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Abstract

Let G, s denote a uniformly random r-regular s-uniform hypergraph on the vertex
set {1,2,...,n}. We establish a threshold result for the existence of a spanning tree in
Gn.r,s, Testricting to n satisfying the necessary divisibility conditions. Specifically, we
show that when s > 5, there is a positive constant p(s) such that for any r > 2, the
probability that G, , s contains a spanning tree tends to 1 if r > p(s), and otherwise this
probability tends to zero. The threshold value p(s) grows exponentially with s. As G, ;s
is connected with probability which tends to 1, this implies that when r < p(s), most r-
regular s-uniform hypergraphs are connected but have no spanning tree. When s = 3,4
we prove that G, ., contains a spanning tree with probability which tends to 1, for any
r > 2. Our proof also provides the asymptotic distribution of the number of spanning
trees in G, , s for all fixed integers 7, s > 2. Previously, this asymptotic distribution was
only known in the trivial case of 2-regular graphs, or for cubic graphs.

1 Introduction

A hypergraph H = (V| E) consists of a set of vertices V' and a multiset F of non-empty
multisubsets of V', which we call edges. A hypergraph is simple if it has no repeated edges
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and no edge contains a repeated vertex. We focus on uniform hypergraphs, where every edge
has the same size, and say that a hypergraph is s-uniform if every edge has size s. A graph
is a simple 2-uniform hypergraph. For more background on hypergraphs, see [14].

In graph theory, a tree is a simple connected graph with no cycles, or equivalently a
graph with the smallest number of edges among all connected graphs on a given vertex set.
There are several different ways to generalise this notion to hypergraphs, involving different
definitions of acyclicity in hypergraphs [10]. We use Berge acyclicity [7] to define trees in
hypergraphs (hypertrees), see Section 2. In particular, the definition implies that any two
distinct edges in the tree intersect in at most one vertex, and hence an s-uniform tree with n
vertices has exactly Z%ll edges. In fact, for n satisfying this divisibility condition, a tree is a
connected hypergraph on n vertices with the smallest number of edges, exactly as in the graph
case. We note also that our definition of trees in hypergraphs matches the definition given by
Boonyasombat in [11], while Siu refers to the trees we consider as “traditional hypertrees” [30,
Section 1.2.1].

A spanning tree in a hypergraph H is a spanning subhypergraph of H which is a tree. Just
as trees in graphs are well-studied and extremely useful objects, trees in hypergraphs have var-
ious applications in a wide variety of areas, including game theory [29], relational databases [5],
molecular optimisation [19] and network reliability [16]. For example, Warme [32] showed that
the Steiner tree problem reduces to finding the minimum spanning tree in a hypergraph.

It is well known that a graph contains a spanning tree if and only if it is connected. How-
ever, this relation does not extend to hypergraphs: that is, there exist connected hypergraphs
without spanning trees. In fact, our results imply that asymptotically almost all s-uniform
regular hypergraphs are like this, provided the degree is not too large (depending on s); see
Theorem 1.1 and Lemma 1.4. The property of containing a spanning tree can be thought of
as a kind of “optimal connectedness” of the hypergraph. This property is stronger than the
usual notion of connectedness, which can be achieved using substantially overlapping edges
and thus causing undesirable redundancy in various applications.

Given r,s > 2, let n be a positive integer such that s | rn, and let I',,, s be the set of 7-
regular s-uniform simple hypergraphs on [n]. Denote by G, , s a hypergraph chosen uniformly
at random from I',, ;. ;. Unless otherwise specified, all asymptotics in this paper are as n — oo,
restricted to values of n which satisfy the necessary divisibility conditions: that is, restricted
to the set

Nopsy={n€Z" :s|rn and s—1|n—1}.

Our main result establishes a degree threshold for the existence of a spanning tree in G, , ,
when s > 5, and proves that G, , s contains a spanning tree with probability which tends to
1 when s € {2,3,4}, except for the case (r,s) = (2,2). A 2-regular graph has a spanning
tree if and only if it is connected (that is, forms a Hamilton cycle). Thus it follows from [35,
Equation (11)] that as n — oo,

1
P(G, 2,2 contains a spanning tree) ~ 563/4 \/E — 0. (1)
n



Theorem 1.1. Let s > 2 be a fized integer. If s > 5 then there exists a positive constant p(s)
such that for any fized integer r > 2, as n — oo along N, ),

L ifr>p(s),
0 ifr<p(s).

Specifically, p = p(s) is the unique real number in (2,00) such that

P (G,.,s contains a spanning tree) — {

(s —1)P(p— 1)8(0—1) = PSP (ps — p — s)(ps—p—s)/(s—l). (2)
For s = 5 we have p~(s) < p(s) < p*(s) where
_ es?2  s5—1 N e s-—3

Furthermore, as s — oo,

e s -3s+1
s—1 2(s—1)
Finally, if s € {2,3,4} then for any fized integer r > 2,

p(s) = + O,(s" 7).

L if(rs) #(2,2),
0 if (r,8) = (2,2).

The value of p(s) for s =5,...,12 is displayed in Table 1, together with the bounds p~(s)
and p*(s). All values are rounded to 3 decimal places.

P (G5 contains a spanning tree) — {

s 5 6 7 8 9 10 11 12
~(s) || 3.021 | 8.420 | 21.736 | 54.133 | 133.079 | 326.718 | 805.308 | 1996.906
(s) | 3.029 | 8.706 | 22.142 | 54.606 | 133.588 | 327.245 | 805.844 | 1997.444
pt(s) || 4.021 | 9.420 | 22.736 | 55.133 | 134.079 | 327.718 | 806.308 | 1997.906

Table 1: Values of p(s) for s = 5,...,12, together with our bounds.

Let Y5 be the number of spanning trees in G, , . This random variable is our main object
of study. Using asymptotic enumeration methods, Aldosari and Greenhill [2, Corollary 1.2.]
established the following asymptotic expression for EYg when s > 3:

r r—1)s n/s
rs—r—l) (s—1)vr—1 ( (s— D" (r—1pY ) . (3)

2(r—1) (rs—r—s)%

TS—T—S

prS—r—s (TS —r— S) =1

EYg ~ exp <

(In fact a more general result is proved in [2], which covers irregular degree sequences and
allows s and the maximum degree to grow slowly with n.) In the graph case, the asymptotic
formula for EYg; was known up to a constant factor by the results of McKay [23] (who also
considered irregular, slowly-growing degrees), and then this constant factor was calculated
precisely in [18, Theorem 1.1].

The argument used to prove Theorem 1.1 also provides the asymptotic distribution of Yg,
for any parameters r,s > 2.



Theorem 1.2. Let r,s, > 2 be fized integers. For all positive integers j, define

(ﬁ—s+1)j—2

(r—1)i(s— 1)

A = (r — 1)3'(.5— 1)7 and ¢
2j

Let J(2) = 3 and J(s) = 2 for s > 3. IfP(Yg > 0) = 1 as n — oo along N, then the
asymptotic distribution of Yg satisfies

Yg d - Zi -\
—Z (1 + C ) ie e
Yy jgg

where Z; = Po(\;) are independent Poisson random variables. Otherwise, the asymptotic
distribution of Yg is a point mass at zero.

Previously, the result of Theorem 1.2 was only known for two values of (r,s): when
(r,s) = (2,2) the result follows trivially from (1), while for (r,s) = (3,2) (cubic graphs), the
asymptotic distribution of Yy was obtained by Greenhill, Kwan and Wind [18, Theorem 1.2].
The authors of [18] also conjectured an expression for the asymptotic distribution of Y5 when
s =2 and r > 4. Substituting s = 2 into Theorem 1.2 verifies that their conjecture is true.

Corollary 1.3. The conjecture given in [18, Conjecture 1.3] holds. That is, the number Yg
of spanning trees in a random r-regular graph satisfies

Yg 1 Zj o=2iGj
Evg — H(l +G)Te
7j=3
with ( 1y 2 i1
r— 1) r—1) —
Aj = T G= Ty
27 (r—1)%
for 5 = 3.

Theorems 1.1 and 1.2 are proved using the small subgraph conditioning method [26].
While many structural results about random regular graphs have been proved using this
method (see [20, 35] for surveys), there are only two previously-known results for hypergraphs
with s > 3. Cooper, Frieze, Molloy and Reed [13] gave a threshold result for the existence
of a perfect matching in G, s, while Altman, Greenhill, Isaev and Ramadurai [3] proved a
threshold result for the existence of loose Hamilton cycles in G, 5. Keeping only the most
significant term, the threshold values for spanning trees, loose Hamilton cycles and perfect
matchings are approximately
s—2 es—l

ing t
p— (spanning trees), p—

¢ (loose Hamilton cycles), e*~1 (perfect matchings)

respectively. Hence (restricting to values of n satisfying the relevant divisibility conditions in
each case), for a fixed s, as r increases, spanning trees appear first, followed by loose Hamilton
cycles and then perfect matchings.



We close this section with some comments on connectedness in random regular uniform
hypergraphs. It is well known that with probability tending to 1, random r-regular graphs are
connected (indeed, r-connected) whenever r > 3, see [9, 34]. Dumitriu and Zhu [15] recently
used spectral methods to investigate expansion properties of G, , s, and hence inferred [15,
Lemma 6.2] that P(G,,, s is connected) — 1 when r > s > 3. For completeness we sketch a
more elementary argument which covers all (r, s) # (2, 2).

Lemma 1.4. Let r,s > 2 be fized integers with (r,s) # (2,2). Then
P(G,,. s is connected) — 1
as n tends to infinity along Ny ).

Proof. Suppose that A C [n] is a subset of vertices with |A| = a, where 1 < a < n/2. The
probability that (A, [n] — A) is a cut in G, .5 is

Carsl Tn—ars|
[Fors|

(4)

It follows from (8), (9) and (10) that

(rn)!
(rn/s)! (s)yr/s (rh)n”

|Fn,7’,8| = @(1)

Substituting this into (4) and summing over all A with 1 < |A| < n/2, we conclude that the
probability that G, , s is disconnected is o(1) whenever r,s > 2 and (r,s) # (2, 2). O

2 Preliminaries

Throughout, N denotes the nonnegative integers and (a), = a(a — 1)---(a — b+ 1) is the
falling factorial.

A 1-cycle (or loop) is a hypergraph consisting of one edge which contains a repeated vertex.
A 2-cycle is a hypergraph consisting of two edges which intersect in at least 2 vertices. For
J = 3, a j-cycle is a hypergraph with j edges which can be labelled ey, es,...,¢e; such that

there exists distinct vertices vy, ...,v; where v; € e;Ne;yq for i =1,..., 5 (where e;11 = e;).
A (Berge) path in H consists of a sequence vy, e, vy, €s, . .., e;,v; where vg, vy, ...,v; are
distinct vertices, ey, ..., e; are distinct edges, and v;_1,v; € ¢; for all i = 1,...,j. A hyper-

graph is connected if there is a path between every pair of vertices. A spanning tree T in a
hypergraph H is a connected spanning subhypergraph of H which contains no j-cycles for all
positive integers j. In particular, as T' contains no 2-cycles it follows that edges of T overlap
in at most one vertex.

An s-uniform tree with ¢ edges has (s — 1)t + 1 vertices, and the number of (labelled)
s-uniform trees on n = (s — 1)t 4 1 vertices is given by

n'~!(n —1)!

t((s— 1)t
5

()



This formula was proved in [21, Corollary 1] and [31, Theorem 2]. See also [28]. Note that in
the graph case s = 2 we recover Cayley’s formula.

Suppose that § = (d1,...,d,) is the degree sequence of an s-uniform tree on n vertices.
Then 9 is a sequence of n positive integers such that

s(n—1)

o+-+0,=
s—1

= st,

and any such sequence 9 is called a tree degree sequence. Bacher [4, Theorem 1.1] proved that
the number of labelled s-uniform trees on n = (s — 1)t + 1 vertices with degree sequence 4 is

t—1 (n-=1!  (s=1)n i
(51—1,...,5n—1)t!((s—l)!)t_ ((s = 1)) H 5_1 (6)

=1

This generalises the formula for the graph case proved by Moon [24].
Now we introduce some special families of cycles which will be used in our analysis. An
s-uniform 1-cycle is loose if the edge contains s — 1 distinct vertices, and an s-uniform 2-cycle

is loose if the intersection of the two edges has size 2. For j > 3, an s-uniform j-cycle is loose
if

1 ifk—¢=41 (mod j),
lex Neg| = )
0 otherwise

for k # £. A loose j-cycle C' contains (s — 1)j vertices.
Let v be a vertex in a loose j-cycle C'. We say v is C-external (or external) if v has degree
2 in C. Otherwise, we say v has degree 1 and we say it is C'-internal (or internal).

2.1 Configuration model

The configuration model for regular uniform hypergraphs is a generalisation of the configura-
tion model for graphs, introduced by by Bollobés [8]. Take rn points in n cells, By, ..., By,
each containing r points. Then partition the points into rn/s subsets of size s, called parts.
Each such partition P corresponds to a hypergraph G(P), which may not be simple, obtained
by replacing each cell by a vertex and replacing each part {ai,...,as} in the partition by
an edge {v;,...,v;,} such that a; € B;, for j = 1,...,s. If a part contains more than one
point from the same cell then the corresponding edge in P is a loop, and if the partition has
two parts which contain points from precisely the same cells, with the same multiplicity, then
these parts produce a repeated edge in G(P).

Each simple hypergraph corresponds to precisely (r!)™ partitions, so an r-regular s-uniform
simple hypergraph can be chosen uniformly at random by choosing a partition uniformly at
random and rejecting the result if it has loops or multiple edges. A partition P is said to be
simple if G(P) is a simple hypergraph.

Denote the set of possible partitions by €2, , 5, and let P, , ; be a partition chosen uniformly
at random from €, , .

A subpartition P’ is a subset of a partition P € €2, . A subpartition of P projects to a
subhypergraph of G(P).



The configuration model allows us to prove some properties of G, , s by performing com-
putations in P, , ;. When s | ¢, the number of partitions of a set of ¢ points into ¢/s parts of

size s 1S
t!

(t/)l(sh) /"

p(t) =
Hence the number of partitions in €2, , ; is

] = plrm) = —— O )
e (rn/s)! (s!)rm/s’

Therefore, the number of r-regular s-uniform simple hypergraphs on n vertices is precisely

(rn)! P(Simple)
IO (®)

Cors| =

where “Simple” is the event that the partition is simple. Thus, an asymptotic formula for
IUy.rs| can be found by estimating P(Simple). When s = 2 the event “Simple” means no
1-cycles or 2-cycles, and Bender and Canfield [6] showed that

P(Simple) ~ exp (—(r* —1)/4) . 9)

Cooper, Frieze, Molloy and Reed showed in [13] that for fixed integers r > 2 and s > 3,

P(Simple) ~ exp (—(r —1)(s —1)/2). (10)

2.2 Small subgraph conditioning method for hypergraphs

Robinson and Wormald showed in [26, 27] that almost all r-regular graphs are Hamiltonian,
for any fixed r» > 3, using an analysis of variance technique now known as the small subgraph
conditioning method. We restate the small subgraph conditioning method from [20] (with
slightly different notation).

Theorem 2.1 (Janson [20, Theorem 1]). Let A; >0 and ; > —1, j =1,2,..., be constants
and suppose that for each n there are random variables X;,, j=1,2,..., and Y, (defined on
the same probability space) such that X, is a nonnegative integer valued and EY,, # 0 (at
least for large n), and furthermore the following conditions are satisfied:

(Al) X, N Zj as n — oo jointly for all j, where Z; ~ Po(\;) are independent Poisson
random variables;

(A2) For any finite sequence x1, ..., x,, of nonnegative integers,

E(Yn|Xl,n = T1y... ,X
EY,

m
Hl—i—C Yie NS as n — 00;

(A3) ) (7 < oo;

i>1



(A4) % — exp (Z Ajg“f) as n — oo.

j=1
Then
Y, - e
EY. L W= jli[l(l + ()% e ™Y asn — oo;

moreover, this and the convergence in (Al) hold jointly. The infinite product defining W
converges asymptotically almost surely and in L*, with

EY?
EW =1 and EW? = exp (Z )\jﬁf) = nh—{EO (EYn)T

i>1

Furthermore, the event W = 0 equals, up to a set of probability zero, the event that Z; > 0
for some j with ¢; = —1. In particular, W > 0 almost surely if and only if every ¢; > —1.

(In the above statement, we have corrected a typographical error from [20], which had
W > 0 instead of W = 0 in the second-last sentence.)

Janson remarks in [20] that the index set Z* may be replaced by any other countably
infinite set, and that 0° is defined to be 1. We will apply Theorem 2.1 with the following
random variables:

e Let Y be the number of s-uniform spanning trees in a random partition P € P, , .
e Let X; be the number of 1-cycles in a random partition P € P, ;.

e For j > 2, let X; be the number of loose j-cycles in a random partition P € P, , 5.

With r,s > 2 fixed, it is well-known that X; — Z; as n — oo, where Z; are asymptotically

independent Poisson random variables with mean

(r—1)(s—1)
27 '

z = (1)
This was proved for graphs (s = 2) by Bollobas [8], and by Cooper, Frieze, Molloy and
Reed [13] when s > 3. To be more precise, Cooper, Frieze, Molloy and Reed worked with the
random variable X7, the number of j-cycles (not necessarily loose), and showed that X} has
the same asymptotic distribution as X, as the contribution to X from non-loose j-cycles
forms a negligible fraction of X7. This verifies that (A1) of Theorem 2.1 holds.

In order to verify condition (A2), the following lemma is helpful.

Lemma 2.2 (Janson [20, Lemma 1]). Let A} > 0, j = 1,2,... be constants. Suppose that
(A1) holds, that Y, > 0 and that

(A2/> E(Yn(Xl,n)l‘l e (Xm,n)l‘m) N H(}\;)xj as n — o9,

EY,
7j=1
for every finite sequence 1, ..., x,, of nonnegative integers. Then condition (A2) holds with
A= X1+ G).



There are some challenges when applying the small subgraph conditioning method to
regular uniform hypergraphs with s > 3. In the graph case, a partition is simple precisely
when X; = Xy, = 0. For hypergraphs with s > 3, this is no longer true: a hypergraph is
simple if and only if it has no 1-cycles and no repeated edges: some 2-cycles are allowed, as
long as the two edges overlap in between 2 and s — 1 vertices.

Fortunately, we can translate some asymptotic properties from the configuration model to
random hypergraphs. For any event £ C (), . ;, we have

P(Pef)

. cPPel)
P(P € & |Simple) < P(Simplo)

(12)

Altman, Greenhill, Isaev and Ramadurai proved the following lemma in [3].

Lemma 2.3 ([3, Lemma 2.1)). Fiz integers r,s > 2. For any positive integer n such that
s |rn, let P bea uniformly random partition in Y, . s with no 1-cycles, let Ps be a uniformly
random simple partition in €, s and let P be a uniformly random partition in €, ,.s. Let
Y : Qu,s = Z be a random variable. Then as n — oo along integers such that s | rn, the

following two properties hold.
(a) If P(Y(P) € A) = o(1), then P(Y(Ps) € A) = o(1) for any A C Z.

~

(b) P(Y(P) € A) — P(Y(Ps) € A) = o(1) for any A C Z.

Property (a) follows from (12), while property (b) follows from (10) and the fact that the
probability that two parts in a random partition P € P, ., give rise to a repeated edge is o(1)
(as remarked by Cooper, Frieze, Molloy and Reed in [13]).

Property (b) essentially tells us that the distribution of Y that arises from conditioning
on X; = 0 is asymptotically equivalent to the distribution Y conditioned on “Simple”. This
allows us to apply the following corollary, very slightly adapted from [3, Corollary 2.6], which
will be useful in the proof of Theorem 1.2.

Corollary 2.4. Suppose that 'Y, and X, satisfy conditions (Al)—(A4) of Theorem 2.1. Let
Y, be the random variable obtained from Y, by conditioning on the event X,, = 0. Then

Y, <
Y. Ly G H(l—l—Cj)Zje_’\jcf as n — oo.

j=2
Moreover, if (; > —1 for all j = 2 then asymptotically almost surely Y, > 0.

Proof. The statement of [3, Corollary 2.6] made the assumption that (; > —1 for all j > 1,
and the proof used the final statement of Theorem 2.1. However, we can drop the assumption
that (; > —1 if we instead apply the second-last statement from Theorem 2.1. O



3 First moment

We fix integers r,s > 2, where (r,s) # (2,2), and work in the configuration model P, , s,
where s | rn and n = (s — 1)t + 1 for some ¢t € N.

Lemma 3.1. Let r,s > 2 be fived integers with (r,s) # (2,2). Then as n — oo along N,

r r—1)s n/s
gy L (= DVr-1 < (s —1)"(r — 1)t=D ) |

rs—r—s

rrsTrS(rs —r — ) o1

n(rs—r—s)%

Proof. Let T, be the set of all s-uniform trees on n vertices. For a random partition P € P, , s,
we can erte

E E ‘{PEQnrs:PTgPH
EY == C — 3T )
PTG(PT)EE PTG(PT)GT LK)

Selecting Pr uses up st points so, for a given Pr, the size of {P € Q,,,., : Pr C P} is p(rn—st).
This is the number of ways to partition the remaining rn — st points after the points of the
tree are selected. Recall that D,, is the set of possible tree degree sequences on n vertices.
Given d € D, define T,(d) to be the set of trees with a degree sequence §. We can write

|2 .5| EY = p(rn — st) Z Z Z 1. (13)

6Dy TET,(8) Pr:G(Pr)=

Consider a subpartition that projects to a given tree T € 7,(d), for a given d € D,,. Exactly
0; of the points in cell ¢ must contribute to Pr, and there are (7")5], ways to choose and order
these points. So there are H?Zl(’/’)(;j possible subpartitions Pr which project to the given
spanning tree T'. Therefore, using (6) for the second line, the number of subpartitions Pr
which project to some spanning tree is

> im0 = S 2 (ZH oy )

5€Dn j=1 ((s = 1)t 8€Dy j 1

_ oD (5 0 )
R V]<§:@—1ﬂz)

(s= D=2 (= (r—1\ ..}
T (- [Z]<Zm<z'—1>z )

i=1

r"(s—1)(n—=2)! ((r—1)n
G- D) (t—l)' 14)

Here square brackets denotes coefficient extraction. Substituting (14) into (13) and applying
(7) gives, by definition of ¢,

oy pm—st) 1"(s=1)(n—2)! ((r _ 1)n)

pirn)  ((s= 1)) t—1

10



_ — | — 1! |
gzt =D =l enf). -
(T’Tl)' (2:11)' < s(s—1) )'
The result follows by applying Stirling’s approximation. 0

For future reference we note that by (7), Lemma 3.1 and Stirling’s approximation,

n/s
-1 -1 s -1 (r—1)s ,,r(s—1)
0 | EY ~ (s—1)/(r—1Ds < s (r—1)0=Dsp )

n(rs —r — S)Z(%fll) rs=r—s

(rs—r—s) =1 ((s—=2))rers—1

In Section 6 we characterise pairs (r, s) for which EY tends to infinity. This provides the
threshold function p(s) when s > 5 and, using (12), provides the negative half of the threshold
result. In order to complete the proof, we must apply small subgraph conditioning.

4 Effect of short cycles

Fix a positive integer m and a sequence & = (1,...,%,) € N™. Write { = 21 + -+ + .
Let S(x) be the set of sequences (P, ..., P;) of subpartitions such that G(P,),...,G(P,,) are
distinct 1-cycles, and

G(Px1+~~~+xj71+1)a SR G(P501+“‘+55j71+55j)

are distinct loose j-cycles, for j = 2,... m. Then let §*(x) be the set of all (P,..., ) €
S(x) such that the cycles G(Py),...,G(P;) are vertex-disjoint. For a random partition P €
Pyrs, We can write

EY (Xt)ay (K)o = > P(AU---URUPrCP). (17)
(Pry..sP)eS(2) Pr:G(Pr)€Tn

We will find that E[Y (X1)s, - - - (X)) s asymptotically dominated by the contribution from
vertex-disjoint cycles. So we first evaluate

S @)=Y > P(AU---UPRUPr CP)
(Pl ..... P[)GS*(%) PT:G(PT)G%
|{P€QHHP1UUP@UPT§P}|
-y ¥ e L

(Pr,...,P)€S*(x) Pr:G(Pr)€Tn

To perform this count, we condition on the intersections between Pr and each of the subpar-
titions Py, ..., P.. We will use the lexicographical ordering on s-subsets of vertices to define
a corresponding ordering on parts of P;, by applying the lexicographical ordering to the set
(or multiset) of s cells corresponding to the s points in the part. First suppose that G(P;) is
a loose j-cycle with j > 2. The part of P; which is lexicographically-least will be the starting

11



part of P;, and we fix a direction around P; such that the second part visited is lexicographi-
cally smaller than the last part. Then we define a binary sequence I; € {0,1}’ corresponding
to P; as follows: starting from the first part of P;, in the fixed direction, if the k’th part of
P; belongs to P, N Pr then the k’th element of I; is one; otherwise it is zero. All sequences in
{0, 1} represent possible intersections, except for (1,...,1) because a tree contains no cycles.
In the case that G(P;) is a 1-cycle then I; = (0). Denote the set of all possible intersection
sequences for a cycle of length j by

Z, ={0, 1\ {(1,...,1)}

and define the Cartesian product
I(x) = [[Z}".
j=1

For I € Z;, let U(I) € {1,...,7} be the number of entries in I which equal zero. Given
I=(L,....I)) e Z(x), let w; =U(L;)for i = 1,...,m and define u = u(I) = uy + - - + uy.

Given (Py, ..., Py, Pr), write «(Py, ..., Py, Pr) = I € Z(x) for the corresponding ¢-tuple of
intersection sequences. We can rewrite 3*(x) as

Qe @) = Y Y {PE€Qu.:PU---URUPCP}|.

IGI(m) (Pl ..... PK,PT):

G(Pr)€Tn,
o(Pr,....,Py, Pr)=I

For a given I € Z(x), we evaluate the inner sum using the following process:
Step 1: Choose a sequence (P, ..., P) € §*(x).
Step 2: Choose Pr with G(Pr) € T, such that «(Py,..., Py, Pr) = 1.
Step 3: Partition the remaining points arbitrarily.

Define the subpartition Q@ = P U ---U P,. Writing |P’| for the number of parts in a

subpartition P’, we have
m )4
Q=) jz;=) IRl
j=1 i=1

Lemma 4.1. Let r,s > 2 be integers such that (r,s) # (2,2) and fiz x = (x1,...,2,) € N™.

The number of ways to choose a sequence of subpartitions (Py, ..., Py) in 8*(x) is
s—1,,5— QI m
(r—1)r""!n 1) 1
S1(x) ~ — 19
@~ (g Il =5 19)

J]=

Proof. To begin, we claim that (19) is true when ¢ = 1. First suppose that j > 2. We must
show that the number of ways of selecting a subpartition P which projects to a loose j-cycle

C' is asymptotically equal to ’
1 [((r—1)rstns=1\’
2j (s —2)! '
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Recall that, in a loose j-cycle C, the C-external vertices have degree 2 and the C-internal
vertices have degree 1. To specify a single loose j-cycle C, choose a sequence of (s — 1)j
vertices in (n)(s—1); ~ n®=V7 ways, then divide by 2j((s — 2)!)?. Here, division by 2j adjusts
for direction and starting point (where a starting point is a C-external vertex), and division
by ((s—2)!)’ adjusts for the order of the s —2 C-internal vertices in each edge. To specify Pg,
we choose two points for each C-external vertex and one point for each C-internal vertex in
the configuration model, in (r(r — 1))7r(¢~27 ways. Hence (19) holds for a single loose j-cycle
when j > 2.

When j = 1, the number of non-loose 1-cycles is O(n*~2) while the number of loose 1-cycles
is ©(n*~1). There are n(ijl) ~ Z_—;l), ways to choose the vertices of a loose 1-cycle, where the
first-chosen vertex is external, then there are (;) r=2 ways to choose points corresponding to
these vertices. Multiplying these shows that (19) also holds when j = 1.

When ¢ > 1, observe that this process can be iterated. The only change is that the next
cycle must be disjoint from all previously-selected cycles, ruling out O(1) vertices. Hence the
number of ways to select a sequence of (s—1); vertices for the next j-cycle is (n—O(1)) AN
n(*~17 and all remaining calculations are the same as above. This shows that (19) holds in
general. O

Now suppose that a sequence of subpartitions (P, ..., P) € §*(x) has been chosen. To
perform Step 2, we construct an irregular configuration model P, , from the points that are
so far unused.

There are n — (s — 1) |Q| cells which are not involved in any of (Pi,..., ). Any cell
which corresponds to an external vertex of some G(F;) has r — 2 unused points, and any
cell which corresponds to an internal vertex of some G(P;) has r — 1 unused points. Recall
that I = (Iy,...,I;) determines a collection of disjoint paths contained in the subpartitions
Py, ..., P, This collection of paths will form the intersection of Pr and P, U - - - P,.

For each such path with at least one part, collect all the unused points and combine them
together into an irreqular cell. 1f such a path consists of k£ part then it contains of £+ 1 cells
with 7 — 2 points unused, and (s — 2)k cells with 7 — 1 points unused. Thus, the resulting
irregular cell has (k+1)(r —2) + (s —2)k(r — 1) = (rs —r — s)k + r — 2 points. For each
cell which corresponds to an external vertex of some G(P;), but which is not contained in
the intersection Pr N P;, we also form an irregular cell with » — 2 points. Note, this matches
the earlier formula with & = 0; we can think of these external vertices as a length-0 path in
the intersection. Indeed, these cells are exactly those which are contained in two parts of P;
which both correspond to a 0 in the intersection sequence I;.

Recall that v = w(I) = uy + --- + up where u; = U([;) is the number of zero entries
in I;. Then u also equals the number of irregular cells identified so far, as the paths in the
intersection P; N Pr (of length zero or more) are in one-to-one correspondence with the zero
entries in I;. The u irregular cells we have identified so far are called external irregular cells.

Finally, for each cell which corresponds to an internal vertex of some G(F;), which is not
involved in the intersection PrN P;, we form an internal irreqular cell with r —1 points. There
are (s — 2)u such cells.

13



To summarise the properties of our irregular configuration model:
e The total number of cellsis ' =n — (s — 1) |Q| + (s — 1)u.

e There are n — (s — 1) |@Q| regular cells with r points each.

e There are (s — 2)u internal irregular cells with » — 1 points each.

e There are u external irregular cells. If an external irregular cell was collapsed from a
path with k& parts then it contains (rs —r — s)k + r — 2 points.

The number of ways to complete Step 2 equals the number of ways of choosing a sub-
partition P’ in this irregular configuration model such that G(P’) is a spanning tree. The
projection 7" = G(P’) of this partition corresponds exactly to a tree T € 7T,,, with the subpaths
determined by I contracted to single vertices.

For a sequence I € Z; and k > 0, let gx(I) be the number of paths of length %k in the
intersection encoded by I. (Recall the length-0 paths correspond to cells which belong to two
parts in the j-cycle which are both encoded by 0 in /.) By a slight abuse of notation, write
D) = X, qulL).

The next result is proved in Section A.1.

Lemma 4.2. Fiz I = (I1,...,1;) € Z(x) and let w = u(I). Fiz a sequence of subpartitions
(Pr,...,P) € S (x) and let Q = P, U---U Py. Then the number of ways to extend Q) to a
subpartition Q U Pr consistent with I, such that G(Pr) € T,, is

S92 (wv I)

LV T(s = 1P (s = D)= (( (rs —r—s)*n! )!)“ (( (s - 2) )Q

(7,3_7,_8)%”2 r—1)(s—1)s"1(s—1 r—1)rs=ins—!

><< r(r—1>’“‘1(s—1)7”-1zm>"’ﬁ<k+ r—2 )W)'
rs—r—s

e((s — =T (rs—r — )"0 ) 15

Finally, Step 3 completes the subpartition Pr U (@ to a partition P € P, , .

Lemma 4.3. Given I € Z(x), suppose that (P, ..., Pp) € 8*(x) is fired, and Pr is a fized
subpartition with o(Py, ..., Py, Pr) = I. Letu = u(I). The number of ways to complete Step 3
18

(rs—r—s)

ss(x, I) ~ Vs(rs—r—s)n <((8—1)S_1(8—1)! )“ (6( (rs—r—8)n )71@

(s = 1) ((s = =5 \(rs —r—s)tnt s=1) ((s =y

Proof. Out of the rn points in the original configuration model, 2 |@| points have been used
for the external vertices in Q@ = Py U---U P, and (s — 2) |@| points have been used for the
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internal vertices of ). Finally, s(f_ll) points have been used to complete the subpartition Pr.

So there are

m =210l - (s -9yl - WD S Emrmn L)

points remaining. Hence, the number of ways to complete Step 3 is

83(w,I):p<w—s(u— ! )) (20)

s—1 s—1

and applying Stirling’s approximation completes the proof. O

We use these expressions for sq, s, and s3 to prove the following result.

Lemma 4.4. Let r,;s > 2 be fized integers with (r,s) # (2,2). For any fized integer m > 1
and fized sequence (x1,...,T;) of non-negative integers,

E[Y (X1)a, - (Xm) -
By — 31;[1 J(1+¢))"

as n — oo along Ny, where for all j € ZT,

(ﬁ—s+1)j—2

(r—1)(s—1)
Proof. Recall the definition of ¥* from (18). By definition of s;(x), sa(x, I), s3(x, I), we have

\ = (r — l)j(‘s— 1)7 and ¢ =
2)

ern s1(x) sa(x, I) s3(x, I)
F@= 2 T T

IcZ(x)

Combining Lemmas 4.1-4.3, then dividing by (16) and cancelling leads to

Jj=1 IeZ(x k=0
_ﬁ 1 Z ﬁ((rs—r—s)z)ul ot (k r—2 )Qk(lz)
Jj=1 (2‘7)% IeZ(=x) i=1 r—1 k=0 rs—r—=5
— Hg;?j, (21)
j=1
where 0 .
1 (rs—r—s) vl 3 r—2 a(1)
= — k
& ¥ IEZI ( r—1 ) kl:[o * S—1r—3s
J



We will compute this sum with the help of a generating function. Because (1,...,1) ¢ Z;,
we may identify a particular element in the sequence to be zero. By symmetry, we arbitrarily
choose the last. Define the coefficients

j—1
ce= Y p Jk+p=",
IeT;: k=0

U(I)=¢
1,=0

where we let

—r—3)2 —
(rs —r—s) and = r—2

H= r—1 rs—nr—=s

for convenience. Now, c;, fixes the number of zeros in I to be ¢, and assumes that I, = 0
(that is, the last entry of I is zero). Hence

1o 1c
&~ 2 > T T 22. T (22)
/=1 /=1

We now evaluate the coefficients ¢;,. Recall that U([) represents the number of zeros in
the sequence I. We have ¢;; = p(j — 1+ [3), because the only sequence with 1 zero and the

last element zero is (1,...,1,0). For ¢ > 2, the sequence starts with k£ ones followed by a
zero, for some k € {0,...,j — 2}. Ranging over these possibilities gives
=
Cje = |4 Z (k+B)cj—r—1,-1.
k=0

To solve this, define the generating function

F(l’,y) = chj,fzjyé'

Jjz1l 21

By changing the order of summation and re-indexing, we have

j—2

F(z,y) — Z Cj,lijy =p Z Z Z (k+8)cj—k—1,0-1 a’y

jz1 j=1 22 k=0

=Y (bt Pty D0 ey

k>0 J=k+20>1

=p Y (k+p) "y FP(z,y).

k>0

<

Thus, recalling that ¢;; = p(j — 1 + ), we have

Flr,y)=p > (G —1+B8)20y+ ) (k+8) 2"y F(z,y)

j>1 k>0
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= p(Flz,y)+ 1) (k+8) "y

k>0

Recall that by differentiating both sides of (1 —z)~' =%, (2", we have

Z A L
—x)%

k>0

Hence if we define
2

=uy_ (k+B)a"! :N((lfx)z + 1ﬁ—$x)’

k=0

we have F(z,y) =y f(z)(F(z,y) + 1) and thus

f(x)y

P = T fayy

Now, going back to (22), we have

& ~ 3] D 5l (f(x) Sy ) Z O 41081 - ().

=1 k=0
Now,
PR = ‘”1()1 z%; (r=)s = Do)

—22F + (55 —s+1) x)k +((r=1)(s—1)x)*
k

Mg

i

=1
(L —s+1) +(r—1)(s—1) -2
_ 5

Z'?'

=N(1+¢)
for j =1,...,m. Substituting this into (21) implies that

(A (1 +G))™

Jj=1
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To complete the proof, it remains to show that in (17), the sum over S(x) \ S*(x) is
negligible. This is standard, but for completeness we sketch an argument. We adapt Steps 1
to 3 as above. There are O(n®*~VIQ=1) ways to choose (P,...,P;) € S(x) \ S*(x), as then
Q) = P,U---UP, involves at most (s—1)|Q|—1 distinct cells. Now consider the number of ways
to perform Steps 2 and 3, summed over all possibilities for the intersection QN Pr. This is the
number of ways to extend @) to QU Pr, where Pr corresponds to a spanning tree 7' € 7T,,, and
then extending Q) U Pr to a full partition. This is very similar to the calculations performed
to evaluate EY', and the presence of () only changes these calculations by a constant factor.
Therefore, for a given (), the total number of ways to perform Steps 2 and 3, summed over
all possible intersections, and then divided by EY, is

rn — s|Q|)

o) 2 oy = O,

Multiplying this with the O(n®~YI®I=1) ways to complete Step 1, we see that the sum over
(Py,...,P) in (17), contributes O(1/n) = o(1), as required. O
We now show that condition (A3) holds, under fairly weak conditions on (r, s).

Lemma 4.5. Fix integers r,s = 2 and r such that

3 if s =2,
r>12 if s € {3,4}, (23)
s—1 ifs>=h.

o 2 / — 1
exp (Z )\ij> = TV < 0.
j=1

Then

Vi2—rs+r+s—1)(rs—r—s)(r—1)
Proof. First, observe that

(L5 —s+1)? L —s+1 1
(r—1)(s—1)’ (r—1)(s—1)’ (r=1(s—1)

are all less than 1 in absolute value. Next, we claim that
r?—rs+r+s—1>0. (24)

This condition is easily verified when s € {2,3,4} and r belongs to the stated range. When
s > 5 we use the fact that

1
r23—1>§<\/s2—63+5+s—1>,

which implies (24).
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Therefore, using the Taylor expansion of —log(1 — z) we obtain

Jf;A'Cz 12 (r—lfstll))> _4<(7’i1_)85t11 )j <T_1 s_l)j
:—210g<1—W1(S_1))+210g<1_ r_—l_ztll)>
. (Z—s+1)
—§log<1‘ (r—l)(s—l))
— 2log (%) +2log ((:(?1;223_—81)))

i ((rs —r _(i) Eri );(Zsjl; +s— 1)) |

Taking the exponential of both sides establishes the result. O

Next, we investigate the parameters (j(r, s).

Lemma 4.6. Let r, s > 2 and recall that for all fized integers j > 1,

(%1—8+1)j—2

T

G = Glr,s) = =10 =1y

Then

() ¢(2,2) =1 forj =1

(i) ¢(2,s)=—1fors>=3 andj=1;
In all other cases, (j(r,s) > —1.

Proof. 1t is easy to check that (i) and (ii) hold. For (iii), note that (;(r,s) > —1 if and only
if f(r,s,7) > 0, where

frs,j) = (Ll —s+1)j — 24 (r—1)(s — 1)’

If r=2and s > 3 then f(2,s,5) = (s — 1)) — (s — 3)7 — 2, which increases with j. So
F(25.0) > f(2.5,2) = ds ~10 > 0

as s > 3. If s = 2, then (X5 s+1) > 0,80 f(r,2,7) > (r—1=2>0asr >3and j > 1.
2

It remains to show that f(r,s,j) > 0 when r > 3, s > 3 and j > 1. If j is even then

(ﬁ—s+1)j20,so

flrs,5) = (r—1)7(s—1)7 =2 > 2% —2>0.

19



Now suppose that j is odd. Since 7 > 3 and s > 3, we have 5 — s+ 1 < 0. Thus

f(r,s,j)z(r—l)j(s—l)j—<8—1— - )j—z

r—1
> ((r—=17=1)(s—1)7 -2
>2-2>0.

This completes the proof. O

5 Second moment

So far, conditions (A1)—(A3) of Theorem 2.1 have been verified. In this section we will assume
that r, s > 2 are fixed integers such that r > p(s) when s > 5, and that (r,s) # (2,2) when
s € {2,3,4}. With this assumption, we will obtain an asymptotic expression for the second
moment, verifying condition (A4). The following identity of Chu [12], which generalises
Jensen’s identity, will be useful.

Lemma 5.1 ([12]). Let m, b be positive integers, x1,...,x, and z be complex numbers, and
define (_01) =1. Then

b m
> I = n
(k1,...,kp)ENP =1 k=0 m—k

ki+-- +k‘b m

We write
Qs BY? = > [{P € Qups: Pr,UPp, C P}

(PTl 7PT2)

where the sum is over all pairs (Pr,, Pr,) such that G(Pr,) = Ty and G(Py,) = T3, for some
spanning trees 17, T5.

We perform this count by conditioning on the intersection between Pp, and PTZ, which
will correspond to a union of disjoint trees. Let b € {1 +(s—1):£=0,1,...,%= 1} be the
number of connected components in this intersection (we can show b must be of this form by
adding up the number of vertices in each connected component). We break up the process
into the following steps:

1. Choose a partition v = (v4,...,14) of n, where v; >0, s —1 | v; — 1 and Zli’:l Vi = n.
Here, v; represents the number of vertices in the i'th connected component. (Later,
we will divide by b! to account for the assumption that the connected components are
labelled).

2. Choose a partition of the n vertices into b groups, where the size of the 7’th group is v;.

3. In each group, choose a spanning tree on that group and a subpartition that projects
to that tree.
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We then collapse the unused points in each group to an irregular cell. The 7’th irregular cell
will have rv; — s(:l_ll) = = y; + = points. In this irregular configuration model, we wish

to partition two part-disjoint spanning trees 7] and T3, which will extend to T} and T5.

4. Choose 61,6 e NP, the degree sequence of T} and T respectively, such that, for all
(8

01,6 > 1, Z(S(l Z(s ), and o) 0 < P20y 4 7

=1

5. Choose trees T}, T} consistent with " and §.
6. Choose Pp, and Pr, such that there are no parts in common.
7. Partition remaining points.

Then |, | EY? is equal to the number of ways to complete the above process, summed over
all b.
Let

_1\t <
Sl(b>:{ye{1+(s_1)£€:07l772_1} :Zyi:n}
=1

be the set of possible sequences v from Step 1. The number of ways to complete Step 2 is

» (o) Il

By (14), the number of ways to complete Step 3 is

o Lo r— ) (s— 1" v (=20 — )w)!
33— _ nob H 2 ( ) | n—b H (w)!(rs—r—syi_l_ S )'

((S ==l

1 2 3 rs—r—s s —2

s—1

b
1) _b—S
;m ZW 8_1}

be the set of sequences arising from Step 4. By (6), the number of ways to complete Step 5 is

2

o H T ) ) (e
5 = b—1 :
50160 )\ 12 ) (e ) B
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As each cell in this irregular configuration model has " v; + -*; points, the number of
ways to complete Step 6 is

b
rs—r—=S S
SG_H( s—1 "i+s—1)

ﬁ (rsrsyl_i_ﬁ)!

i=1 5(1)+5(2) Py (T’S _7’ rsr—s,, _'_ s 51(1) _ 52(2)>'
There are
zb:TVi Csm—1) 551) B 52@) _ (rs—r—s)n _ s(b—2)
i—1 s—1 s—1 s—1

points remaining, so the number of ways to complete Step 7 is

57:p<(rs—r—s)n B s(b—2)) _ ( ((rs;:s)n s(b- 12))

s—1 s—1 rs—r—s, _ b=2\|( o) 5o et
s(s—1) n s—l)’(s') =y

It is convenient to work with nonnegative variables, so we let

—r— —2
S N TR N Sl e . M _ @

T s—1 T s—1 T

fori=1,...,b.
Combining everything, and dividing by b! as promised earlier, we have

|Qn’r,s‘EY2: Z Z S983 Z S5SgS7

've& () (M 73)eSa(v)
s— 1|b 1

n

_ (s — Y5 — 1))
2 = (szn - 2)1 (D)) (T

s—1[b—1

< £ (=)

€S ( s—1/"

b1 _ b1 _ (rs—r—s)n _ s(b—2)
s—1 s—1 o1 1
x 2 < M <l>)< @ (2>)< G )
(D @ 73Sy (v) M ey 1y My MM

Now we compute the sum over S;(v) through the use of generating functions:
b—1 b—1 (rs—r—s)n _ s(b—2)
5 L D
(1) 1) (2) 2) (3) (3)
(W 7 nG)eSL(v) T M5y m e My

b—s b b—s
> () ) () )
— z .« 2 s Z Zi
1 1 b 7
(7](1)77](2)77](3))684(,/) =1 i=1
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s s (b 2
b (ra—r—sin _ s(b=2)
2%
=1
(rs—r—s)n _ b(s—2)

b s—1 T Ts—1
Tsifisyl—sii 'rsf;r1 s
:[lel s ‘.‘st § ZZ

(rs—r—s)n b(s 2
— s—1
T\ (s—r—s)y1  s—2 (rs r—s) s—9
B — R

So

n

n rs—r—s)n b(s—
Qs EY? = nlr(r = 1P((b = D))? (55 - M)
n,r,s = 7L+b 2 rs—r—s _ _ 2 Tsfrfsn_bfg
T B = 0 (e - 42 (D)) ey

D01 (i

1/681 s—1

Note that the summand is equal to |2, , | EY when b = 1. For b > 2, we let k; = ”Si__l
use Lemma 5.1, to see that

ST - s (e )

veSy(b) i=1 sl R
ki >0
n—b
— (k+b—2\[((r—1)n—b—k
G o
k=0 s—1
Define
K={(a,8):a,820, (s—1a+3<1} (25)
L=7ZxX(s—1)Z (26)
and let K° denote the interior of K. Thus, dividing through by the expression in (7), we have
EY? =EY + > an(k,b), (27)
(k,b)e(L+(0,1))NnK
where
0 forb<1
an(k,b) = S 7 (b—1)(r— 1)k+bs T (e b=2)! (r—1)n—k—b)! (rn/s)! n!
!

otherwise. -
bh!((E2)1)° (2pen—L22)1 (2=DE ) ()
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We now wish to apply Laplace’s method to compute the asymptotic summation of this ex-
pression.

Greenhill, Janson and Rucinski [17] proved a version of Laplace’s method for asymptotic
summation, tailored for the small subgraph conditioning method. We refer to [17] for precise
definitions.

Lemma 5.2 ([17, Lemma 6.3]). Suppose the following:
(i) £ CR™ is a lattice with full rank m.
(ii) K C R™ is a compact convex set with non-empty interior.

(iii) ¢ : K — R is a continuous function with a unique mazimum at some interior point
xo € K°.

(iv) ¢ is a twice continuously differentiable in a neighbourhood of xo and the Hessian Hy :=
D%p(xg) is strictly negative definite.

(v) ¥ : K1 — R is a continuous function on some neighbourhood K, C K of xo with

w(l'o) > 0.
(vi) For each positive integer n there is a vector £, € R™.

(vii) For each positive integer n there is a positive real number b, and a function a, : (£ +
l,) NnK — R such that, as n — oo,

a, () = O(bnenw(’f/”)“’(”)), te(L+{,)NnK, (28)
and
an(0) = b (1p(£/n) + o(1))e"? /™), e (L+0,)NnKy, (29)

uniformly for £ in the indicated sets.

Then, as n — oo,

(27T)m/21p($0) m/2 ne(xo)
Z an(€) qot (L) det(— Hy) 172 b,n™ e :

(L+Ln)NMnK

To apply this lemma, we define

b, = (s —1)° <(s - 1)r/s)n’

27rn3 TS—T—S

E]

(r—1—a—p)Y?
(a4 B2 (rs—r—s(1+ )T Tal2(1 = B — (s — 1a)V/?

o(a, ) = (a+B)log(r = 1) +gla+B8) +g(r—1—a— ) - g(B) —gla)  (30)
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1 1
8(8_1)g(rs—r—s—sﬁ)—s_1

g(1 = (s = Da = p), (31)

where g(z) = zlogx for # > 0 and g(0) = 0. The following result, proved in Section A.2,
gives critical information about the function ¢.

Lemma 5.3. Assume that r,s > 2 are fized integers such that r > p(s) when s > 5, and that
(r,s) # (2,2) when s € {2,3,4}. The unique global mazimum of ¢ over K occurs at the point
(v, Bo) where

B 1 rs—r—35

Cr(s—1) fo = r(s—1)°

The mazimum value of ¢ over this domain equals

&%)

2(rs —r —s)
s(s—1)

r$s—r—s

o(ag, fo) =2(r—1)log(r—1) — log(rs—r—s)+ g log(s—1)— — log 7.

Let Hy be the Hessian of ¢ evaluated at the point (ap, Bo). Then Hy is strictly negative definite
and
r(s—120*—rs+r+s—1)

det(—Ho) = = )

Then Lemma 5.3 implies the following.

Lemma 5.4. Assume that r,s > 2 are fized integers such that r > p(s) when s > 5, and that
(r,s) # (2,2) when s € {2,3,4}. Then as n — oo along N, ),

EY? N r?y/s —1
(EY)? /2 —rs+r+s—1)(rs—r—s)(r—1)

Proof. We apply Lemma 5.2 to compute the sum in (27). The first six conditions of the
lemma hold: Now the conditions of Lemma 5.2 hold:

(i) We defined £ =Z x (s — 1)Z, a lattice with rank m = 2 and det(L) = s — 1.
(ii) The domain K, defined in (25), is compact and convex with a non-empty interior.

(iii) The function ¢ : K — R is a continuous function with a unique global maximum
(v, Bo), by Lemma 5.3 is true.

(iv) The function ¢ : K — R is twice differentiable in the interior of K, with a strictly
negative definite Hessian, by Lemma 5.3 is true.

(v) Let K7 be the open ball around (ayg, 5y) of sufficiently small radius, ensuring that K; C
K. The function ¢ : K1 — R is a continuous function with

/2(g _ 1)5/2
A Clnd) EaSYY

Y(ag, Bo) = Vr—1(rs —r — )i
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(vi) Let £, be (0, 1) for each n.
(vii) This condition is verified by applying Stirling’s approximation.
Thus, we can apply Lemma 5.2 to see that

2m (v, Bo)
det (L) det(—Hy)'/?

PV I(s— 12 (rs—r — ) ( (s — 1)/ (r — 17 )2”.

n ¢(a0,50)

EY? ~

b,ne

n? \/7’2 —rs+r+s—1 = (7"5 —r — S) Tss(;i;)s

Dividing by (EY)?, using the expression from Lemma 3.1, completes the proof. O

6 Threshold analysis

Define the logarithm of the base of the exponential factor as a function:

L('r" s) — Ls(’[") — glog(s—l)—l—(r—l) lOg(T—l)_ rs _ST — S logr_ Tj(;i;)s

treating r as a continuous variable and s > 2 as a fixed positive integer. We restrict to r > 2,
or r > 3 when s = 2. We want to determine when Ls(r) > 0 (which implies that EY — o0)
and when Lg(r) < 0 (which implies that EY = o(1).

The following can be checked using elementary calculus.

log(rs—r—s),

Lemma 6.1. For s € {2,3,4}, Ls(r) > 0 for r € (2,00). Furthermore, for s € {3,4},
Ls(2) > 0.

The situation is quite different when s > 5, as Lemma 6.2 shows. The following inequality
will be useful: For all b > 1 and |a| < b,

a\?® a?
1 —) et (1-2 ). 2
(1+ 5) > e ( - ) (32)
(See for example [25, p. 435].) The proof of Lemma 6.2 is presented in Section A.3.

Lemma 6.2. For a fized integer s > 5, there exists a unique real number p(s) > 2 such that
L(p(S), S) =0,

L(r,s) <0 forre[2,p(s)) and L(r,s) >0 forre (p(s),o0).
Furthermore, if s > 6, then p(s) > s.

The next lemma proves that p(s) is exponential in s and lies strictly within an interval
of unit width, and gives an asymptotic expression for p(s) with exponentially small error, as
s — 0o0. The proof is given in Section A .4.
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Lemma 6.3. For a fized integer s > 5, let p(s) be the unique real number such that L(p(s), s) =
0. Then

es2 s—1< ()<es_2 s—3
— s
s—1 2 °F

s—1 2

Furthermore, as s — 0o,

2 2 —3s+1

- 4 —s
Py 35— 1) + O4(s*e7?).

p(s) =

We can now prove our main result, Theorem 1.1, which gives us a threshold result for the
existence of a spanning tree in G, , s when s > 5.

Proof of Theorem 1.1. Lemma 6.2 proves the existence and uniqueness of p(s) for s > 5, while
Lemma 6.3 proves the upper and lower bounds on p(s), and verifies the given asymptotic
expression for p(s).

For fixed s > 2 and 7 < p(s) (but (r,s) # (2,2)), the base of the exponential factor in
Lemma 3.1 is less than 1, and thus we have P(Y > 1) < EY — 0. By Lemma 2.3, we conclude
that P(Yg > 1) — 0.

Now suppose that s > 6 and r > p(s), or s € {2,3,4} and (r,s) # (2,2). We verify the
conditions of Theorem 2.1. Cooper, Frieze, Molloy and Reed [13] proved that condition (1)
holds with A; defined in (11). Condition (A2) holds by Lemma 4.4, condition (A3) holds by
Lemma 4.5, and condition (A4) holds by Lemma 5.4. By our assumptions on r, s, we have

(1 > —1 for all j > 2, by Lemma 4.6. Hence Y >0 aa. s., where Y is the random variable
obtained from Y by conditioning on the event X; = 0. Then Lemma 2.3 shows that Yg > 0
a.a.s., as required. O

Finally, we provide the proof for Theorem 1.2, which gives the asymptotic distribution of
the number of spanning trees in G, , ;.

Proof of Theorem 1.2. If P(Yg > 0) — 0 then the result is immediate, as the asymptotic value
of Yg is zero with probability 1. For the remainder of the proof, suppose that P(Yg > 0) — 1.
We showed in the proof of Theorem 1.1 that conditions (A1)—(A4) of Theorem 2.1 hold
for Y. This gives us
Y d = Z; =X
v ]1:[1(1+Cj) e .
For s = 2, the asymptotic distribution of Yg is obtained from the asymptotic distribution of
Y by conditioning on X; = X» = 0.
For s > 3, let Y be the random variable obtained from Y by conditioning on the event
X; = 0. We apply Corollary 2.4 to see that
Y 4y MG ﬁ(l + () ZiemN%,
EY !

Jj=2

Applying Lemma 2.3(b) shows that Y and Y have the same asymptotic distribution. Finally,
combining (3) and Lemma 3.1 gives us EYg ~ exp(—A1(1)EY’, and the result follows. O
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A Technical proofs

A.1 Proof of Lemma 4.2

Fix (P,...,P) € S*(x) and I = (I1,...,1y) € I(x). Let Q = PLU---U P,. In Step 2 we
work in the irregular configuration model determined by I. Recall that u = u([I) is defined
by u = uy + ...+ uy, where u; is the number of entries of I; which equal zero. In the irregular
configuration model:

e There are n — (s — 1) |@Q| regular cells with r points each,
e There are (s — 2)u internal irregular cells with » — 1 points each,

e There are u external irregular cells: if an external irregular cell was collapsed from a
path in Pr N @ with k edges then it contains (rs —r — s)k + r — 2 points, with & > 0.

This gives n’ = n — (s — 1) |Q| + (s — 1)u cells in total. The number of ways to complete
Step 2 equals the number of ways of choosing a subpartition P’ in this irregular configuration
model such that 7" = G(P’) is a spanning tree. Then T” corresponds exactly to a spanning
tree T in the standard configuration model, with the subgraphs determined by I contracted
to single vertices.

We perform this count by conditioning on the degree of each vertex of T”. Label the u
external irregular cells in increasing order, and label the (s — 2)u internal irregular cells in
increasing order. Let d; be the number of points in the i’th external irregular cell; that is,

di=(rs—r—s)k+r—2

if the 7’th external irregular cell corresponds to a path of length k£ in Pr N Q. For a degree
sequence d, let |d] be its degree sum. Let Djyee be the set of possible degree sequences for
the irregular cells, and for a given (6, 8™") € Diyyeg, let Dyeg (6, ™) be of possible degree
sequences for the regular cells:

Dirreg = {(0%,8™) € N* x N2 1 <6 <y, 1< 6™ <r— 1},

n—(s—1)|Q| S(n/ _ 1)
Doy (6, §18) = J §7°8 ¢ Nn—(s-DlCl . e = gt — | gint 0 = 1.
g( ) ) { € ; i s—1 } ‘ } ’

Let 7,, (87, 6, §™) be the set of trees on n’ vertices which have degree sequence consistent
with (878, §°*, §). Then, the number of ways to complete Step 2 is

so(@, I) = > > > > oL (33)

(5eXt75mt)€Dirreg 5reg€Dng(5ext’51nt) Tlen/(‘;reg’éext’éint) P,},ZG(P,},):T’
To simplify this, for a given 7" € T,,(6™8, 8, §™), the number of subpartitions P, that
project to T" is
. (s—2)u n—(s-1)/Q|
<H(d7’)6cht) < H (’f’ — 1)5?&) ( H (7’)629%) .
i=1 i=1 i=1
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For a given (6™, §% §™), by (6), the number of trees in 7,/ (878, §¢, §'™) is

s—1 ' —2)
(f[(éf"t - 1)!) <(sﬁu<5§“t - 1)!) (n_(sﬁm((sgeg - 1);) T (-yE

Substituting these expressions into (33) shows that

v (dl>6?xt (8_2)u ’I“ - 1 61nt
Sg(w, I) = E A(‘;ext’éint) H 7(5ext — 1)' 6mt (34)
i=1 ‘77 )

(5CXt,5int)€Dirreg =1

where

n—(s—1)[Q|
(s —1)(n' —2)! 3 I (r)ees
A ext int = 7 reil
(5 76 ) ((S - 1)')7‘;:11 5 ext sint 1= (574 ¢ — 1)'
: EDreg (6°¢,8'0) i=1

N (3 — 1)(7],/ _ 2)' |:Zs(n/_1)/(s_1)_|5ext|_

§int

n/—1

(s~ )=
= (s = 1)(n' — 2)lpn==DIC] ( / (r=1n—-(s—1)]QI )
((5_1)!)% L — et — |67 — (n— (s — 1)[Q])/

s—1
(The square bracket in the second line denotes coefficient extraction.) Using Stirling’s formula,
we have

:| (’I“Z(l _I_Z)r—l)n—(s—l)\Q\

A(éext75int ~ Au (s _ 1)(5—1)u (T’S o S)u_ sext| _| gint

(s—2)u

s—1 s—1
= A t 35
H 5cx -1 21;[ (713—7’—8)(2 ( )
where
A = (r — 1)1/2 (s — 1)2 ((s — 1)!)?11 ((7‘8 —r— 8)3—1 ns_1)u
' (rs =7 — )20 n? (-1 (s— 1)

y ( (rs—r—8) (s —1)! <l r(r— 1)“1(5 —1)"tn ! (36)
((r=1)(s — 1)) D= ps=ipst e((s— )T (rs—r—s)" =1 |
Next, note that
L m—1
Z Qk Zuz =u.
i—1 k=0



It follows that

—_

l
SN k(L) =1Q| —u.

3

i=1 k=0
Therefore,
S (] o 61
gext \i=1 (6ext ) (T‘S r—= 5)6?“_1
1 ax(1i)

(rs—r—s)k+r—2 ((’T’S —r — 3)]{; +r— 2)] (S - ]-)
G=Dilrs—r =)

T— rs—r—s T— qk(ll)
ktr—2 (( j_)1k+ 3))

l
i=1 =1

ol

Il
o
-
<.

(rs—r—s

~—

3
L

I
\z“‘

(rs—r—s)i-1

=1 1

(((rs—r—s)k‘—l—r—Q)(s—l)

e
Il
o

J

r—2 1 (rs—r—s)k+r—3 ar(1i)
(( —)(rs—r—sxs—l) (1+7) )
i} rs—r—s rs—r—s

(7‘8 R 8)2 u (7, . 1)(8 . 1) (rs=r—s)|Q|—(r—1)(s—=2)u m—1 r—9 S aw(lh)
= kE+ —— .
( r—1 ) ( rS—1r—35 ) H( +rs—r—s)

S

B
Il
o

k=0 an
Similarly, we have
G D=1 ) (& - T
; g (6t — )I(rs —r — s)0™ | (jzl (j—l)!(rs—r—s)J')
r—1 (s—2)
(r—1)(s—1) r—2 1
B ( rs—r—s ;(j—l)(rs—r—s)ﬂ—1>
r—1)(s—2)u
- (e o

The proof is completed by substituting (36), (37) and (38) into (34), using (35).

A.2 Proof of Lemma 5.3

We assume that r, s > 2 are fixed integers such that s > 5 and r > p(s), or s € {2,3,4} and
(r,s) # (2,2). Recall the definition of K and ¢ from (25), (31). The partial derivatives of
p: K — R are

(pa(a’ﬁ) _ log ((Oé—l—ﬁ)(’/’— 1)(1 — (8 — 1)OA—B)) ’

alr—1—a—0)
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%(a’mzlog<(a+ﬁ)(7’—1)) + 1 log((1—(s—l)a—ﬁ)(rs—r—s—sﬁ)).

r—1l—a—, — JoR
For x > —1, let
1+ rS—1r—3S5
a(z) = B(x) = .
= rs — 1+ st 2t ) rs —r+ so 4+ Het
Note that

(a(z), B(x)) lies in the interior of the domain K, for any x € (—1, c0).
Indeed, we have a(z) > 0, f(z) > 0, and

1+z+ m(w+1)
L= (s = Da(z) - fz) = x(m) (39)
rs—1r+sr+

which is strictly positive for all z > —1.
Our interest in this particular curve (a(x), B(x)) is clarified by the following lemma, which
shows that it is a parameterisation of a ridge containing any stationary point of ¢ in K.

Lemma A.1. Let K, ¢ : K = R, a(x), f(x) be defined as above. Then, the following holds.
(a) Any local mazima of ¢ on K either equals (0,0) or lies in the interior of K.

(b) For any stationary point (o, ) in the interior of K of the function ¢ there exists some
z € (—1,00) such that a = a(z) and = B(x) and

(rs—r—s)(1+%)S_2:(1+x)(rs—r—s+sx+%). (40)
(c) Let f: (=1,00) = R be defined by f(x) = o(a(z), f(x)). If x € (—1,00) is a stationary
point of f then x solves (40).

Proof. To prove (a), we need to show that none of the following points is a local maximum:
(i) (@,0) for all 0 < o < 53
(i) (0,p) forall 0 < 8 < 1;

(iii) («, B) for all positive a, B that S =1— (s — 1)a.

For (i), observe that if & — —5 then ¢,(a,0) = O(1) +log(1 — (s — 1)ar) — —oo. Hence
¢(a,0) > p(,0) for sufﬁ01ently large v < —L-. Next, if 0 < @ < =5 and 3 — 0 then
psla, B) = O(1) — 2;log(B) — +oo. Therefore, ¢(a, 8) > ¢(a,0) for sufficiently small
positive .

For (ii), observe that if 5 — 1 then ¢3(0,8) = O(1) + -5 log(1 — ) — —oo. Hence

©(B,0) > ¢(1,0) for sufficiently large f < 1. Next, if 0 < f < 1 and o« — 0 then p,(a, 5) =

O(1 ) log(a) — —oo. Therefore, ¢(a, f) > p(a, 0) for sufficiently small positive a.
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Finally, for (iii), observe that for fixed o with 0 < v < =7 and 8 — 1 — (s — 1) we have
Yo, ) = O(1)+1log(l = (s —1)a—f) = —o0. So p(a, 1 —(s—1a—e) > p(a, 1 — (s —1)a)
for sufficiently small positive €. This completes the proof of (a).

Next we proceed to (b). Let (a, ) be a stationary point of ¢ in the interior of K. We put

xZW—L (41)

Clearly = € (—1, 00) since both o and § are positive. From ¢, (a, 8) = 0, we find that

1= (s—Ta—f=-20— o

Substituting 5 = a(rijl_s), we find that

o N rs—r—s\ _ z+1 .«
1 Oz(S 1+ x+1 )_ x+1+rs—r—s r—1°

After rearranging, we see that this identity is equivalent to o = a(x). Then, from (41) we
find that g = B(z). Hence

(rs—r—s+xz+1)a

ath= r+1
and ) 5
r—1l—a-— x
—14+
(r—1)(a+p5) r—1
The definition of 3(x) implies that
rs—r—s—sp :rs—r—s+sx+x(x+1)
B r—1

while (39) implies that

Lo s=a—p_(+0)(1+:)

15} rs—1r—s

Substituting the above expressions into yg(a, ) = 0 leads to equation (40) and, thus, com-
pletes the proof of (b).

Next, observe that after much rearranging, ¢.(a(z),f(x)) = 0 for any =z € (—1,00).
Therefore

f'(@) = gsla(z), B(x)) B'(z).
But f(z) is strictly decreasing, so f'(z) = 0 if and only if ps(a(z), 8(z)) = 0. Therefore (c)
follows from (b). O

Next, we show that equation (40) has at most two solutions.

Lemma A.2. Letr,s > 2 be fized integers. Equation (40) has a solution at x = 0. Moreover,
the following holds.
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(a) If s € {2,3,4} and (r,s) # (2,2) then x = 0 is the unique solution of equation (40) on
(=1, 00).

(b) If s > 5 and r > s — 1 then equation (40) has no solutions on (—1,0) and at most one
solution on (0, 00).

Proof. Let functions L, R : (—1,00) — R stand for the LHS and the RHS of (40):

L(z)=(rs—r—s) (1+ﬁ>s 2, R(z) = (1+x) (rs—r—s%—sx%—%).
Observe that L(0) = R(0) =rs —r — s, so x = 0 is a solution of (40).

First, assume that s € {2,3}. Then the function (14z) ' L(z) decreases on (—1,00). Note
also that (14 ) ' R(z) is a strictly increasing function on (—1,00). Thus, there are no other
solutions of (40) except « = 0. Similarly, for s = 4, the function (1 + z)™* (1 + Tf—l)_l L(x)
decreases on (—1,00). On the other hand,

R(:c) =rs—r—s+2+4+x—
(1+2) (14 %) 1+ -4

is strictly increasing on (—1, 00). Part (a) follows.
We proceed to the case s > 5 and r > s—1. As above, (14+2) ' R(z) is a strictly increasing
function on (—1,00). The function (1 + z)~'L(z) decreases on (—1,0) because

s—2 1 s—r—1 <o.

<(8_2>10g<1+rf_1> _log(1+x>)/:r—1+x_ 1z 1t ta)

This proves that (40) has no solutions on (—1,0).
Next, we compute

(rs—r—s)(s—2) 1

L'(0) = — <rs—r+r_1:R'(O);
" rs—r—s)(s—2)(s—3 z V4
PERCEELIES LRI
R'(z) =2s+ 4T4;61x'

First suppose that L"(z) < R"(x) for all z € [0,00). Then L'(z) — R'(z) < L'(0) — R'(0) < 0.
This implies that the function L(x) — R(z) < L(0) — R(0) = 0 so (40) has no solutions on
(0,00). For future reference, note that this case holds when s = 5 and r > 5, as can be
verified directly.

Otherwise, let * = inf{z € [0,00) : L"(z) > R"(x)}. As before, x = 0 is the unique
solution L(z) = R(x) on [0,z*] because the function L'(x) — R'(x) is strictly decreasing on
this interval. In particular, we get

L(z") — R(z*) < 2*(L'(0) — R'(0)) < 0.
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By continuity, we have z* € [0,00) and L"(z*) > R"(z*). Observe that
s—4 3
2 R// *
A N N vy

Note that R®(z) is a constant. For s > 6 the function L®(z) is strictly increasing. When
s = 5 we need only consider r = 4, since r > 5 is covered by the earlier argument. Here
LB(z) is also a constant and we can check directly that L®) () > R®)(z). In all cases, we
conclude that L® (z) — R®)(x) > 0 for any x > z*. Therefore, L"(x) — R"(x) > 0 for any
x > z* so the function L(z) — R(z) is strictly convex on (z*,00). Since L(z*) — R(z*) < 0
we conclude that L(x) — R(z) = 0 for at most at one point = € (z*, 00). This completes the
proof of (b). O

We show that («v, 5p) is a local maximiser of ¢ and that the Hessisan at this point is
strictly negative definite.

Lemma A.3. Fix integers r,s > 2 such that (23) holds. Then (o, o) is a local mazimiser
of ¢ on K and the Hessian evaluated at the point (ap, Bo) is strictly negative definite.

Proof. Direct substitution shows that (ag, 5y) is a stationary point of ¢. We will show that

the Hessian Hy at the point (ag, fy) has a positive determinant and a negative trace, and is

therefore strictly negative definite. This will also imply that (g, ) is a local maximiser.

Now

r(s—120*—rs+r+s—1)
(r—1)2%(rs—r—2s) ’

r? r(2r —1) (r*—dr+1)r
tr(fo) = - ((7‘ os—r—sP  r-Ds—r—s " o176 1)) |

Recalling (24) we see that det(Hy) > 0. To show tr(Hy) < 0, observe that every term inside
the parentheses is positive when r > 4. The only other cases are (r, s) € {(2,3), (3,2), (3,3)},
and direct substitution shows that tr(Hy) is also negative in these cases. O

det(Hy) = (42)

We can now prove Lemma 5.3.

Proof of Lemma 5.3. The assumptions of the lemma imply that (23) holds. First, observe
that ap = «(0) and By = £(0). Next, observe that the condition ¢(0,0) < ¢(a, fy) holds if
and only if L(r,s) > 0, and L(r,s) > 0 by the assumptions on (r,s), using Lemma 6.1 and
Lemma 6.2.

Let (a, ) be any global maximum of ¢ on K. By Lemma A.1(a),(b) and the assumption
that ¢(0,0) < ¢(ao, By), we conclude that (a, ) lies in the interior of K and o = a(x),
f = B(z) for some x € (—1,00). Since («, ) is a global maximum of ¢, it follows that z is
a global maximum of f(x) = ¢(a(x), B(x)). Similarly, by assumption, 0 is a local maximum
of f(z). If x # 0 then the function f would have another stationary point between 0 and z,
but this is impossible by Lemma A.2. Thus z = 0, which shows that («, p) is the unique
maximum of ¢ on K.

Now det(—Hy) = (—1)*det(H,) is given in (42), matching the value given in the statement
of Lemma 5.3, while direct substitution shows that that the value of ¢(ay, 5y) stated in
Lemma 5.3 is correct. This completes the proof. O
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A.3 Proof of Lemma 6.2

Recall the function L defined at the start of Section 6. For reference, the first and second
derivatives of L¢(r) with respect to r are

s—1
L’s’(r)::—2<1 o ) (44)

1 -1 1
L’s(r):;—l—log(r—l)—ss logr—;log(r— i ), (43)

r—1 rs—r—s

When s = 5 we have L5(2) < 0 and Li(r) > 0 for r > 2. Hence Lemma 6.2 holds when s = 5.
Now suppose that s > 6. It follows from (44) that L”(r) > 0 when

r<ro=1(s++/s(s—4)),

and L”(r) < 0 otherwise. The point of inflection r( satisfies 2 < s/2 < 1y < s. Next, using
(32) with a = —1, b = s, we have

< 1)3 s—1 s—2
ell——] > > .
s s s—1
This implies that L’(s) > 0 when s > 6. It follows that the maximum of L,(r) on [2,s] is
either L(2) or Ly(s).

Next, observe that if (s — 1)* < 26-2% then L,(2) < 0. This sufficient condition holds
when s = 6, and if (k — 1)F < 22" for some k > 6 then

k
K =k <—k ’ 1) (k — 1)k < 282 2R o= — g1,

Hence, by induction, Ls(2) < 0 for all s > 6. Furthermore, we claim that L(s) < 0 for all

s > 6. Now
(s = 1)°
L(s) = log ( s(s—2) 2
S s—1 (8 — 2)571

and direct substitution shows that Lg(6) < 0. When s > 7, note that

(S - 1)8 S 1
s(s—2 s—2 < _ S(S - 2) ° 1’
S (571)(5_2)571 e(s=2) ( )

and observe that the right hand side is a decreasing function of s. Therefore for s > 7,

7
Li(s) < log <§ 351/6) <0.

This establishes that Ls(r) < 0 for all r € [2, s].
Applying (32) with a = —1 we see that when r > s,

) (o) () )
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This inequality is equivalent to L’(r) > 0, so Ls(r) is strictly monotonically increasing on
r > s. Finally,

rs—r—slo r—1 _}_5—1 rs—r—slo r—1 . 1
s S\ s s(s—1) & r—s/(s—1) s—1’

lim Ly(r) =

r—00 s — s—1 r—oocos—

SO

A.4 Proof of Lemma 6.3

The proof of Lemma 6.2 showed that L(r) is monotonically increasing for » > s > 5. Hence,
for the first statement it suffices to show that

Lip(s) <0 and  Ly(p(s)) > 0. (45)

These inequalities hold for s € {5,6,...,11}, as may be verified by direct computation (see
Table 2). For the remainder of the proof of the first statement, assume that s > 12.

s 5 6 7 8 9 10 11
Ly (p‘(s)) —0.0051 | —0.0027 | —0.0012 | —0.00047 | —0.00018 | —0.000066 | —0.000025
L, (p+(s)) 0.012 0.0039 0.0013 0.00045 0.00016 0.000057 0.000021

Table 2: The values of Lg(p~(s)) and Ls(pT(s)) for s =5,...,11, to 2 significant figures

To prove the upper bound, let f(x) =log(1 — x) and Ry(z) = f(x) +x + %2 We write

- i: i * (fs—_zl N % N %) log (1 = +2128<;S2_ 1))
(i) (- ) - (- menn) e (- )
() (e () (225
(D) (S () ()
a <s(j:21) B 258(2:—11)) <_217+—; B % (226;_3)2 T (jetzl»
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All inputs to Rs(+) in the above expression lie in [0, 35%] as s > 12, and —¢; < f”(z) < —2
where ¢; = —16¢°___ ~ 2.01988. Hence, by Taylor’s Theorem, we conclude that —c;23/6 <

(2¢10—145)°
Ry(x) < —2/3. This implies that

96(s — 1)e*¢=2 L, (p~(s))
< - (268_2 (24se* 2 —c1(s* —1)°) + (s* = 1)*((c1 — 2)s° + &1 + 2)

+4e"7%(s% — 65° + 185" — 185" 4 215° — 12s + 8)>’

which is negative when s > 12. This establishes the first inequality in (45).
The second inequality follows similarly, writing

Ls(p*(s))
22 () (e (5 e (5
(o) (U () s ()

es?2 s2 —25+3 s2—-25+3 1 /[/s*—2s5+3 2+R 52 — 25+ 3
s(s—1)  2s(s—1) 2e572 2 2e572 ? 2e572
and using the bound —c32%/6 < Ro(z) < —a®/3 for z € [0, 23], where ¢y = % =
2.01685. This leads to
96(s — 1)e*=2 L(p™(s))
> 2" (24€° (s — 2) — ca(s — 1)°) + 4e°7?(s° — 65° + 18s" — 345 + 295% — 12)
+ea(s —1)% = 2(s® — 1457 4 90s° — 334s° + 7965" — 12585° 4 13025° — 810s + 243)

which is positive when s > 12. This concludes the proof of the first statement of the lemma.
For the second statement, observe from (2) that the definition of p(s) can be rewritten as

log(s — 1) +log(p — 1 1 1
og(s —1) +log(p—1) s log (1+#) —log (1+7)- (46)
ps—p—3s S ps—p—3S P

It follows from the first statement of Lemma 6.3 that
ps—p—s=e(1+0(s’e™)).

Using Taylor’s theorem, we find that, as s — oo,

2
s s
s—p—s)log(l+ —— ) =s—————— 4+ O(s%
s =2 )g< ps—p—S) 2(ps —p —s) ( )
82 5 _—2s
25—268_2+O(se ).
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Similarly, we have

(ps —p—s)log (1 + ﬁ) =1- 2;_2 + O(s%e™%).
Substituting these bounds into (46), we find that
(s—1)(p—1) =exp (s —2— 8(2868__21) 261_2 + 0(856_28))
=52 7(82 _28 il + O(s%e7).

The proof is completed by solving for p.
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