertices of T'. Clearly, 0 < g(T, e) < 1/16, and for “peripheral”
edges e, g(T, e) is closer to 0, while for more “central” edges e, g(7, e) is closer to 1/16. Define
the following statistic:

G(TMy= Y gT,e).

ecE(T)

The statistic G(T') thus measures in a particular way the global balancedness properties of the
tree T, and “central” edges contribute the most to this statistic.
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2.1. Preliminary facts

For all a, B,n € N, let By g, be a random variable such that By g, — « has the beta-binomial
distribution with parameters («, 8, n), i.e., it is a random variable satisfying

k+a—Dn—k+pB—Dla+p—1)! (n>
(n+a+pB—Dla—DI(B—1! k

P(Bygn =a+k)=

for all k € {0, 1, ..., n}. The key to understanding the statistic G is the following distributional
identity:

a 1
¢(UA®m, §),e) = n_43|2T1I,ITz|,n—ISI(” — By .\1alin15)° Ve € E(S), (1)

. d e ..
where 77 and 7> are defined, given e, as above, and = denotes equality in distribution. This is
an immediate consequence of the characterization of the random variable (B, g.», n + (@ + ) —

By, g,n) as having the distribution of a classical P6lya urn with replacement matrix ((1) (1)) and
starting state («, B) after n draws. Similarly, for edges not in the seed S we have

d 1
g(UA(n, S),ej) = n—43%, jm—jo1(n=Bijaj-1)% )

where ¢; € E(UA(j +1,5) \ E(UA(j, S)), j €{lSI,...,n—1}.
We use the following elementary facts about the beta-binomial distribution, which we prove
in Appendix A:

Fact 1. Forevery p > 1 there exists a constant C(p) such that for all «, 8, n such thatn > « + f3,
we have

(E[Bolz,ﬁ,nfafﬂ])]/p <C(p)n

a+p’ ®

Fact 2. There exists a universal constant C > 0 such that whenever a, 8 > 1, n > a + 8, and
t >0, we have

o
]P(Ba,ﬂ,n—a—ﬁ < tna —I—ﬁ) <Ct. 4)

2.2. A simple example

After these preliminaries we are now ready to show that §(Pys, S4) > 0. To abbreviate notation,
in the following we write simply P = P4 and S = S4. In order to show that 6(P, S) > 0, it is
enough to show two things:

liminf|E[G(UA(n, P))] - E[G(UA(n. 5))]| > 0. Q)
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and

limsup(Var[G (UA(n, P))] + Var[G(UA(n, $))]) < oo. (6)

n—oo

The proof can then be concluded using the Cauchy—Schwarz inequality (for more detail on this
point, see the proof of Theorem 1 in Section 3.2).

For j > 4, let e denote the edge in UA(j + 1, P) \ UA(/, P), and define e} similarly. To-
wards (5), we first observe that

g(UA®, P),e?) £ g(UA®, §). ), Vjeld....n—1}.
Consequently, we have
E[G(UA(n, P))] — E[G(UA(n, S))]

= > E[g(UA®m. P).e)]— Y E[¢(UAG.S).e)].

ecE(P) ecE(S)

Moreover, note that P has two edges, ¢1 and e, such that P \ {e;} has two connected components
of sizes 1 and 3 for i = 1, 2. Since this is true for all edges of the star S, we conclude that

E[G(UA(n, P))] —E[G(UA(n, S))] =E[g(UA(n, P), e3)] — E[g(UA(n, $), e1)].
where e3 is the remaining edge of P (i.e., the middle edge of the path). Using (1), we thus have

E[G(UA(n, P))] —E[G(UA(x, S))]

1
= E(E[B%,Z,n—ﬂ" - BZ,Z,n—4)2] - E[Blz,3,n_4(” - Bl,3,n—4)2])

_ 2n +5n2+8n+5
N 140n3 '

where the last equality is attained via a straightforward calculation using explicit formulae for
the first four moments of the beta-binomial distribution. We see that

. 1
lim (E[G(UA(n. P))] - E[G(UA(n. 5))]) = 2070
which establishes (5).

It remains to prove (6). We show now that limsup,,_, ., Var[G (UA(n, P))] < oo; the proof that
limsup,,_, o, Var[G(UA(n, §))] < oo is identical. To abbreviate notation, write T, for UA(n, P).
Similarly as above, for j > 4 let e; be the edge in T} \ 7}, and let e1, e2, and e3 be the edges
of P in some arbitrary order. Using Cauchy—Schwarz, we have that

n—1 2
Var[G(T;)] < (Z Var[g(Tn,ej)]) ) (7
j=l



From trees to seeds 2893

For any edge ¢; we clearly have 0 < g(7,, ¢;) <1, and so

Var[g(Ty,ej)] <3. (8)

Next, fix 4 < j <n — 1. Using formula (2), we know that

]«

1

~.
Il

a1
8T e)) =~ BY jujy (0= Bijn—j-)%

The estimate (3) yields E[Bf, jn—j— 1= cn* / j4, where C > 0 is a universal constant. Conse-
quently, we have '

E[g(Tu,e)?] <C/j*,  Vjeld...,n—1),

VVar[g(Ty. ep)] < C/j%

Plugging this inequality and (8) into (7) establishes (6). This completes the proof of 8 (P4, S1) >
0.

which, in turn, implies that

The statistic G(-) cannot distinguish between all pairs of non-isomorphic trees; however, ap-
propriate generalizations of it can. An alternative description of G (-) is as follows. Let T be a tree
consisting of two vertices connected by a single edge. Up to normalization, the quantity G(T) is
equal to the sum over all embeddings ¢ : T — T of the product of the squares of the connected
components of 7 \ ¢ (7). A natural generalization of this definition is to take t to be an arbitrary
finite tree. Moreover, we can assign natural numbers to each vertex of T, which determines the
power to which we raise the size of the respective connected components. In this way we obtain
a family of statistics associated with so-called decorated trees. It turns that this generalized fam-
ily of statistics can indeed distinguish between any pair of non-isomorphic trees; for details see
Section 3.

2.3. Distinguishing large stars: A proof of Theorem 2

In the following, we first give an upper bound on the probability that G(UA(n, T')) is small, and
then we give an upper bound on the probability that G(UA(n, Sx)) is not too small. The two
together will prove Theorem 2.

First, fix a tree T and choose an arbitrary edge e; € E(T). Let T, and T, be the two connected
components of UA(n, T) \ {e;}, defined consistently such that ij - Tj’ 41 and T]f/ C Tj”+ , (and
otherwise the order is chosen arbitrarily). We have

1 1
$(UAG. T).e1) = |1 |1 = S| (n = |
By equation (1), we have

iTr” i Bg,|T|—a,n—|T\’
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where a := |T|/T|| > 1. Using Fact 2, we then have that for all r > 0,

2
T, > 1 \T)> d? B\ T —an—T|
P n t—= | <P nct—— =P ——— — ) <C 9
<n2 BTE w2 TP P |T|2 Vi O

Consider the event E, = {|T,| < n/2} and note that if E, holds then g(UA(n,T),e;) >
T2 /(4n?). This, together with (9), gives

P(Enﬂ{g(UA(n,T),el) <t }) <C«t, Vt>0.

1
4T|?

By repeating the above argument with 7, instead of 7, , we also have

P(Efﬂ{g(UAm,m,el) 4|;|2}) <Cvi.  Viso0,

and thus we conclude that

1
]P’(g(UA(n, T),e1) < t4|T|2> <2C+V/71, vt > 0.

Now since G(UA(n, T)) > g(UA(n, T), e1), and by setting z = t/ (4T %), we finally get that
P(G(UA(n,T)) <z) <4Cz|T|,  Vz=>0. (10)
In order to understand the distribution of G (UA(n, Si)), we first estimate its mean:

E[G(UA(n, 5))]

k—1 -1y
=— E[B1k Lo = BLi—1.0—)? +Zn—4]E Blzjn i (=B ju i)
Jj=k
—1 n—1
k_l 2 1 n ) (3) C/ C/ 3C/
=3 E[Bf i1t + n_zzE[Bl’j’nfjfl] = +Y =< -
j= =’

for some absolute constant C’. Now using Markov’s inequality with this estimate, and also taking
7 =3C’//k in the inequality (10), we get that

"

1
P(G(UAn, Sp)) = 3C'/vk) < 7 ad P(G(UAG. 1)) <3C'/VE) < 17

for some absolute constant C”. This then immediately implies that §(S, T) — 1 as k — oo.
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3. Proof of Theorem 1

After the intuition and simple examples provided in Section 2, in this section we fully prove
Theorem 1. As mentioned in Section 1.1, the proof shares some features with the proof in [2] for
preferential attachment, but is different in several ways. These differences are discussed in detail
after the proof, in Section 4.1.

Notation. For a graph G, denote by V(G) the set of its vertices, by E(G) the set of its edges,
and by diam(G) its diameter. For brevity, we often write v € G instead of v € V(G). For integers
k, j = 1, define the descending factorial [k]; =k(k —1)---(k— j+1), and also let [k]o = 1. For
two sequences of real numbers {a, },>0 and {b,},>0, we write a, < b, (to be read as aj, is less than
by, up to log factors) if there exist constants ¢ > 0, y € R, and ng such that |a,| < c(log(n))? |b,|
for all n > ng. For a sequence {a,},>0 of real numbers, define A,a =a,+| —a, forn > 0.

3.1. Decorated trees

A decorated tree is a pair T = (1, £) consisting of a tree T and a family of nonnegative integers
(L(v); v € 1), called labels, associated with its vertices; see Figure 2 for an illustration. Let D
denote the set of all decorated trees, D the set of all decorated trees where every label is positive,
Dy the set of all decorated trees where there exists a label which is zero, and finally let Df; denote
the set of all decorated trees where there exists a leaf which has label zero.

Define | 7| to be the number of vertices of 7, and let w(z) := ), ., £(v) denote the total weight
of z. Forz,7/ € D, let T < 7' if |z] < |z/| and w(z) < w(z) or [z] < [z| and w(T) < w(T)).
This defines a strict partial order <, and let < denote the associated partial order, i.e., T < t’ if
andonlyift <t/ orz =1,

Figure 2. A decorated tree and a decorated embedding. On the left is a decorated tree T = (7, £) with
four vertices, two of them having label 1, and two of them having label 2. On the right is a larger tree
T, and an embedding ¢ : T — T depicted in bold. The connected components of the forest T(T,, @) are
circled with dashed lines, with the component sizes being fo,,)(T) =35, f)(T) =3, fpu)(T) =6, and
Jox)(T) =4. A decorated embedding ¢ is also depicted, which consists of the embedding ¢ together with
the mapping of w(z) = 6 arrows to vertices of 7. The arrows in each subtree are distinguishable, which is
why they are depicted using different colors.
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For 7 € D, let L(t) denote the set of leaves of 7, let Lo(z) :=f{v e L(z) : £(v) =0}, L1(7) :=
{fveL(z):€(w)=1},and Lo 1(z) := Lo(zx) U L1(z). For T € D and v € L(z), define T, to be
the same as t except the leaf v and its label are removed. For T € D and a vertex v € T such
that £(v) > 2, define L;J to be the same as t except the label of v is decreased by one, i.e.,
ZL;,(U) =L (v) — 1.

3.2. Statistics and distinguishing martingales

Given two trees T and 7, a map ¢ : T — T is called an embedding if ¢ is an injective graph
homomorphism. That is, ¢ is an injective map from V () to V(T') such that {u, v} € E(t) implies
that {9 (), p(v)} € E(T). L

For two trees 7 and T, and an embedding ¢ : T — T, denote by T = T (T, 7, ¢) the forest
obtained from 7" by removing the images of the edges of 7 under the embedding ¢; see Figure 2
for an illustration. Note that the forest T consists of exactly || trees, and each tree contains
exactly one vertex which is the image of a vertex of  under ¢. For v € 7, denote by fy)(T)
the number of vertices of the tree in T which contains the vertex ¢(v). Using this notation, for a
decorated tree T € D define

F (D) =Y [T fow ]y (11)

¢ Vet

where the sum is over all embeddings ¢ : T — T'. If there are no such embeddings, then F; (T') =
0 by definition. Note that if T consists of a single vertex with label k > 0, then F¢(T) = |T| x
UT %

The quantity F;(7) has a combinatorial interpretation which is useful: it is the number of
decorated embeddings of t in T, defined as follows. Imagine that for each vertex v € t there
are £(v) distinguishable (i.e., ordered) arrows pointing to v. A decorated embedding ¢ is an
embedding ¢ of 7 in T, together with a mapping of the arrows to vertices of T in such a way
that each arrow pointing to v € t is mapped to a vertex in the tree of T that contains ¢ (v), with
distinct arrows mapped to distinct vertices. See Figure 2 for an illustration.

The quantities F; are also more amenable to analysis than other statistics, because their ex-
pectations satisfy recurrence relations, as described in Section 3.3. Using the statistics Fy it is
possible to create martingales that distinguish between different seeds.

Proposition 1. Ler T € D There exists a family of constants

{en(z. 7)) €Dy T/ T 0> 2}
with ¢, (7, T) > 0 such that for every seed tree S, the process {Més) (n)}n>|s) defined by

M£S) (n) = Z Cn (L Z/) FL’ (UA(n, S))

'eDyr/xz

is a martingale with respect to the natural filtration F,, = o {UA(|S|, S), ..., UA(n, S)} and is
bounded in L*.
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Note that in the construction of these martingales we only use decorated trees where every
label is positive. As we shall see, we analyze decorated trees having a label which is zero in
order to show that the martingales above are bounded in L. See Sections 3.4 and 4.1 for more
details and discussion on this point.

We now prove Theorem 1 using Proposition 1, which we then prove in the following subsec-
tions. We note that only decorated trees having all labels equal to 1 are used in the proof; labels
other than 1 are only required to show that the martingales above are bounded in L?.

Proof of Theorem 1. Let S and 7' be two non-isomorphic trees with at least three vertices, and
let ng := max{|S|, |T|}. First, we show that there exists T € D such that

E[Fr (UA(no, S))] # E[F: (UA(no, T))]. (12)

Assume without loss of generality that | S| < |T|, and let = be equal to T with labels £(v) = 1 for
all v € T. Then for every tree T’ with |T'| = |T| we have F;(T') = Ft(T) x 1{p/=r}, since if
T’ and T are non-isomorphic then there is no embedding of T in 7”. Note also that F(T) is the
number of automorphisms of 7', which is positive. Consequently, we have

E[F; (UA(no, S))] = Fc(T) x P[UA(no, S) =T].

When |S| = |T|, we have P[UA(ng, S) = T] = 0. When |S| < |T| it is easy to see that the
isomorphism class of UA(ng, S) is nondeterministic (here we use the fact that |S| > 3), and so
P[UA(ng, S) = T] < 1. In both cases, we have that (12) holds.

Now let T € D be a minimal (for the partial order < on D) decorated tree for which (12)
holds. By definition we then have that

E[FL/ (UA(n(), S))] = E[FL/ (UA(n(), T))]

for every 7’ € D, such that 7’ < 7. By the construction of the martingales in Proposition 1, we
then have that

E[M® (no)] # E[M (no)].

Clearly for any n > ng we have that

TV(UA(n, 5), UA(n, T)) = TV(MS (), M (n)).

Now let (X, ¥) be a coupling of (M> (n), M{" (n)). We need to bound from below P(X # Y) in
order to obtain a lower bound on TV(M;S) (n), Mg) (n)). Using the Cauchy—Schwarz inequality,
we have that

(ElIX - Y|)?
P(X#Y) > EX -1
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By Jensen’s inequality, we have that (E[|X — Y|])?> > (E[X] — E[Y])?, and furthermore
E[(X — Y)Z] =E[(X — E[X]+E[X] - E[Y]+E[Y] - Y)z]
= Var(X) + Var(Y) + (E[X] — E[Y])” + 2E[ (X — E[X])(E[Y] - V)]
< 2Var(X) + 2 Var(Y) + (E[X] - E[Y])’.
Thus we have shown that
V(UA(n, S), UA(n, T))

EIME (n)] — EIM (n)])?
2Var(M(S) (1)) +2Var(MD (n)) + EIME ()] — BIMET ()])?

Since M7 5 and M; ) are martingales, for every n > ng we have that E[M;’ (5 (m)] —E[M; 1) n)] =
[Mﬁs) (no)] — E[Mg)(no)] # 0. Also, since the two martingales are bounded in L2, we have
that Var(MéS) (n)) + Var(Mé )(n)) is bounded as n — oo. We conclude that §(S, T) > 0. O

3.3. Recurrence relation

The following recurrence relation for the conditional expectations of F;(UA(n, S)) is key to
estimating the moments of Fr(UA(n, S)).

Lemma 1. Let T € D such that |t| > 2. Then for every seed tree S and for every n > |S| we
have

E[F: (UA(n + 1, 9))|F, ]

O+w@» (UAG, 5)) (13)
1
+;{ Y L) = 1)Fy (VAG, $) + > F,v(UA(n,S))}.

vet:l(v)>2 veLg,1(z)

Proof. Fix 7 € D with |t| > 2, fix a seed tree S, and let n > |S|. To simplify notation we omit
the dependence on S and write 7, instead of UA(n, S). When evaluating E[ F¢ (T,41)|F,] we
work conditionally on F;,, so we may consider 7}, as being fixed.

Let u,4+1 denote the vertex present in 7,41 but not in 7},, and let u, denote its neighbor in
T,+1. Let £,41 denote the set of all embeddings ¢ : T — T,,41; we can write &£, as the disjoint
union of the set of those using only vertices of 7,,, denoted by &,, and the set of those using
the new vertex u,41, denoted by &,4+1 \ &,. To simplify notation, if T € D, T is a tree, and
¢ : T — T is an embedding, write W, (T) = [[,c.[fow)(T)]ew) for the number of decorated
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embeddings of z in 7' that use the embedding ¢. We then have Fr (T 1) = 3y cg, We (Tut1) +
2 ve&r & Weo(Tnt1) and we deal with the two sums separately. R

First, let ¢ € &,. For v € 7, denote by E, the event that u, is in the same tree of T, as
@(v) (recall the definition of T;, from Section 3.2). Clearly P(E,|F,) = fyw)(Tw)/n. Un-
der the event E, we have that fuu)(Tht+1) = fow)(Tn) + 1, while for every v’ € 7 \ {v}
we have fo)(Tht1) = fo)(Tn). Now using the identities [d + 1] = [d]e + € x [d]e—1
and d x [d]e—1 = [d]¢ + (€ — 1) x [d]¢—1, which hold for every d,¢ > 1, and also using
[d + 1]o = [d]o, we have that

E[Ww(Tn+l)|~Fn]

v) (T
:Z%Uw(v)(n)—kl]am l_[ [f(p(v/)(T")]E(v/)

VET v'er\{v}

1
=W+~ > O fow T fow Tyt [T ewr Tl

vetrl(v)>1 ver\{v}

- (1 + w(z))m,(n)

n

1
+ - Z K(U)(E(U) - 1)[f(p(v)(Tn)]£(v)_1 l_[ [f(p(v’)(Tn)]e(v/)

vet:l(v)>2 v'et\{v}

(14 ' .
_(1+ " )W¢(Tn)+n Z ) (L) — D)Wy (T,

vet:l(v)>2

where ¢ is the embedding equal to ¢ of the decorated tree t/. Now as ¢ runs through
the embeddings of t in 7,, ¢, runs exactly through the embeddings of z/. So we have
that

Y BT ) Fu] = (1 + %)mm +% Yo (@) = 1)Fy (T).  (14)
pe&, ver:l(v)>2

Now fix T,,4+1 and consider ¢ € £,4+1 \ &;. Let w € T be such that ¢(w) = u,41. Since ¢
is an embedding, we must have w € L(t). Note that if w ¢ Lo 1(z) then W, (T,41) = 0. If
w € Lo 1(7) then denote by &, the set of all embeddings ¢ € &, \ &, such that (w) = uy,41.
Now fix w € Lo,1(z) and ¢ € &,. Note that ¢ restricted to 7 \ {w} is an embedding of r, in
Ty; call this ¢, . Let x be the neighbor of w in 7. We then must have ¢(x) = u,, and also
[fow)(Tus1)]eqw) =1 (irrespective of whether w € Lo(z) or w € L1(z)). Furthermore, for every
w’ € 7\ {w} we have fo,)(Tht1) = fyw)(Tn). Thus, we have

W‘P(T’H‘l) = W‘ﬂw (Tn)l{W(w):“n+l}‘
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For fixed w € Lo,1 (), as ¢ runs through &,,, ¢,, runs through all the embeddings of 7, in 7,,.
So summing over w € L, we obtain

D W= > Y W, T lgwimu,)

0e€nr1\&n weLo1(t) puw:T,—>Th
= Z sz (Tn)l{(p(w):u,1+l}-
weLo,1 (D)

Now taking conditional expectation given J,, we get that

1
E Z W‘P(Tn+l)|fn] = ; Z sz(Tn)- (15)
0€€nt1\En weLo,1(z)
Summing (14) and (15) we obtain (13). O

3.4. Moment estimates

Using the recurrence relation of Lemma 1 proved in the previous subsection, we now establish
moment estimates on the number of decorated embeddings F; (UA(n, S)). These are then used
in the next subsection to show that the martingales of Proposition 1 are bounded in L?.

The first moment estimates are a direct corollary of Lemma 1.

Corollary 1. Let T € D be a decorated tree and let S be a seed tree.

(a) We have that n*'® Z E[F,(UA(n, $))].
(b) If|z| > 2 and T € D\ D}, then we have that E[ F; (UA(n, S))] < n*@.
(©) If |zl =1 or T € D}, then we have that E[F; (UA(n, §))] < n*®+1,

Proof. Fix aseed tree S and, as before, write 7, instead of UA(n, S) in order to simplify notation.
First, recall that if |z| =1, then F¢(T,,) =n x [n]y), so the statements of part (a) and (c) hold
in this case. In the following, we can therefore assume that || > 2.

Lemma 1 then implies that for every n > | S| we have

w(T)

E[Fe(Tu41)] = (1 + )E[FL(Tn)].

Since there exists ng such that E[ F; (T,,)] > O (one can take, e.g., no = |S| + |z]), this immedi-
ately implies part (a) (see Appendix B for further details).

We prove parts (b) and (c) by induction on 7 for the partial order <. We have already checked
that the statement holds when |z| = 1, so the base case of the induction holds. Now fix 7 such
that |t| > 2, and assume that (b) and (c¢) hold for all T’ such that 7" < . There are two cases to
consider: either T € D\ Dj or = € Dj;.
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If t e D\ D} , then Lo(z) = . Note that for every v € L1(z) we have w(z,) = w(z) — 1,
and also for every v € t such that £(v) > 2 we have w(z/) = w(z) — 1. Therefore by induction
for every v € Li(z) we have E[F7 (T,)] = n*@ and also for every v € T such that £(v) > 2 we

have E[FL’U (TH1=Z n*@ . So by Lemma 1 there exist constants C, y > 0 such that

w(z)

E[Fe(Tht1)] < (1 + )E[FL(Tn)] + C(log(n))" n» @1, (16)

n
This then implies that E[ F; (T,)] Z @, see Appendix B for details.

If T € Djj then Lo(r) # @ and note that for every v € Lo(z) we have w(z,) = w(z). If for
every v € Lo(r) we have 7, € D \ Djj, then the same argument as in the previous paragraph
goes through, and we have that E[ F; (T,)] = n*@  However, if there exists v € Lo(7) such that

T, € DE)“, then (16) does not hold in this case; instead we have from Lemma 1 that there exist
constants C, y > 0 such that

w(z)

E[F: (Th+1)] < (1 + )E[F,(Tn)] + C(log(n))” n"@.

Similarly as before, this then implies that E[ F; (T;,)] < n”®*1; see Appendix B for details. [J

The second moment estimates require additional work. First, recall again that if |t| = 1, then
F;(UA(n, S)) = n x [n]y(r). Consequently, we have that F; (UA(n, S))> 2 n®*®+2 and also
that (F; (UA(n + 1, S)) — F; (UA(n, $)))? Z n?*@,

Lemma 2. Let T € Dy with |t| > 2 and let S be a seed tree.

(a) We have that E[F;(UA(n, $))?] Z n**®.
(b) We have that E[(Fr (UA(n + 1, S)) — Fr (UA(n, N2 = n2w®-2,

We note that part (a) of the lemma follows in a short and simple way once part (b) is proven.
However, for expository reasons, we first prove part (a) directly, and then prove part (b), whose
proof is similar to, and builds upon, the proof of part (a).

Proof. Fix 7 € D, with |7]| > 2 and a seed tree S. Define the constant K = K (7) := max{4(|t|+
w(z)), 20}. We always have F;(UA(n, S)) < nk/4 since the number of embeddings of t in
UA(n, S) is at most nTl, and the product of the subtree sizes raised to appropriate pow-

ers is at most n”@. By Lemma 4 in Appendix C there exists a constant C(S) such that
P(diam(UA(n, S)) > K log(n)) < C(S)n~K/2. Therefore we have

2
E[F (UA(1, $)) Ldiam(UA(,$)> K log(n)} ] < C(S),

and similarly

E[(F:(UA(1 + 1, 9)) = Fe(UAG, $)))*diam(Uacr,5)> K logany ] Z 1.
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Therefore in the remainder of the proof we may, roughly speaking, assume that we have
diam(UA(n, S)) < K log(n); this will be made precise later.

To simplify notation, write simply 7, instead of UA(n, S). Our proof is combinatorial and
uses the notion of decorated embeddings as described in Section 3.2. We start with the proof of
(a) which is simpler. We say that ¢ = 9, X, is a decorated map if it is a map such that both
@, and @, are decorated embeddings from T to T,. Note that ¢ is not necessarily injective, in
the sense that e, and @, can share vertices, edges, and arrows. If ¢ is a decorated embedding or
a decorated map, we denote by ¢ the map of the tree without the choices of vertices associated
with the arrows.

Now observe that F; (T,,)? is exactly the number of decorated maps ¢ = @, X ¢,. We partition

the set of such decorated maps into two parts: let Sé (T,,) denote the set of all such decorated
maps where ¢1(7) N@2(7) # &, and let EZ(T ) denote the set of all such decorated maps where

p1(r) Nga(t) = @. Clearly F (T, )2 = |51(T )+ |€2(T )|. This partition is not necessary for
the proof, but it is helpful for exposition.

We first estimate |<5'Tl (T,)|- To do this, we associate to each decorated map ¢ € 5,1 (T,) a dec-
orated tree o and a decorated embedding Y of it in T}, in the following way; see also Figure 3
for an illustration. We take simply the union of the images of the decorated embeddings @, and
¢,, and if these share any vertices, edges, or arrows, then we identify them (i.e., we take only a
single copy). The resulting union is the image of a decorated tree o under a decorated embedding
Y¥r; note that ¢ is uniquely defined, and ¥ is uniquely defined up to the ordering of the arrows
associated with o. To define v uniquely, we arbitrarily define the ordering of the arrows associ-
ated with o to be the concatenation of the orderings associated with ¢, and ¢,. Here we used the

r@ ®9

Figure 3. A decorated map and an associated decorated embedding. The top row depicts a decorated tree T
and two decorated embeddings, ¢ ¢, and @,, of it into a larger tree 7. The bottom row depicts the associated
decorated tree ¢, and the decorated embeddmg ¥ ofitinto 7.
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fact that ¢ € Erl (T,,), since when ¢1(t) N2 () = &, the union of the two decorated embeddings
cannot be the image of a single decorated tree under a decorated embedding.

Note that when taking the union of the decorated embeddings we do not introduce any new
arrows, so we must have w(o) < 2w(z). Note also that, due to the nonlocality of the decorations,
o might have vertices having a zero label, see, for example, Figure 3. However, importantly, the
construction implies that all leaves of o have positive labels, that is, o € D \ Dj.

Let U/ (z) denote the set of all decorated trees o that can be obtained in this way. The cardinality
of U(7) is bounded above by a constant depending only on 7, as we now argue. The number of
ways that two copies of 7 can be overlapped clearly depends only on t. Once the union ¢ of
the two copies of 7 is fixed, only the arrows need to be associated with vertices of o. There are
at most 2w(t) arrows, and o has at most 2|t | vertices, so there are at most (2|1|)2w(3) ways to
associate arrows to vertices.

The function ¢ > (o, ¥) is not necessarily one-to-one. However, there exists a constant ¢(z)
depending only on T such that any pair (o, ) is associated with at most ¢(z) decorated maps ¢.
To see this, note that given (o, ¥), in order to recover ¢, it is sufficient to know the following:
(i) for every edge of ¥ (o), whether it is a part of ¢1(7), a part of ¢,(7), or a part of both, (ii)
for every arrow of ¥ (o), whether it is a part of 2, (7), a part of ?, (z), or a part of both, and
(iii) the ordering of the arrows for 2, and @, Slnce o] <2|z| and w(o) <2w(r), we can take
o(x) = 32O (w (D)),

We have thus shown that

NI < e Y. FoTw).

oel(z)

For every o € U(t) we have that o € D\ D¢, |o| > |z] > 2, and w(o) < 2w(z), and so by
Corollary 1 we have that E[F,; (T;,)] < 2@ @ Since the cardinality of ¢ (t) depends only on z,
this implies that E[|£] (T;)|] < n*(®).

Now we turn to estimating |52(T,,)| Again, we associate to each decorated map (S 5 (Ty) a
decorated tree o and a decorated embedding ¥ of itin 7,. This is done by first, just as ‘before,
taking the union of the images of the decorated embeddings 2, and (2% and if these share any
arrows, identifying them (i.e., we take only a single copy). (Note that, since ¢1(t) N2 (1) =
the decorated embeddings do not share any vertices or edges; however, due to the nonlocality of
decorations they might share arrows.) We then take the union of this with the unique path in 7},
that connects ¢ (t) and ¢, (7). The result of this is a tree in 7,,, together with a set of at most
2w(z) arrows associated with vertices of T},; this is thus the image of a decorated tree o under a
decorated embedding ¥, and this is how we define (o, ¥). See Figure 4 for an illustration.

Again we have that_any such o must satisfy w(o) < 2w(z) and o € D \ Djj. The important
difference now is that a priori we have no bound on |a|. This is where we use that diam(7;,) <
K log(n) with high probability.

Let L{2(”)(£) denote the set of all decorated trees o of diameter at most K log(n) that can be

obtained in this way. The cardinality of Z/Iz(") (z) cannot be bounded above by a constant depend-
ing only on T, but it is at most polylogarithmic in 7, as we now argue. There are at most |z|?
ways to choose which vertices of ¢1(t) and ¢, (7) are closest to each other, and the path con-
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Figure 4. Another decorated map and an associated decorated embedding. The top row depicts a decorated
tree 7 and two decorated embeddings, [ and (28 of it into a larger tree T, where now ¢1(t) N2 (7)) = 9.

The bottom row depicts the associated decorated tree o, and the decorated embedding ¥ of it into 7. The
path connecting ¢1(t) and ¢, (7) is depicted in blue.

necting them has length at most K log(n). So the number of trees o that can be obtained is at
most |T |2K log(n). Once the tree o is fixed, only the arrows need to be associated with vertices
of o. There are at most 2w(z) arrows, and o has at most K log(n) + 2|z| vertices, which shows
that

U (@] < 12K log(n) (K log(n) +2|z])*" Z 1.

The function ¢ — (o, V) is not one-to-one. However, there exists a constant ¢, (t) depending
only on T such that any Elir (o, ¥) is associated with at most ¢(7) decorated maps ¢, as we
now show. First, given (o, V), we know that ¢1(7) and ¢y(7) are at the two “ends” of v(o).
The two “ends” of V(o) are well-defined: an edge e of (o) is part of the path connecting
¢1(7) and ¢2(7) (and hence not part of an “end”) if and only if there are at least |z| vertices
on both sides of the cut defined by e. In order to recover ¢, we also need to know for each
arrow of ¥ (o), whether it is a part of ¢ l(3), a part of 92(1)’ or a part of both. Finally, we
need to know the ordering of the arrows for ?, and @, Since w(o) < 2w(z), we can thus take
02() =2 x 3@ (w(®hH?.

We have thus shown that

|E2(T) M diam(T) <K o) < 2(T) > Fo(Ty).
celly” (1)



From trees to seeds 2905

Figure 5. Type A and type B decorated embeddings. The top row depicts a decorated tree T and two
decorated embeddings, ¢, and ¢, of it into a larger tree 7, 1. Here ¢, is of type A, and ¢, is of type B. In
the bottom left is the associated decorated tree o, together with the decorated embedding ¥ of it into 7,4 1.
In the bottom right is the pair (o', ¥').

For every o € 2/12(”)(1) we have that o € D\ D}, |o| > |t| > 2, and w(o) < 2w(z), and so by
Corollary 1 we have that E[F, (T,)] < n**®. Since we have |Z/l2(")(£)| Z 1, we thus have

E[|€2(T) N giam(7,) <K tog(my ] T n**'®.
This concludes the proof of (a).

For the proof of (b) we work conditionally on ;. As in the proof of Lemma 1, let u,;
denote the vertex present in 7,41 but not in 7, and let u,, denote its neighbor in 7},4. Observe
that F; (T,41) — F:(T,) is equal to the number of decorated embeddings of t in 7,4 that use
the new vertex u,41. There are two ways that this may happen, and we call such decorated
embeddings “type A” and “type B” accordingly (see Figure 5 for an illustration):

e Type A. The decorated embedding maps a vertex v € T to u,41. Since T € D and the
arrows are mapped to different vertices, we must then have ¢(v) = 1, and the arrow pointing
to v in T must be mapped to u; 1.
e Type B. The decorated embedding maps 7 in 7, but there exists an arrow of T which it
maps to uy41.
Consequently, (F¢(Ty+1) — Fr (T))? is equal to the number of decorated maps p=9, %9,
such that ¢ | is either of type A or of type B, and the same holds for @, We denote by 52 (T41)
the set of all such decorated maps where ¢1(t) N ¢2(7) # &, and let Eg (T+1) denote the set
of all such decorated maps where ¢;(7) N ¢2(7) = &. Thus we have (F¢(T,+1) — FL(Tn))2 =

|€~TI(T,,+1)| + |6’~T2(Tn+1)|. Again, this partition is not necessary for the proof, but it helps the
exposition. ~
We first estimate |¢‘,’r1 (T+1)|. In the same way as in part (a), we associate to each decorated map

XS ELI(T,,H) a pair (o, ¥). Note that both @, and @, Map an arrow to iy 41, SO w(o) <2w(r) —
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1, and also there exists an arrow a* € o that is mapped to u,+1, denoted by ¥ (a*) = un+1. We
again have o € D \ Djj. As before, the set U (7) of all decorated trees ¢ that can be obtained in
this way has cardinality bounded above by a constant depending only on . Furthermore, there
exists a constant ¢(z) depending only on z such that any pair (g, ¥) is associated with at most
¢(z) decorated maps ¢.

We partition é:rl (T,,+1) further into two parts. Let grl'A (Ty+1) denote the set of decorated maps
(XS él(Tn+]) such that at least one of ¢, and ¢, is of type A, and let g’l B(Thir) = E:'l = (T 1) \

51 A(Ty41). That is, 5 *B(T,41) consists of those decorated maps (S 5 r (Tat1) such that both
, and ¢, is of type B.

We first estimate |51 A(Tn+1)| We associate to each (S 51 A(TnH) a pair (o, ¥) as above.
Let v € o denote the vertex such that ¥ (v) = Mn+1, and let v’ € o denote the vertex such that
¥ (v") = u, (these vertices exist because ¢ € 5, (Ty41)). Define the decorated tree o’ from
o by removing the vertex v from o, as well as the arrow a* pointing to it. Define also the
decorated embedding ' : ¢’ — T, to be equal to ¥ on ¢’, that is, ¥’ = ¥|,/; see Figure 5
for an illustration. We have that w(o’) = w(g) — 1 < 2w(t) — 2, it can be checked that ¢’ €
D\ D, and we also have ¥’ (v') = u,. Let U’ (z) denote the set of all decorated trees o’ that
can be obtained in this way, and note that the cardinality of Z/'(z) is bounded from above by

a constant depending only on 7. Since the map (o, g) = (d/, ﬂ’, v') is one-to-one, we have

obtained that
"SN;’A(TH+1)| = Z Z Z 5(2)1{1/,/(1)/):“"}.

o'l (x) Ve Yo' =T,

Since u,, is uniform, we obtain

B{IEL (T[] = BB () |15

< Y ZQEF (T,)] 2 n? @73,

o =y (z)v eo’

where in the last inequality we used that for every o’ € I/(t) we have w(c’) < 2w(t) — 2 and
o’ € D\ D, and so by Corollary 1 we have that E[F,/(T},)] < n2w@=2,

We now turn to estimating |5~}*B(Tn+1)|. Let

v* := argmindistr, (w (v), u,,_H) = argmindisty, (1// (v), un),
VED VEOD
where distg denotes graph distance in a graph G. Note that the arrow a* € ¢ is associated with
v* in 0. Define the decorated map o* from o by removing the arrow a* from o. We have that
w(o™) = w(o) — 1 < 2w(z) — 2. Furthermore, either o* € D \ Dfj or v* is the only leaf of o
that has label zero. Let Z;I*(z) denote the set of all decorated trees o* that can be obtained in
this way, and note that the cardinality of Z/*(z) is bounded from above by a constant depending
only on 7. Define also the decorated embedding * : 6* — T, to be equal to { on ¢*, that is,
Y* = Y|+ Define furthermore z* to be the neighbor of ¥ (a*) in T,41; we thus have z* = u,,.
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Due to the ordering of the arrows, the map (o, ¥) > (o*, ¥*, z%) is not necessarily one-to-
one, but any triple (¢*, ¥*, z¥) is associated with at most w(z) pairs (o, ¥). Thus, defining
¢'(r) :=¢(x)w(z), we have that

|‘§11’B(Tn+l)|
=D DD DI W ¢a} [
o*ell*(v) Yo =T, 2*eT,

X 1{g+eD\ Dy )Ulo* €D arg mindistr,, (¥ (v), 2% Lo (%)}

veo*

<@ Z Z Lo+ eD\Df)Ulo* €D arg mindistz,, (¥ (v),u,)€Lo (@)}

g*eu*(z)ﬂ*:g*—)Tn vee

Now if o* € U*(z) N (D \ D), then the sum over embeddings ¥ * : o — T, becomes Fo+(Ty),

and by Corollary 1 we have that E[ Fy«(T;,)] < n2O-2 Ifg* e Z;{*(g) N Dy, then, as mentioned
above, Lo(c™) = {v*}, and we have

P(argmindistz, (¥ (v), u,) = v*|F,) = M

veo*

So by summing over *: 0* — T, if 0™ € U*(x)N Dy, then

1
E|: Z l{g*eDg,argmindistTn (W(v),u,,)eLo(a*)}‘}—n:| = ;Fg(Tn)~

III*ZQ*—>Ty, veo

Since 0 € D\ Djj and w(o) < 2w(z) — 1, by Corollary 1 we have that E[Fy (T,)] =z p2w@-l
and thus E[n~! Fy (T)1< n**@=2 Putting everything together we thus obtain that

EHELLB(TnH)H = w2

To estimate |6~'t2(Tn+1 )| we can do the same thing as in part (a), and we obtain the same bound

as for |§£1 (T,,+1)| up to polylogarithmic factors in n. We omit the details. This concludes the
proof of part (b). (I

3.5. Constructing the martingales

We now construct the martingales of Proposition 1 with the help of the recurrence relation of
Lemma 1. In order to show that these martingales are bounded in L2, we use the moment esti-
mates of Section 3.4.
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Proof of Proposition 1. Fix a seed tree S with | S| = ng > 2. For a decorated tree T € D4 and
n > 2, define

n—1

-1
B (@) :=]‘[(1+“’(.D> . when|z|>2;
J

j=2
and
Bu(@) = (n x [nlwn) > when|z|=1.

Note that when || > 2, we have n *® Z g, (1) T n @,
We now construct, by induction on the order < on decorated trees, coefficients

{an(z.7') 2.7/ € Dy, 2" < 7,1 = no}

such that
an(z,7) 21, Ana(z,7') = 1/n, (17)

and

Mis)(n)=ﬂn<z><Fr(UA(n,s))— > “"(Lf)Ff’(UA(”’S))) o

t'eDyit/<T

is a martingale. Importantly, we shall see that the coefficients a,(z, t/) do not depend on S. To
simplify notation, in the following we omit dependence on S and write M. (n) for Més) (n). Also,
as before, we write T;, for UA(n, S).

First, when || =1, we have M (n) = B,(z) F¢(T,) = 1, which is a martingale. Now fix T €
D, with |z| > 2. Assume that the coefficients a, (o, o) have been constructed for every 0,0’ €
D, such that 0’ < o < 7 and every n > ng, and that they have the desired properties. We first
claim that there exist constants {b,(c,0’) :0’ <o < 1,n > ng} such that b,(c,c’) < 1 and

1 by(a,a’)
Fo(Ty) = ——Ms(n) + ——— My (n) (19)
S DZ ., Bule) °
for n > ng. To see this, define the matrix A, = (A,(0,0))g,0/<z Y An(c,0’) = —an(co, ') if

o' <0o,A(c,0')=1if o =0/, and A, (o, c’) = 0 otherwise. Then, using (18), we have for
every n > ng the following equality of vectors indexed by ¢ € D such that o < t:

1
—MU = An . FO’ Tn . 20
<,3n(£) (n))g< ( ol ))U_<1 (20)

We can write {0 € Dy 10 <t} ={0;,...,0k} in such a way that o; < o implies i < j. With
this convention, A, is a lower triangular matrix with all diagonal entries equal to 1 and all entries
satisfying A, (g, 0’) = 1. Therefore A, is invertible, and its inverse also satisfies these properties.
That is, if we write A;l = (by(0,0"))g,6'<z, then A;l is a lower triangular matrix that satisfies
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by(o,0)=1forall ¢ <z, and b,(c,0’) < 1 for all 0,0’ < . So (19) follows directly from
(20).
Note that we can write equation (13) of Lemma 1 more compactly as follows:

E[F,(UA( + 1, 8))|F] = (1 n w(D)FL(UA(n, $))

o 1)
+ ; Z C(L, L/)FL/ (UA(I’Z, S)),
t'eD:t' <z

for appropriately defined constants {c(z,t’) : t,7’ € D, 1/ < t}, and note that since 7 € Dy,
we have c(t,t’) =0 if t/ ¢ D,. Therefore, using (21) and (19), together with the identities
Bt (@1 + w(@/n) = fp(x) and fpi1(@n~" = Bu()(n + w(x) ™", we have for n = ng
that

E[But1(0) Fe (Tys1)| Fn ]

Bn(T) /
=B F:(T) + -2 Y e(n ) Fu(T)

’eDit/<t

= B (@) Fo(Ty)

! / / Bn (™)
+ma > (C(LQ)JF > C(Lz)bn(z,g))ﬂn@Mo_(n).

€Dio<T 7'eDyio<1/<T

For n > ng define

n—1

| .
an(z,0) = Z m(c(g,g)+ Z c(z,y)b,-(g,g)) Zj((g

j=no v'e€Dyio<1'<T

We thus have

E[:Bn+1(£)FL(Tn+1)|}—n] = Bn (@ Fe(Ty) + Z (an-‘rl (T, 0) —an(z, Q))Mg(n)-

0eDyio<T

By our induction hypothesis, {My (n)},>n, is an (F,)-martingale for every ¢ < z, and con-
sequently B, () Fz (1) — ZaeD+:a<r a,(z,0)My(n) is also an (F,)-martingale. By (18), we
have T

B@F(T)— Y Gn(z,0)My(n)

oeDio<T

= B (Z)FL(Tn)

- an(z,g)ﬂn@(mrn)— > an(g,z’)FL«Tn))

o€D o<1 7’eDi:t'<a
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= Bu (1) <FL(Tn)

So if we set

an(z,0) :=au(z,0) ,/‘;’:z ((i)) - Z dn (L’ L/)a" (L/’ g) "f;’:((i)) ’

7'eDyio<1/<T

then it is clear that {M; (n)},>,, defined as in (18) is a martingale.
Now let us establish that the coefficients are of the correct order, that is, let us show (17). First

note that (n 4+ w(t))~' = 1/n, and that when || > 2, B, (x)n”® has a positive and finite limit as

n — 00. Therefore, a simple computation shows that for o, o’ € D, with |g|, |o’| > 2, we have

Pul@ o wer-v@ g A, PD e -1,

Bn(a’) Ba’)

Furthermore, by the induction hypothesis we have that b, (g, o’) < 1 for every o, 0’ < 7. From
the definition of @,(z, o) we then immediately get that A,a(t, o) < n*@~*@=1 and conse-
quently also @, (z,0) < n? @ =@ forevery o € D, such that o < z and |a| > 2. So for every
o € D, such that 0 < T and |o| > 2 we have that

o <_ B (Q)) ~ 1
ap(t,0)——<1 and Ayla(r,0)———)<-. (22)
B(@) n

One can easily check that (22) holds also when |o| = 1. Now combining all of these estimates
with the definition of a, (z, o), we get that (17) holds. This completes the induction.
Finally, what remains to show is that the martingales M. are bounded in L2. Since M is a

martingale, its increments are orthogonal in L2, and so
n—1 5
E[M:(m)*] = ) E[(M(j + 1) — M(j)) ] + E[ M (no)*].
Jj=no
Clearly E[M, (no)z] < 00 and so it suffices to show that

]

> E[(Mo(n+1) — Me())’] < oo

n=no

Recalling the definition of M. from (18) we have

E[(40(M2))’]

=E[<An(ﬂ.<y&<r>) - 2. M(f@a(nr)F L/(T')))z]’

1eDyr/<z
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where the dots in the subscripts denote dependence on 7, on which the difference operator A,
acts. By the Cauchy—Schwarz inequality, there exists a positive and finite constant ¢ that depends
only on t such that for every n > ng, the quantity ¢ x E[(A, (Mz))2] is bounded from above by

E[(An(BOFM)) ]+ Y E[(An(BDa.(z.2)Fo(T)))’]. 23)

1eDir/<z

Since Ay (B(D) Fi(T)) = Bpi1 (D An(F(T)) + (An(B.(D))) Fr (Ty), we have that

E[(An(B.(©)Fe(T)))*] < 2(Bur1 (@) E[(An(Fe(T))’]
+2(8,(8-@)) B[ Fe (T0)?].

We have seen that (8,41(1))> < n™?*® and (A,(B.(x)))*> < n™2*®~2 and by Lemma 2 we
have that E[F; (7,,)?] < n?*®@ and E[(A, (F;(T))))*] < n?>*®~2_ Putting these together we thus
have that E[(A,(B8.(T) FL(T.)))Z] Z n~2. For the other terms in (23), we similarly have

E[(A (B.(a.(z, ') Fe(T)))] < 2(ans1(z, 7)) B[ (An (B.(0) Fo (T)))]
+2(An(a(z 1)) E[(Br @ Fer(T) ]

We have seen that (a,+1(z, 7))> < 1 and (A, (a.(z, T')))?> Z n~2. Furthermore, by Lemma 2 we
have that E[(8,, () FL/(T,,))Z] Z p2w@)-2w@ < 1 and similarly to the computation above we
have that E[(A,(B.(7) FZ/(T.)))Z] T 2@ 2w@-2 <=2, Putting everything together we get
that

E[(My(n+ 1) — Mc ()] 202,

which is summable, so M, is indeed bounded in L2, O

4. Discussion

We conclude with a comparison of our proof to that of [2], and with a list of open problems.

4.1. Comparison to [2]

As discussed in Section 1.1, the key difference in our proof for uniform attachment compared
to the proof of [2] for preferential attachment is the underlying family of statistics. For prefer-
ential attachment these are based on the degrees of the nodes, whereas for uniform attachment
they are based on partition sizes when embedding a given tree, that is, they are based on global
balancedness properties of the tree.

The statistics F; (T') are defined in this specific way in order to make the analysis simpler. In
particular, it is useful that F7(T") has a combinatorial interpretation as the number of decorated
embeddings of t in T, similarly to the statistics of [2]. However, the notion of a decorated
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embedding is different in the two settings. In [2], arrows associated with the decorated tree t are
mapped by ¢ to corners around the vertices of ¢(7), or in other words, the decorations are local.
In contrast, in the notion of a decorated embedding as defined in this paper, arrows associated
with a decorated tree T can be mapped to any vertex in the graph T, or in other words, the
decorations are nonlocal/global.

While the general structure of our proof is identical to that of [2], this local vs. global difference
in the underlying statistics manifests itself in the details. In particular, the main challenge is
the second moment estimate provided in Lemma 2. Here, we associate to each decorated map
p=9¢, x¢,a decorated tree o and a decorated embedding ﬂ of it in UA(n, S). In the case

of preferential attachment, the decorated tree o necessarily has all labels positive, due to the
decorations being local. However, in the case of uniform attachment, it might happen that a vertex
of o has a zero label, due to the global nature of decorations. This is the reason why we need to
deal with decorated trees having labels being zero, in contrast with the preferential attachment
model, where it suffices to consider decorated trees with positive labels. The recurrence relation
and the subsequent moment estimates show that there is a subtlety in dealing with decorated trees
having labels being zero, as it matters whether the vertices with label zero are leaves or not.

Finally, in our proof of the second moment estimate we also use the fact that the diameter of
UA(n, S) is on the order of log(n) with high probability (see Lemma 4). This is again due to
the global nature of decorations, and such an estimate is not necessary in the case of preferential
attachment.

4.2. Open problems

[1] list several open problems for the preferential attachment model, and these questions can also
be asked for the uniform attachment model. We list here a few of them.

1. What can be said about general uniform attachment graphs, where multiple edges are added
at each step?
2. Under what conditions on two tree sequences (7j), (Ry) do we have

lim 8(Ty, Ry) = 1?2
k— 00

3. Is it possible to give a combinatorial description of the metric §?

4. A simple model that interpolates between uniform attachment and (linear) preferential at-
tachment is to consider probabilities of connection proportional to the degree of the vertex
raised to some power «. The results of this paper show that for @ = 0 different seeds are
distinguishable, while for o« = 1 this is shown by [1] and [2]. What about for « € (0, 1)? Is
34 (S, T) > 0 whenever S and T are non-isomorphic and have at least three vertices? What
can be said about 6, (S, T) as a function of a? Is it monotone in «? Is it convex?

Appendix A: Facts about the beta-binomial distribution

We prove here Facts 1 and 2 stated in Section 2.1. Let My, k=a + B, + B+ 1,..., be the
martingale associated with the standard Pdlya urn process with starting state («, ). In other
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words, the martingale My, is defined by My4p = ﬁ and
kM + 1 with probability My,

(k+DMiy = { kM, with probability 1 — M

independently for different values of k. Note that forn > o+ 8, n M, 4 By, ,n—a—p,so all results
for the martingale M, transfer to results for By g ,—o—p. Define My, = limy_, oo My, and note
that this limit exists almost surely by the martingale convergence theorem. It is a well-known
fact about Pélya urns that M, has a beta distribution with parameters « and g, i.e., the density
of M, with respect to the Lebesgue measure is

_ T@+p)
- T(@r(B)

By the formula for the moments of M, (see, e.g., [7], Chapter 21), we have

h(x) A = 0P Moy

-l . p p
a—+J oa+p o
E[ML] = < < +1p<—>, VpeN.
[ME] ]|:0|a+ﬁ+j_(a+ﬂ) =P+ 55 P

Moreover, since M, is a martingale, M?P is a submartingale for all p > 1, and thus E[M!] <
E[MZL]. So we have that

p
o
E{(nM,)?| <n? nl——) ,
[nm) 0o+ 17 ()
which establishes Fact 1 with C(p) = p + 1.

Next, in order to prove Fact 2, we first use the formula for the negative first moment of M,
(see, e.g., [7], Chapter 21): for every @ > 1 we have IE[Mo_Ol] =(a+ B —1)/(e —1). Thus by
Markov’s inequality we have for every z > 0 that P(M, < z) <z(e¢ + B — 1)/(a — 1), and thus

P(Moo<t ¢ )52;. (A1)
a+pB

In the case that « = 1, we have h(x) < 8 which implies that fom h(x)dx < t. We conclude
that (A.1) holds for any «, 8 > 1. Since M is a positive martingale, we have
P(Me <22IMy <2) 2 1/2, vz € (0, 1).

Combining this inequality with (A.1) gives

P(Mnft ¢ )58;,
a+p

and formula (4) then follows with C = 8.
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Appendix B: Estimates on sequences

Lemma 3. Suppose that {a,},>1 is a sequence of nonnegative real numbers and that there exists
no such that a,, > 0. Let o be a positive integer.

(a) Ifthere exists N such that a,+1 > (1 + «a/n)ay, for every n > N, then
liminfa,/n“ > 0.
n—>00
(b) If there exist constants c, y, and N such that for everyn > N,
ani1 < (1 +a/n)ay, —|—c(log(n))y a=l

then a, < n®.
(c) If there exist constants c, y, and N such that for everyn > N,

an+1 < (1 +a/n)ay, +C(10g(n))yn°‘

then a, = n**1.

Proof. (a) By the assumption we have that a,, > ay, exp(z _no log(1 + «/j)), where anO > 0.
For 0 < x < 1 we have that log(1 + x) > x — x?, and so usmg the fact that Z l/] < 00,
we have that there exists ¢ > 0 such that a, > cexp(a > i
ijl 1/j > log(n).

(b) Let by, := a,/n®. We then have b, < (1 +a/n)(n/(n 4+ 1))*b, + c(log(n))” /n. There
exists a constant ¢’ = ¢” () such that (n/(n+1))* < 1—a/n+c"/n? forevery n > 1. Therefore
there exists a constant ¢’ = ¢’(«) such that (1 +a/n)(n/(n + 1)) <1+ ¢'/n® for every n > 1.
Thus we have that b, | < (1 + ¢’/n?)b, + c(log(n))? /n, and iterating this we get that

bn <b11—[ 14 ¢ /)2 +Z< I ( 1+c//i2)>c(log(j))y/j.

j=1 \i=j+1

1/j). To conclude, recall that

j= nOVa

Since I—[‘;il(l +¢/j%) < oo, we immediately get that b, < 1, and so a, < n®.

(c) This is similar to (b) so we do not repeat the argument. O

Appendix C: Tail behavior of the diameter

We reproduce a simple argument of [3] to obtain a tail bound for the diameter diam(UA(n, S))
of a uniform attachment tree.

Lemma 4. For every seed tree S there exists a constant C = C(S) such that for every K > 20
we have

Cc(S)

P(diam(UA(n, 5)) > K log(n)) < X7
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Proof. First, if we set C(S) := (P(UA(|S|, S2) = S))~ !, then we have

P(diam(UA(n, S)) > K log(n)) = P(diam(UA(n, S»)) > K log(n)| UA(|S|, $2) = S)
< C(S)P(diam(UA(n, $2)) > K log(n)),

so it remains to bound the tail of diam(UA(n, S»)).

For notational convenience, shift the names of the vertices so that they consist of the set
{0,1,...,n — 1} (instead of {1, 2,...,n}), and call vertex O the root. With this convention, the
label of the parent of vertex j is distributed as | jU | where U is uniform on [0, 1]. Similarly, an
ancestor £ generations back has a label distributed like [--- || jU1]Ua] --- Uy, where the U;’s
are i.i.d. uniform on [0, 1].

Define R; to be the distance from vertex j to the root. By the triangle inequality we have that
diam(UA(n, §)) < 2maxi<j<n—1 R}, so it suffices to bound the tail of this latter quantity. Using
a union bound, it then suffices to bound the tail of R; for each j. Now notice that R; < min{t :
jU1---U; < 1}. Consequently, for any A > 0 we have

P(R; > 1) <P(jU;---U; = 1) <E[(jU; - U)*] = j* .+ D"

This is optimized by choosing A =¢/log(j) — 1 (provided 7 > log(j)) to obtain

P(R; > 1) < exp<t —log(j) — t10g<10g;(j)>> = eXf’(t - tlog(logt(n)))’

when j < n. Putting everything together we get that

P(diam(UA(n, $2)) > K log(n)) < 1P>< max R; > glog(n)>

1<j<n-1

n—1

< ZIP’(RJ- > glog(n)>
j=1

n— 5 log(5)+5+1 <n K2,

IA

where the last inequality holds when K > 20. (]
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