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Abstract

Let G,,. 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 G, ., restricting to n satisfying the nec-
essary 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,, contains a spanning tree tends to 1 if 7 > p(s), and otherwise
this probability tends to zero. The threshold value p(s) grows exponentially with s. As G, ,, is connected
with probability that tends to 1, this implies that when 7 < 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 that tends to 1, for any r > 2. Our proof also provides the asymptotic distribution of the num-
ber of spanning trees in G, for all fixed integers r, s > 2. Previously, this asymptotic distribution was only
known in the trivial case of 2-regular graphs, or for cubic graphs.

2020 MSC Codes: Primary 05C80; Secondary 05C65, 05C70

1. Introduction

A hypergraph H = (V, E) consists of a set of vertices V and a multiset E of non-empty multisubsets
of V, which we call edges. A hypergraph is simple if it has no repeated edges 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 amongst 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 [11]. 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 » vertices has exactly 2’%11 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
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hypergraphs matches the definition given by Boonyasombat in [10], 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 vari-
ous applications in a wide variety of areas, including game theory [29], relational databases [5],
molecular optimisation [21] 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. However,
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 hyper-
graphs 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 connected-
ness, 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';, , ; be the set of r-regular
s-uniform simple hypergraphs on [n]. Denote by G, , s a hypergraph chosen uniformly at random
from I'y, ;. Unless otherwise specified, all asymptotics in this paper are as n — 00, restricted to
values of n, which satisfy the necessary divisibility conditions: that is, restricted to the set

N ={n€Z":s|rnand s—1|n—1}.

Our main result establishes a degree threshold for the existence of a spanning tree in G,, 5, 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 (i.e. forms a Hamilton cycle). Thus it follows from [35, Equation (11)] that as n — oo,

1
P(Gy,2,2 contains a spanning tree) ~ —e3/ 4 / — 0. (1)

Theorem 1.1. Lets > 2 be a fixed integer. If s > 5 then there exists a positive constant p(s) such that
for any fixed integer r > 2, as n — 0o along N5,

1 ifr> p(s)
0 ifr<p(s)

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

P (Q”,r,s contains a spanning tree) — {

(s—1)P(p— 1)5(,0—1) = pPSTP S (ps — p — S)(PS—p—S)/(S—l). 2)
For s > 5 we have p~(s) < p(s) < pT(s) where
P | £ -3
— _ N + _ . .
P (S)—S_1 5 P (s) 1 5

Furthermore, as s — o0,
g2 2 —3s+1
s)= — + O4(s* ™).
p(s) 1 G- ( )

Finally, if s € {2, 3, 4} then for any fixed integer r > 2,

1 if(r,s) #(2,2),

P contains a spanning tree) —
(G PTEIE) T N0 (9 = (2,2

The value of p(s) for s=5,...,12 is shown in Table 1, together with the bounds p~(s) and
ot (s). All values are rounded to three decimal places.
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Table 1. Values of p(s) fors =5, ..., 12, together with our bounds

s 5 6 7 8 9 10 11 12

p=(s) 3.021 8.420 21.736 54.133 133.079 326.718 805.308 1996.906
p(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

Let Yg 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:

o _ — 1Y (4 — 1)r—D)s n/s
EYgNexp<rs r 1) (s—1)/r Sll ((s D (r—1) YH_S) ' 3)

20=10 /) (s —r—s)%n \rsrS (s —r — ) 51

(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 [24] (who also considered
irregular, slowly growing degrees), and then this constant factor was calculated precisely in [19,
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 t,s, > 2 be fixed integers. For all positive integers j, define

)L__(r—l)j(s—l)j p ‘_<rTr1_5+1> -2
I 2j A A TP VT
Let J(2) =3 and J(s) =2 for s > 3. IfP(Yg > 0) — 1 as n — oo along Ny.5), then the asymptotic
distribution of Yg satisfies

00

Yo 4 o a

E__) || 1+§j)Z]e A]{],
j=J(s)

where Zj = Po (1)) are independent Poisson random variables. Otherwise, the asymptotic distribu-
tion 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 Yg was obtained by Greenhill, Kwan and Wind [19, Theorem 1.2]. The authors
of [19] also conjectured an expression for the asymptotic distribution of Yg whens=2and r > 4.
Substituting s = 2 into Theorem 1.2 verifies that their conjecture is true.

Corollary 1.3. The conjecture given in [19, Conjecture 1.3] holds. That is, the number Yg of
spanning trees in a random r-regular graph satisfies

Yo 4 s
AV
j=3
with
(r—1y 20r—1y — 1
A= T T DY
2j (r—1)%
forj>3.
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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, ;. Keeping only the most significant term, the threshold values for
spanning trees, loose Hamilton cycles and perfect matchings are approximately

s—2 s—1

. ing trees)
spanning trees),
s—1 P & s—

(loose Hamilton cycles), et (perfect matchings)

respectively. Hence (restricting to values of  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. Letr,s > 2 be fixed integers with (r, s) # (2,2). Then
P(Gp.r s is connected) — 1

as n tends to infinity along N(y.s).
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) isa cutin G, is

ICarsl Tn—arsl @
IT,rs]

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

(rn)!

|Fn,r,s| = ®(1) (TH/S)' (S!)rn/s (T!)n :

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

2. Preliminaries

Throughout, N denotes the non-negative 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 two vertices. For j > 3,
a j-cycle is a hypergraph with j edges, which can be labelled ey, e, . . ., ¢j such that there exists
distinct vertices vy, ..., v; where v; € e;N ey fori=1,...,j (where ej;; =ey).

A (Berge) path in H consists of a sequence vy, e, v1, €2, . . ., €j> Vj where vy, v1,. .., vjare distinct
vertices, ey, . . ., ¢j are distinct edges and v;_1, v; € ¢; foralli=1, . . ., j. A hypergraph 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.
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An s-uniform tree with t edges has (s — 1)t + 1 vertices, and the number of (labelled) s-uniform
trees on n = (s — 1)t + 1 vertices is given by

w1l (n—=1)!

— (5)

t((s—=1))
This formula was proved in [22, Corollary 1] and [31, Theorem 2]. See also [28]. Note that in the
graph case s = 2 we recover Cayley’s formula.

Suppose that § = (81, . . ., 8,,) is the degree sequence of an s-uniform tree on # vertices. Then §
is a sequence of n positive integers such that
s(n—1)
o1+ -+, = = st,
s—1

and any such sequence § 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 4 1 vertices with degree sequence § is

( t—1 ) (n—1!  (s—Dmn—-2) 1y 1
Si—L..8—1) (=D (s—pnE g G— DY

This generalises the formula for the graph case proved by Moon [25].

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

(6)

lifk—¢=+1 (mod ),

0 otherwise

Iekﬂ€z|={

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 configuration
model for graphs, introduced by by Bollobas [8]. Take rn pointsin n cells, By, . . ., By, each contain-
ing r points. Then partition the points into rn1/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 {ay, . . ., as} in the partition by an edge {v;, . . ., v;,} such that
aj € Bj forj=1,...,s. If a part contains more than one point from the same cell then the corre-
sponding edge in P is a loop, and if the partition has two parts that 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 ran-
dom 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, ., and let P, s be a partition chosen uniformly at
random from €, ;.

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

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

Hence the number of partitions in Q,,, is

(rn)!

|Qn,r,s| =p(rn) = /s G (7)
Therefore, the number of r-regular s-uniform simple hypergraphs on » vertices is precisely
(rn)! P(Simple)
ir‘n,r,s| = P (8)

(rn/s)! (sHrm/s(rl)n’

where ‘Simple’ is the event that the partition is simple. Thus, an asymptotic formula for |1"n,,,5| 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 (—(r2 - 1)/4) . 9)
Cooper, Frieze, Molloy and Reed showed in [13] that for fixed integers » > 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 con-
ditioning 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 §j > —1, j=1,2,..., be constants and
suppose that for each n there are random variables Xj,, j=1,2,..., and Y, (defined on the same
probability space) such that X, is a non-negative integer valued and Y, # 0 (at least for large n),
and furthermore the following conditions are satisfied:

(A1) X, LN Zj as n — oo jointly for all j, where Zj ~ Po (1;) are independent Poisson random
variables;
(A2) For any finite sequence X1, . . . , X, Of non-negative integers,

IE4(Yn|X1,n =X1,...,Xmpn =Xm)
EY,

m
=[]+ ™5 asn— oo

j=1

(A3) D2t < oo

j=1
2
(A4) % — exp Z Ajgjz as n— oo.
j=1

Then

Y
EY,

0
—d> W:l_[(l—i—;'j)zfe_)‘f{f as n— oo;

]:

—_
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moreover, this and the convergence in (A1) hold jointly. The infinite product defining W converges
asymptotically almost surely and in L2, with

EY?

_ 2 _ P2 1 n

Ew=1 and EW* = exp E e _nlglgo—(IEYn)z’
j>1

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

o Let Y be the number of s-uniform spanning trees in a random partition P € P, ;.
o Let X; be the number of 1-cycles in a random partition P € P, ...
« For j > 2, let X be the number of loose j-cycles in a random partition P € Py, ;5.

With 7,5 > 2 fixed, it is well known that X; — Z; as n— oo, where Z; are asymptotically
independent Poisson random variables with mean

(r—1y(s—1y

Aj= % (11)

This was proved for graphs (s = 2) by Bollobds [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 vari-
able XJ’ , the number of j-cycles (not necessarily loose), and showed that X]f has the same asymptotic

distribution as Xj, as the contribution to XJ/ from non-loose j-cycles forms a negligible fraction of
X]f . 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 )»J’- >0,j=1,2,... be constants. Suppose that (Al)
holds, that Y, > 0 and that

E(Yn(Xl,n)xl e (Xm,n)xm

m
EY, ) — 1—[ (A]/-)xf as n — oo,

j=1

(A2)

for every finite sequence x, . . . , X, of non-negative integers. Then condition (A2) holds with )LJ’. =
A1+ 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; =X, =
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)

P(P Simple) < ———.
(P € &|Simple) P(Simple)

(12)

Altman, Greenbhill, Isaev and Ramadurai proved the following lemma in [3].
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Lemma 2.3 ([3, Lemma 2.1]). Fix integers r, s 2> 2. For any positive integer n such that s | rn, let P
be a uniformly random partition in Qp rs with no 1-cycles, let Ps be a uniformly random simple par-
tition in Q.5 and let P be a uniformly random partition in Q5. Let Y : Qs — Z be a random
variable. Then as n — oo along integers such that s | rn, the following two properties hold.

(a) IfIP’(K(P) € A)=o0(1), then P(Y(Ps) € A) = o(1) for any A C Z.
(b) P(Y(P) e A) — P(Y(Ps) € A) = 0(1) for any A C Z.

Property (a) follows from (12), while property (b) follows from (10) and the fact that the proba-
bility that two parts in a random partition P € Py, , s 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 Yy, and X; , satisfy conditions (A1)-(A4) of Theorem 2.1. Let ?n be the
random variable obtained from Y, by conditioning on the event X; , = 0. Then

?n d A = T —ili
— Mb 1+¢)%e ™% as n— oo.
EY ]]1( 5)

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

Proof. The statement of [3, Corollary 2.6] made the assumption that §; > —1 forall 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

Before proceeding, we outline the structure of the rest of the paper. The first moment is calcu-
lated in Section 3, and the impact of short cycles on the number of spanning trees is investigated
in Section 4. The second moment is calculated in Section 5. Finally, in Section 6 we analyse the
value of the threshold when s > 5, and prove Theorems 1.1 and 1.2. Some technical proofs have
been omitted here but can be found in [17, Appendix A].

3. Firstmoment

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

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

EY ~ (s—1Wr—1 ( (5—1)’(r_1)(r—1)s )”/S.

r$—r—s

rS=r=S(rs —r —s) 51

s+1
n(rs—r—s)2-D

Proof. Let 7, be the set of all s-uniform trees on n vertices. For a random partition P € P, , s, we
can write

Z |{PEQn,r,s:PT§P}|

EY = Z P(Pr C P) = ]
n,r,s

Pr:G(Pr)eT, Pr:G(Pr)eT,

Selecting Pr uses up st points so, for a given Pr, the size of {P € Q,,,s: Pt 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
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selected. Recall that D, is the set of possible tree degree sequences on n vertices. Given § € Dy,
define 7,(8) to be the set of trees with a degree sequence 8. We can write

|Qurs| EY =p(rn—st) > > YL (13)
8Dy, Te7},(8) Pr: G(PT):T

Consider a subpartition that projects to a given tree T € T,(8), for a given § € D,.. Exactly §; of
the points in cell i must contribute to Pr, and there are (T)aj ways to choose and order these
points. So there are ]_[]'7:1 (r)s; 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

—1(n—-2)! 5 (0
Z |7;:(5)|1_[( (( DL SXD: l_[ L6 - ;1)!

8D, j=1
(s —1)(n ! ad "
(G- 1>')f -

_G=Dm=2! (S r—l )
((s—l)')t ](Z -1 )

(s —1)(n—2)! —Dn
TGy ( (=1 ) o

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

IEy_p(rn—st) Ms—1m—=2)!((r—n
~ p(m) ((s—=DY! t—1
:1'”5?7711 ((r— l)nl)'(n_( 1)‘(7')1’115)‘ (15)
n rS—r—S)n—+s
(rn)! ( ) (—S(S 5 )
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
(s—1)/(r—1s rS(r_ 1)(H)s r(s—1)
|Qn,r,s| EY s . (16)
n(rs —r —s)2=0 \(rs — r—s) T ((5_ )N er(s—1)

In Section 6 we characterise pairs (7, s) for which EY tends to infinity. This provides the thresh-
old 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 x = (x1, . . ., Xpy) € N". Write £ =x1 + - - - + xp,. Let S(x)
be the set of sequences (Py,...,P¢) of subpartitions such that G(Py), . (le) are distinct
1-cycles, and

G(Px1+---+xj_1+1)) SRR G(PX1+"'+xj_1+Xj)

https://doi.org/10.1017/50963548321000158 Published online by Cambridge University Press


https://doi.org/10.1017/S0963548321000158

38 C. Greenhill, M. Isaev and G. Liang

are distinct loose j-cycles, for j=2, ..., m. Then let S*(x) be the set of all (Py, . . ., P¢) € S(x) such
that the cycles G(Py), . . . , G(Pg) are vertex disjoint. For a random partition P € P,, 5, we can write

E[Y(Xl)xl (Xm)xm] = Z Z P(PiU---UP,UPp CP). (17)
(P1,...,Pp)eS(x) Pr:G(P7)eT,
We will find that E[Y(X1)y, - - - (Xim)x,,] is asymptotically dominated by the contribution from
vertex-disjoint cycles. So we first evaluate

= Y > P(PyU---UPUPrCP)
(PI,A..,PZ)ES*(x) PT:G(PT)Eﬂ

= X 2.

(P1,....Pe)eS*(x) Pr:G(Pr)eTy

[{P€ Qs Py U---UP,UPrC P}

(18)
}Qn,r,s|

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 part of P;,
and we fix a direction around P; such that the second part visited is lexicographically 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 intersec-
tions, 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

Zi={0, 1Y \ {(1,..., 1)}

and define the Cartesian product

m
I(x) = 1_[ Ij".
j=1
For 1 €T, let U(I)e{l,...,j} be the number of entries in I which equal zero. Given I=
(I, ..., Ip) €Z(x),letu;=U(I)fori=1,...,mand defineu=u(l) =u; +- - - + uy.
Given (Py,..., Py, Pr), write «(Py,..., Py, Pr)=1€Z(x) for the corresponding ¢-tuple of
intersection sequences. We can rewrite X*(x) as

Q| Z*x) = Y > {P€Suys:P1U---UP,UPr CP}|.

I€Z(x) (Py,....,P¢,Pr):
(P1,....Pe)€S*(x),

For a given I € Z(x), we evaluate the inner sum using the following process:

Step 1: Choose a sequence (P, . .., Pp) € S*(x).
Step 2: Choose P with G(Pr) € T, such that «(Py, ..., Py, P7)=1.
Step 3: Partition the remaining points arbitrarily.

Define the subpartition Q=P; U - - - U Py. Writing |P’| for the number of parts in a subparti-
tion P, we have

m l

Q=) "jxi=)_ IPil.

j=1 i=1
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Lemma 4.1. Let r,s > 2 be integers such that (r,s) #(2,2) and fix x=(x1,...,%m) € N". The

number of ways to choose a sequence of subpartitions (Py, . . ., Pg) in S*(x) is
—1,s—1\ QI m
(r—1)r1ns1 1
~—mm—m— —_—. 19
e ( -2 g @y 1

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 (=D r ey

2j (s—2)! '
Recall that, in a loose j-cycle C, the C-external vertices have degree 2 and the C-internal ver-
tices have degree 1. To specify a single loose j-cycle C, choose a sequence of (s — 1)j vertices in
()(s—1)j ~ ns=17 ways, then divide by 2j((s — 2)!Y. Here, division by 2j adjusts for direction and
starting point (where a starting point is a C-external vertex), and division by ((s — Y adjusts
for the order of the s — 2 C-internal vertices in each edge. To specify Pc, 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)Yrs—2i 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

O(n*~1). There are n('z:zl) ~ (;11—;1), 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(l))(s_l)j ~nG=i and
all remaining calculations are the same as above. This shows that (19) holds in general. 0

Now suppose that a sequence of subpartitions (P, .. ., P¢) € S*(x) has been chosen. To per-
form 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 (Py, ..., P¢). Any cell which
corresponds to an external vertex of some G(P;) has r — 2 unused points, and any cell, which cor-
responds to an internal vertex of some G(P;) has r — 1 unused points. Recall that I = (I}, ..., I;)
determines a collection of disjoint paths contained in the subpartitions Py, . . ., P,. This collection
of paths will form the intersection of Py and Py U - - - Py.

For each such path with at least one part, collect all the unused points and combine them
together into an irregular cell. If such a path consists of k part then it contains of k + 1 cells with
r — 2 points unused, and (s — 2)k cells with r — 1 points unused. Thus, the resulting irregular
cell has (k+ 1)(r — 2) 4+ (s — 2)k(r — 1) = (rs — r — s)k 4+ r — 2 points. For each cell which corre-
sponds 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 r — 2 points. Note, this matches the earlier formula with k = 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 u = u(I) = u; + - - - + ug where u; = U(I;) 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.
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Finally, for each cell which corresponds to an internal vertex of some G(P;), which is not
involved in the intersection Py N P;, we form an internal irregular cell with r — 1 points. There
are (s — 2)u such cells.

To summarise the properties of our irregular configuration model:

« The total number of cellsisn’ =n — (s — 1) |Q| + (s — 1)u.

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

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

o 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 subpartition P’
in this irregular configuration model such that G(P’) is a spanning tree. The projection T' = G(P’)
of this partition corresponds exactly to a tree T € T, with the subpaths determined by I contracted
to single vertices.

For a sequence I € Z; and k > 0, let g (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 1.) By a slight abuse of notation, write g;(I) = Zle qx(@;).

The proof of the next result can be found in [17, Appendix A.1].

Lemma 4.2. Fix I=(I,...,I;) €Z(x) and let u=u(I). Fix a sequence of subpartitions
(P1,...,Pp) eS*(x) and let Q=P U---UP;. Then the number of ways to extend Q to a
subpartition QU Py consistent with I, such that G(Pr) € Ty, is

so(x, 1)

m(s—nz((s—n!)sll( (rs — r— sy o1 )( (s—2)! )'Q'
(

r—1)(s—1)1 (s —1)! (r—1) L1

~

3s—1
(rs —r — )21 n?

_ r—1 _1yr—1 n o m—1 _ q (I
< ( T’(r 1)1 (5 1) r:’lrs) l—[ <k+ i) k .
e((s—= 1)1 (rs—r —s) =1 rs—r—s

k=0

Finally, Step 3 completes the subpartition Py U Q to a partition P € Py, s.

Lemma 4.3. Given I € Z(x), suppose that (Py, ..., P¢) € S*(x) is fixed, and Pr is a fixed subparti-
tion with t(Py, . . ., Pg, Pr) =I. Let u = u(I). The number of ways to complete Step 3 is
(rs—r—s)
Js(rs—r—s)n ((5—1)5_1(5—1)! >u< (rs—r—s)n ) T
(s— 1) ((s— )=t \Os=r=97n=L) (s 1) (s — =
Proof. Out of the rn points in the original configuration model, 2 |Q| points have been used for
the external vertices in Q=P; U---UPy and (s — 2) |Q| points have been used for the inter-

s3(x, I) ~

nal vertices of Q. Finally, S(Z‘L—fll) points have been used to complete the subpartition Pr. So
there are

s =1) (rs—r—s)n 1
s—1 - s—1 —s(u— )

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

m—=2Ql—(s—2)|Q| —
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and applying Stirling’s approximation completes the proof. O

We use these expressions for s;, s, and s3 to prove the following result.
Lemma 4.4. Let 1,5 > 2 be fixed integers with (r, s) # (2, 2). For any fixed integer m > 1 and fixed

sequence (X1, . . . , Xm) Of non-negative integers,

]E[Y(Xl)xl o (Xm)xm
EY

m
— [ 0+
j=1
as n — 0o along N{y.s), where for all j € Z*,

j
(r—1)i(s— 1) (Fi-s+1) -2
2 G-
Proof. Recall the definition of X* from (18). By definition of s;(x), s2(x, I), s3(x, I), we have

)»j= and §i=

2*(x)= Z 51(x)52(x11)53(x,1)
I€Z(x) m”“| EY

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

(rs—r—s) womzl r—2 \%D
- Tlge ©(“57) T(+55)

IeZ(x) k=0
m 4 uj m—1 (I)
(rs —r —s)? r—2 \%*
= k
l_[(2])’9 Z l_[( r—1 l_[ +rs—r—s
j=1 IeZ(x) i=1 k=0
m
x
=1 &, (21)
j=1
where
£ = 1 Z (rs —r —s)? v ﬁ K+ r—2 %O
72 r—1 rs—r—s ’
I€Z; k=0
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

CJZ_Z 1_[k+ﬂQk(I)

IeL;:
U(l)=¢t
Ij=0

where we let

2
—r— -2
_Bor= d g

r—1 rs—r—s

https://doi.org/10.1017/50963548321000158 Published online by Cambridge University Press


https://doi.org/10.1017/S0963548321000158

42 C. Greenhill, M. Isaev and G. Liang

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

joo j
1 Jee 1 Git
o~ AL Ly 22
§ 2]2 ¢ 22 ¢ (22)

(=1 =1

We now evaluate the coefficients cj¢. Recall that U(I) represents the number of zeros in the

sequence I. We have ¢;; = (j — 1 + B), because the only sequence with 1 zero and the last ele-
ment zero is (1, ..., 1,0). For £ > 2, the sequence starts with k ones followed by a zero, for some
ke{0,...,j— 2}. Ranging over these possibilities gives

j—2

Ge=H Z (k+B) ¢jimk—1,6-1-
k=0

To solve this, define the generating function
F(x,y)= Z Z Cjt xjy‘q.
=161

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

j—2
F(x,y) chley “ZZ k+/3 Cj—k—1,0— 1 yf

j>1 =122 k=

=uy (k+ ,3) Ay 3N G

k>0 k2021

=u Z (k+ B) ¥y F(x, y).

k>0

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

Foy)=p | Y (i—1+B)dy+>_ (k+B) Xy Flx,y)
j=1 k>0
=u (Flx,y) +1) Z (k+ B) x*y.
k>0
Recall that by differentiating both sides of (1 —x)™" =} ;> xK, we have
Z fck 1l — x
(1—x)?

k=0

Hence if we define

x? Bx
o= D) = (5 + 125

k>0
we have F(x, y) = y f(x)(F(x, y) + 1) and thus

Sy
Fo D=1 Gy
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Now, going back to (22), we have

j j
ZCJTZ_ [%'] Z% —1—f(x

=1 fy

I\)IP—‘

Applying the Taylor expansion of (1 — z) ™! and log (1 — z), we have

j 0
sr%[xf]Z%M—lJ (f<x)2<f<x)y>k>:% JlZf o — 311 log (1 — f(x)).
=1

k=0

Now,

(1_(—_s+1) )(1—(r—1)(s—1)x)

1-fW= (1—»?

>

SO

g]-fv%[xf] <210g(1 —x) —log <1 - (é —s+1> x) —log (1 —(r—1)(s— 1)x)>

—2xF + ((ﬁ —s+ 1) x)k +((r—1)(s — l)x)k

s> S

(r_Ll—s-H) +(r—1(s—1) =2
2j

=41+ ¢)

forj=1,...,m. Substituting this into (21) implies that
m
"~ T 040+ g)ys.
j=1

To complete the proof, it remains to show that in (17), the sum over S(x) \ $*(x) is negligible.
This is standard, but for completeness we sketch an argument. We adapt Steps 1-3 as above. There
are O(n~D1QA=1) ways to choose (Py, . . ., Py) € S(x) \ S*(x), as then Q=P; U - - - U P, 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 Q N Pr. This is the number of ways to extend Q
to QU Pr, where Pr corresponds to a spanning tree T € 7y, and then extending QU Py to a full
partition. This is very similar to the calculations performed to evaluate EY, and the presence of Q
only changes these calculations by a constant factor. Therefore, for a given Q, the total number of
ways to perform Steps 2 and 3, summed over all possible intersections, and then divided by EY, is

o(1) p(rn — Q) _ O(n_(s_l)lQl).

p(rn)

Multiplying this with the O(n~DIQ=1) ways to complete Step 1, we see that the sum over
(P1,...,Pp)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).
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Lemma 4.5. Fix integersr,s > 2 and r such that

3 ifs=2,
r>12 ifs € (3,4}, (23)
s—1 ifs>5.

Then

rea/s—1

oo
exp riet | = < 00.
=)

(PP—rs+r+s—1)(rs—r—s)(r—1)
Proof. First, observe that
(L —s+1)° L —s+1 1
r—1(s-1)" r—1D(s—-1) (r—1(s—1)

are all less than 1 in absolute value. Next, we claim that

P —rs+r4+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
r25—1>5(\/52—65+5+s—1),

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

( r S+l>2 j ; ]
[e'e) [e'e) 1 L - o sa )
]; & ];J' (r—=1(—1) (r=1(s—1) (r—1)(s— 1)
— 2loe (1 ! 2 loe (1 A —s+1
T Og< _(r—l)(s—1)>jL 0g< _(r—l)(s—1)>
2
Cgfan Y
2% (r—DG—1)
= olog (TS Hs—r=s)
B 2108<(r_1)(5_1)>+210g<(r_1)2(5_1)>
1 <(f5—7—5)(r2—r5+r+s—1)>
28 (r—17°@6—1) '
Taking the exponential of both sides establishes the result. O

Next, we investigate the parameters ¢;(r, s).

Lemma 4.6. Let r,s > 2 and recall that for all fixed integersj > 1,

(ﬁ—sH)j—z
(r—1y(s—1y

é‘] = é‘j(rs s) =

Then
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i. g(2, 2) =—1forj>
ii. £j(2,5)=—1fors> 3 and]_ 1;
In all other cases, gj(r,s) > —1.

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

1
Ifr=2ands>3thenf(2,sj)=(s— 1Y — (s — 3) — 2, which increases with j. So
f(2,5) >f(2,52)=45—10>0

f(r,S,])=<+—S+1>J—2+(1’—1)I(5—1)J

ass>3.1f s=2, then (——s—i—l) > 0,0 f( r,2])>(r—1)] 2>0asr>3andj>
It remains to show that f(r,s,j)>0 when r>3, s>3 and j>1. If j is even then

r J >
(ﬁ —s+1> >0, so
frs )= —1Ys—1Y —2>2¥9 —2>0.
Now suppose that j is odd. Since r > 3 and s > 3, we have -5 — s+ 1 < 0. Thus

f(V,S,)—(r—l)](s—l)] (5—]_ d )]_2
r—1

>((r—=1y—1)(s—1Y -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 (, 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
-1
(o) =1. Then
xi + kiz k+b—2\(x14+ - -+xp+mz—k\ ,
> ()= (! e
(k1,....kp)eNt =1 k=0
ki+-- +kb m
We write

|Qurs| EY?= Y |{P€Qups:Pr, UPL, C
(Pry-P1,)
where the sum is over all pairs (Pr,, Pr,) such that G(Pr,) = T, and G(Pr,) = T3, for some
spanning trees 17, T5.
We perform this count by conditioning on the intersection between PT1 and Pr,, which will
correspond to a union of disjoint trees. Let be {1+ (s —1)£:£ =0, 1,.. ., = } be the number of
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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 =(vy, ..., v) of n, where v; > 0,s — 1| v; — 1 and Zf’zl v; = n. Here,
v; represents the number of vertices in the ith 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 ith group is v;.

(3) In each group, choose a spanning tree on that group and a subpartition that projects to
that tree.

We then collapse the unused points in each group to an irregular cell. The ith irregular cell
will have rv; — S(E'_—_ll) = P vi + 27 points. In this irregular configuration model, we wish to

partition two-part disjoint spanning trees T and T}, which will extend to T} and T.
(4) Choose 8V, 8 ¢ NP, the degree sequence of T} and T respectively, such that, for all 7,
b

b
(1) ¢(2) 1 _ @ _ s(b—1) (1) (2) s—r—s s
61' )61‘ 21) ;81 —;81 —?, and 8i 8 1 Ul+s_1'

(5) Choose trees T}, T, consistent with 8 and §@.
(6) Choose P, and Pr, such that there are no parts in common.
(7) Partition remaining points.

Then }Qn,r,5| EY? is equal to the number of ways to complete the above process, summed
over all b.
Let

b b
n—1
S1(b) = ve{l—l—(s—l)E:E:O,l,...,s } :Zvizn

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

n b 1
S = =n! —.
<V1,-.-,Vb> l_[ v;!

i=1

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

b
N Gl Vil (s—1)br" " ]_[(1—2)'<(r ),~>_((s—1 "1 vi — 2)1((r = 1vy)!
71

(=Y g -0 i (4 ) (2tmi+ )
Let
34(,))2{( W, y@, @) e (o gD @ 4 2 BTS2
: : s—1 s—1

Z a0 = Z 2@ = }
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be the set of sequences arising from Step 4. By (6), the number of ways to complete Step 5 is

b—1 b—1
55=( =11 )( =11 ) (b—1)!
s —1,. 80 1)\ — 1,82 - (%)!((5_ Dy et

As each cell in this irregular configuration model has “—=v; + =5 points, the number of ways

to complete Step 6 is

b (wv_i_L)g
rs—r—s s -1 7T s
sa-“( s 1 w-i—s )a“+8(2) l_[( 8.(1)—5@)1.

1 1 °

2

rsS—r—s
i=1 i=1 Vz+—

There are

b
Z hy s(vi —11) s _ @) _ (rs—r—s)n_ s(b—2)
s

s—1 s—1

points remaining, so the number of ways to complete Step 7 is
(rs—r—s)n s(b—2)
p((rs—r—s)n s(b—2)) ( s—1 -1 >!
7= - = rs—r—s -2 °
R o =) R

It is convenient to work with non-negative variables, so we let

pV =0 1, @ 5@ G_roros, ST o @
=%~ L =9 heETsoy o T

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

|S2n,,,5}IEY2: Z Z 5283 Z $556S7

1| | vesl(b) (@D ,n@,7)eSs(v)
s llp—

n

Z n! (s — 1)2((b — 1)!)?
= bl(s— 1)) (%n—i’;f) ((i’_;ll)!)z(s')’s?srlf -

s—1|b—1

b
((r = Dv)!
< 2N\ ——7,
ves (k) \i=1 vi(vi—1) ( )
; 1 b—1 _ 1 (rs—r=s)n __ s(b—=2)
> Z s—1 s—1 s—1 s—1
(1) (1) (2 @ (3 @& )
("(1) 3))63(1)) m >~~-a77b m >-~~>77h m ""’nb
Now we compute the sum over Ss(v) through the use of generating functions:
b—1 b—1 (rs—r—s)n s(b—2)
3 ( =i )( =11 ><—51 ——51>
(1 (1 2 (2) 3) 3)
0@ g@)esSsv) T ey Mooty

b—s b

b o= b b—s
(1) (1) s—1 (2) ) s—1
n n n
= > [z, ---zbl’]<§ Zi) [z,' - b](i )
i=1 i=1

(@D, @,pB)eS4(v)

S

https://doi.org/10.1017/50963548321000158 Published online by Cambridge University Press


https://doi.org/10.1017/S0963548321000158

48 C. Greenhill, M. Isaev and G. Liang

—r— b—2
" ny) ! e -
2" -z 1 Dz
i=1

(rs—r—s)n _ b(s=2)

s—1 s—1
Vp— 1
] } Zi

(rs—r—s)n _ b(s—2)
_ s—1 s—1
- ((rs—r—s)m s—2 (rs—r—s)vy s—2>'

rsrs rsrs
=z Vi 31...
- l

s—1 12 1 _ST
So
i nl " (r — Db((b — 1)!)? (w _ b(s—lz))!
S— s—
| Q| EY? = >
: bi(Gs — )27 (=t b=2)y (b))
5,b1|:1, s = 1) s(s—1) n—<s—=) 1) s!
(r— l)v,
cx (Y
veS (b) i=1 -1
Note that the summand is equal to |Qn r s| EY when b=1. For b > 2, we let k; = and use

Lemma 5.1, to see that

3 1—[<(r vlr)—vll_ )— > H((r_l)(s_kl,)k —I—r—)

veSi(b) i=1 s—1 ky+-- +kb—? b i=1
ki=0
nob
< (k 2 —n—b—k
_ ( +b— )((r _)Z >(r—1)k.
k =2k
k=0 s—1
Define
K={(,p):0,20, (s—Da+p<1}, (25)
L=7Zx(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)
(kb)e(L+(0,1))NnK
where
0 forb<1,

b
an(k, b) = { Mp—1)(r—1)k+bs - e (k+b—2)! ((r—1)n—k—b)! (rn/s)! n!
2
bk! ((s 1 )V) (fss(s rl)Sn_i’;f)V <%>‘ (rn)!
We now wish to apply Laplace’s method to compute the asymptotic summation of this expression.

Greenhill, Janson and Rucinski [18] proved a version of Laplace’s method for asymptotic

summation, tailored for the small subgraph conditioning method. We refer to [18] for precise
definitions.

otherwise. -

Lemma 5.2 ([18, Lemma 6.3]). Suppose the following:

i. £ CR™ is alattice with full rank m.
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ii. K CR™ is a compact convex set with non-empty interior.
iii. ¢:K — Risa continuous function with a unique maximum at some interior point xy € K°.
iv. ¢ is a twice continuously differentiable in a neighbourhood of xo and the Hessian
Hy: = D*¢(xg) is strictly negative definite.
v. ¥ : Ky — Ris a continuous function on some neighbourhood K1 C K of xo with ¥ (xg) > 0.
vi. For each positive integer n there is a vector £, € R™.
vii. For each positive integer n there is a positive real number by, and a function a, : (L +£,) N
nK — R such that, as n — oo,

an(€) = O(bye"(t/molny, Ce(L+e,)NnK, (28)
and

an(£) = bu(W (£/n) + 0(1)e" ™, e (L+Ly) Nk, (29)
uniformly for € in the indicated sets.

Then, as n — 00,

(270)™/ 24 (x) 2
E a,(£) ~ — bnnm/ o)
ATk det (£) det (— Hyp)Y/

To apply this lemma, we define

(s—1)2 [((s—1)7*\"
bn = rs—r—s ’
2 ns roos o

1//(0[, /3) =

(r—1—a—pB)Y?
(o + B 2rs —r — s(1+ B)TTE1 B F101/2(1 — f — (s — Da)/2
(e B) = (o + B) log(r — 1)+ gl + ) +g(r — 1 —a — ) — %g(ﬂ) —e@)  (30)

1
_S(S_l)g(rs—r—s—sﬂ)—:g(l—(s—l)a—ﬂ), (31)
where g(x) = xlog x for x > 0 and g(0) = 0. The following result gives critical information about
the function ¢. The proof is technical and is omitted here, but can be found in [17, Appendix A.2].

Lemma 5.3. 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}. The unique global maximum of ¢ over K occurs at the point (o, Bo) where

1 rsS—1r—s

ag = ﬁ():m-

T ris—1)
The maximum value of ¢ over this domain equals

(rs—r—s)

2 —_— —
@, Bo) =2(r — 1) log(r — 1) — oD rs—r—s

log(rs —r —s) + 4 log(s —1) = ——— logr.
s s

Let Hy be the Hessian of ¢ evaluated at the point (ao, Bo). Then Hy is strictly negative definite and

(s — 1)? (rz—rs—i—r—i—s—l)

det(— Hp) = (r—12(rs—r—s)

Then Lemma 5.3 implies the following.
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Lemma 5.4. 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}. Then as n — oo along N5,

EY? N s —1
(EY)? \/(rz—rs—l-r—i-s— 1) (rs—r—s)(r—1)

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

i. Wedefined £L =7 x (s — 1)Z, alattice with rank m = 2 and det (£) =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 (e, Bo),
by Lemma 5.3.

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

v. Let K; be the open ball around (g, Bo) of sufficiently small radius, ensuring that K; C K.
The function v : K; — R is a continuous function with

1,7/2(5 _ 1)5/2

1//( ’,3 )= s 0.
0 Vr—1(rs —r —s)51 g

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

2 21 (o, Bo) b, n e" #(@0Fo)
det(L) det (— Hp)1/2

_ rr—1(s— 1)5/2 (rs — r—s)%_sz%l < (s — l)r/s (r—1)1 >2n
r

—r— rs—r—s
PVt —rs+r+s—1 S (rs—r—s) <D

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:
rs—r—s

s(s—1)
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 — 00) and when
Li(r) < 0 (which implies that EY = o(1)).
The following can be checked using elementary calculus.

L(r,s):Ls(r)zrlog(s— )+ (r—1)log(r—1)— Mlogr— log(rs —r—35),
s s

Lemma 6.1. Fors e {2,3,4}, Ly(r) > 0 for r € (2, 00). Furthermore, for s € {3,4}, Ly(2) > 0.

The situation is quite different when s > 5, as Lemma 6.2 shows. The proof of Lemma 6.2 can
be found in [17, Appendix A.3].

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

L(r,s) <0 forre[2,p(s)) and L(r,s)>0forre (p(s),o0).
Furthermore, if s > 6, then p(s) > s.
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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 — oco. The
proof is omitted here, but can be found in [17, Appendix A.4].

Lemma 6.3. For a fixed integer s>5, let p(s) be the unique real number such that
L(p(s),s) =0. Then

2 s—1 ©) 2 s—3
< p(s) <
s—1 2 p s—1 2

Furthermore, as s — 00,
2 23541
s—1 2(s—1)

p(s) = +04(s* e™).

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 r < 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 thats > 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 for all j > 2, by
Lemma 4.6. Hence Y > 0 a.a.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 ad
EY — | 1| (1+§J) Te %,
]:

For s = 2, the asymptotic distribution of Y is obtained from the asymptotic distribution of Y by
conditioning on X1=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

o0

d _ s

Ay ehh l_[(l—i_;j)zje A&
j=2

Y
EY
Applying Lemma 2.3(b) shows that ¥ and Yg 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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