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Abstract

In this work we show that, for any fixed d, random d-regular graphs asymptotically
almost surely can be coloured with k£ colours, where k is the smallest integer satisfying
d < 2(k—1)log(k—1). From previous lower bounds due to Molloy and Reed, this estab-
lishes the chromatic number to be asymptotically almost surely k£ — 1 or k. If moreover
d > (2k —3)log(k — 1), then the value k — 1 is discarded and thus the chromatic number
is exactly determined. Hence we improve a recently announced result by Achlioptas and
Moore in which the chromatic number was allowed to take the value k + 1. Our proof
applies the small subgraph conditioning method to the number of equitable k-colourings,
where a colouring is equitable if the number of vertices of each colour is equal.

1 Introduction

The chromatic number y of random graphs is a topic that has attracted considerable interest
since the breakthrough achieved by Shamir and Spencer [19], which marked one of the first
applications of martingales in combinatorics. For the classical Erdds-Rényi model G(n, p), a
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celebrated result by Bollobds [7] later extended by Luczak [15] showed that if pn — oo then
asymptotically almost surely (a.a.s.)

nlog(1/(1—p))

X(G(n,p)) ~ — log(np)

Here and in similar statements, an event occurs a.a.s. if its probability tends to 1 as n tends
to infinity. For p = ¢/n, Achlioptas and Naor [3] proved that the chromatic number of G(n, p)
is a.a.s. k or k + 1 where k is the smallest positive integer with 2k log k > c¢. Moreover, they
discarded the case k for roughly half of the values of ¢. (Here and throughout this paper
all logarithms are natural.) In the same direction, Coja-Oghlan, Panagiotou and Steger [§]
showed that a.a.s. x(G(n,p)) € {k,k+1,k+2} for p < n=3/4¢ where k is the smallest positive
integer satisfying 2klogk > p(n — 1). Meanwhile, some other results gave concentration of
the chromatic number without determining the values so precisely: Luczak [16] proved that
x(G(n,p)) is a.a.s. two point concentrated if p < n~°/67¢ and later Alon and Krivelevich [4]
extended this to p < n~1/?7.

More recently, results have been published about the chromatic number for the model
Gn.a of random d-regular graphs, which is the probability space on d-regular graphs with n
vertices having uniform distribution. For basic results and notation on random regular graphs,
see [22]. Hereinafter, dn is always assumed to be even for feasibility. For fixed d, Molloy and
Reed [17] showed that if ¢(1 —1/q)%? < 1 then x(G,4) > q a.a.s. Then, for d < n'/37¢ Frieze
and Luczak [12] established that

_d dloglogd
16 = g0+ (S

and later Cooper, Frieze, Reed and Riordan [9] extended the same asymptotic formula to
apply to d < n'~¢. Similarly, the range n%7t¢ < d < 0.9n was covered by Krivelevich,

Sudakov, Vu and Wormald [14], who showed that (G, 4) ~ Tog,d &-8-5. Where b = n/(n—d).

Achlioptas and Moore [2] recently announced a significant new result for constant d. They
stated that if & is the smallest integer satisfying d < 2(k — 1) log(k — 1) then a.a.s. x(G,.q) is
k—1, k, or k+ 1. If, in addition, d > (2k — 3)log(k — 1), then a.a.s. x(G,q) is k or k + 1.
They also established two point concentration of x (G, 4) for d = d(n) bounded above by some
small power of n, which was extended to d = o(n'/®) by Ben-Shimon and Krivelevich [5].

In this paper we restrict the set of possible values for the chromatic number given by
Achlioptas and Moore, and show that x(G, 4) a.a.s. cannot be k + 1. Therefore this reduces
the range of possibilities for x (G, 4) to only a.a.s. k—1 and k, in the first case, and establishes
that x(G,4) = k a.a.s. in the second case. For example, it establishes the previously unknown
result that a.a.s. x(G,10) = 5 and x(10%) = 46523. It also provides an alternate proof of
the result of Shi and Wormald [21] that a.a.s. x(G,6) = 4. Curiously, our result is not
strong enough to prove that a.a.s. x(G,4) = 3, which was established by Shi and Wormald
[20]. We essentially need to show that G, 4 is a.a.s. k-colourable, since the above-mentioned
lower bound of Molloy and Reed implies that G, 4 is a.a.s. not (k — 2)-colourable, and for
the second case, not (k — 1)-colourable. Our basic approach for the upper bound is similar
to that of Achlioptas and Moore, in that we analyse the second moment of the number Y

2



of equitable k-colourings of random regular graphs. In fact, Achlioptas and Moore found
that the second central moment E(Y — EY)? is (essentially, in a more or less equivalent
model of random graphs) asymptotically a non-zero constant times the square of the first.
Consequently, Chebyshev’s inequality fails to show the result which we claim above. In cases
like this, this failure of the second moment inequality to establish Y > 0 a.a.s. can, at least
for random structures similar to G, 4, be overcome by using the small subgraph conditioning
method of Robinson and the third author. (See [13, Chapter 9] and [22] for a full exposition
of the method.) Using this, we show that G, 4 is a.a.s. k-colourable.

Theorem 1 Given any integer d > 3, let k be the smallest integer such that d < 2(k —
1)log(k — 1). Then the chromatic number of G, 4 is a.a.s. k —1 or k. If furthermore d >
(2k — 3) log(k — 1), then the chromatic number of G, 4 is a.a.s. k.

In part simultaneously with this work, a similar approach was used by the authors together
with Diaz, Kaporis and Kirousis [11] to show that, provided a certain mazimum hypothesis
about a specific function is true, a random 5-regular graph is a.a.s. 3-colourable. However,
we were unable to verify the maximum hypothesis.

Actually, almost all previous applications of the small subgraph conditioning method were
for a random variable that counted large subgraphs in the random graph. To apply the method
in the present setting we need to calculate the first and second moments of the number of
equitable k-colourings (n is then required to be divisible by k), as well as joint moments of the
number of such colourings and the number of short cycles. These computations are done in
the well-known pairing or configuration model P, 4 which was first introduced by Bollobés [6].
A pairing in P, 4 is a perfect matching on a set of dn points which are grouped into n cells
of d points each. A random pairing naturally corresponds in an obvious way to a random
d-regular multigraph (possibly containing loops or multiple edges), in which each cell becomes
a vertex. Colourings of the multigraph then correspond to assignments of colours to the cells
of the model. The reader should refer to [22] for aspects of the pairing model not explained
here.

Proposition 2 Fiz integers d,k > 3. Let Y be the number of equitable k-colourings of a
random d-reqular multigraph P, 4 (where n is restricted to the set of multiples of k).

(a) For m > 1, let X,, be the number of m-cycles in P, q. Then

oo E—1 (k—1)/2 (bo1))2 1 dn/2
EY ~ _— — (k= nl1_Z
o) ()

and
J
E(Y[X4],, -- ~ T o (L4 60))" E(Y) (1.1)
m=1
where g1y 1ym
)\mz(_) and Om = (=1)
2m (k—1)m-1



(b) If furthermore d < 2(k — 1) log(k — 1) then

kk(l{i _ 1)I<:(I<:—1)

1 dn
E(Y?) ~ —(k—1)7.2n _ 2 .
(¥") (k2 — 2k — d + 2)—0272(2n(k — 2))k—1 k ( k:)

We next compute

s k—1
> Andr, —1)? 1og(w€2_2k_d+2), (1.2)

m>1

and verify that for n divisible by &

E(Y2) E_1 (k—1)2 B )
EBY)? (W@ —2%k—d+ 2) - o (Z Amém) ’ (1.3)

m>1

which is the last ingredient required for the application of the small subgraph conditioning
method.

Proof of Theorem 1 (for n divisible by k). Assume throughout the proof that k divides
n, and observe that all the conditions of Theorem 4.1 in [22] are verified by Proposition 2,
(1.2) and (1.3). Thus we may apply the small subgraph conditioning method to conclude
that P(Y > 0] &) — 1, where & = A; __{Xy = 0} = {X; = 0} is the event of having
no loops. Because P (X3 = 0) is bounded away from 0 for large n (see e.g. [22]), it follows
that Y > 0 a.a.s. for the simple graphs in G, 4, thus proving the required upper bound on the
chromatic number. Now observe that from our choice of k we have d > 2(k — 2)log(k — 2) >
(2k — 5)log(k — 2). Then the required lower bounds follow immediately from the fact that
if d > (2¢ — 1)logq then x(G,4) > ¢ (applied to ¢ = k —2 or ¢ = k — 1 for each case in
the statement). This is just a slightly weaker formulation of the result given by Molloy and
Reed [17]. (Their proof is reported in [21], Theorem 1.3.) &

The following two sections supply the proof of Proposition 2. Finally, in Section 4, we
conclude the proof of Theorem 1 by extending the argument to general n.

2 Joint moments: proof of Proposition 2(a)

Let Y be the number of equitable k-colourings of a random d-regular multigraph P, 4. For
m > 1, let X,, be the number of m-cycles in P, 4. We estimate the expected Value of Y
by enumerating all equitable k-colourings of all multigraphs in P, 4. There are ( Ik "o /k)
ways to choose the k colour classes. These choices are all equivalent so fix one. Suppose
there are b;; = bj; edges between colour class i and colour class j (for 1 < 4,7 < k and
i # 7). The colours of the neighbours of all of the points of colour class i can be then
chosen in (dn/k)!/ H1<i<k b;;! ways. After this determination is made, edges are constructed

by putting a perfect matching between the corresponding points in each pair of classes, in



one of [, ;< bij! ways. Thus we have

Pl E(Y) = <n/k,n/l: .. n/k) i~ ( ififb&) 1<£[<ka]|
) <n/k’ n/]: o n/k) (n/) 'k {bX:} H1<z<]<k b;;!
_ (n/k‘,n//:. . n/k:) (dn/k) lk den/k] ms (xi;!:j)l

1<i<j<k 1>0

- <n/k:,n/l:...,n/k)(dn/k)!k[gw;ln/k] eXp( 2. m)

1<i<j<k

where square brackets denote the extraction of a coefficient from a generating function. A
particular case of the following result gives us an accurate estimate of that coefficient. The
proof is based on the saddlepoint method and is included later in this section.

k
j=1
in the generating
~ C(s), where

Lemma 3 Let k,d,ay,as,...,a; be fized integers with k > 3, d positive, and s = Y
dn/k+a1 xdn/kJraQ o xdn/k+ak
k

a;

. denote the coefficient of x;

,,,,,,

.....

_ (dn+s)/2 _ k/2
C(s) = (271-)*16 (%) 2€dn/2(27r)k/2 <%> (2/€ . 2)—1/2<k _ 2)7(1{71)/2.

Hence we deduce
n

|Pra E(Y) ~ (n/hn/k’ N ’n/k) (dn/k)"*C(0). (2.1)

Combining this with the well-known formula for the number of pairs on dn points,

n)! n\ /2
|Pra| = (dn — 1)l = % ~ 2 (d?) : (2.2)

and after some basic manipulations using Stirling’s formula we obtain the estimate for E(Y)
stated in the proposition.

Next we estimate the expected value of Y X, where Y is the number of equitable k-
colourings and X,, the number of length-m cycles. It is more convenient to count rooted
oriented cycles, which introduces a factor of 2m into our calculations. It will be helpful to
have the following definitions. For a rooted oriented cycle in a coloured graph, define its colour
type to be the sequence T of colours on its vertices. For j =1,2,... k, let a;(T) denote the
number of vertices in 7' which have colour j. Note that the sum }_, a;(T') is m.

To calculate the expected value of Y X,,,, we will count, for each equitable k-colouring and
each rooted oriented m-cycle, the number of pairings which contain this cycle and respect
this colouring.



As before, there are (n Ik /Z ’’’’’ N /k) ways to choose the equitable k-colouring. All are equiv-
alent, so fix one. To enumerate the cycles and pairings which respect this colouring, we will
sum over all colour types T. Once a colour type has been chosen, each vertex of the cycle
can be placed in the pairing model by choosing a vertex of the correct colour and an ordered
pair of points in that vertex to be used by the cycle. Hence, in total, there are asymptotically
(d(d — 1)n/k)™ ways to place the rooted oriented cycle in the pairing model. We now have

E<YXm)N%(n/k‘,n/lj...,n/k:) (d(d; > |7Dnd|zf

where f(7T') is the number of pairings which respect a fixed equitable k-colouring and fixed
rooted oriented cycle of colour type T'. To count these pairings, suppose there are b;; = bj;
edges between colour class i and colour class j (for 1 <i,j < k and i # j), excluding the edges
of the prescribed cycle. The colours of the neighbours of all of the unmatched points of colour
class i can be then chosen in (dn/k — 2a;(T))!/ H1<7<k b;;! ways. After this determination is

made, edges are constructed by putting a perfect matchlng between the corresponding points
in each pair of classes, in one of [[, <i<j<k b;;! ways. Thus we have

o= () I

{bij} 1<i<j<k
-y [1;(dn/k — 204(T))!
{b”} Hi<j bij!
dn/k’ 2m (o } H1<i<j<k bij!
(d”/k) dn/k 204(T) (x; x]
(dn/k)>™ [ } H Z
=1 1<i<j<k 1>0
k
(dn/k) I dn/k—2a,(T)
(s (L o 3 ).
=1 1<i<j<k

By Lemma 3 the asymptotic value of the coefficient in the last expression is C'(—2m), making
the entire expression independent of T'. Moreover, the number ¢,, of possible colour types for
a rooted oriented cycle of length m satisfies the obvious recurrence t,, + t,,_y = k(k —1)™"!
with t; = 0. So we have ¢, = (k —1)" + (k — 1)(—1)™ and therefore

e ﬁ(n/kn/; : ,n/k:) (d(d; 1>n)m |7>i,d| <(5://:>)2!Z

X((k—1D"+(k—1)(=1)")C(—2m).




Comparing this expression with (2.1) we see that

E_g?é;n) ~ (—d(d; 1>”)m ((k—1)™ + (k- 1)(_1)m)WC(—2m)/C<O)

oo (Y v - e g ()

(1" (—1)m
Y Tom (1 k- 1>m—1> |
~ A1+ ).

The above argument is easily extended to work for higher moments, by counting the pairings
that contain a given equitable k-colouring and set of oriented cycles of the appropriate lengths.
The contribution from cases where the cycles intersect turns out to be negligible, for the
following reasons. Suppose that the cycles form a subgraph H with v vertices and p edges,
and the total length of cycles is 5. Then in the case of disjoint cycles, v = u = 1. A
factor of ©(n**~") is lost if there is a reduction in the number of vertices of H, compared
with the disjoint case, because of the reduced number of ways of placing the cycles on the
coloured vertices. Similarly, a factor ©(n*°~*) is gained in the function f for the reduction in
the number of edges of H, because of the corresponding increase in the number of points to
be paired up at the end. Thus, the contribution from such an arrangement of cycles to the
quantity being estimated is of the order of n*~# times that of the contribution from disjoint
cycles. In all non-disjoint cases, H has more edges than vertices, since its minimum degree
is at least 2, and it has at least one vertex of degree at least 3. There are only finitely many
isomorphism types of H to consider, so the contribution from the case of disjoint cycles is of
the order of n times the rest. The significant terms in this case decompose into a product of
the factors corresponding to the individual cycles, and we obtain

E(Y[X], - [X; ~ ﬁ (14 8,)

m=1
as claimed. 1

It only remains to prove Lemma 3. Before doing so, we need the following result, which
will be used several times in the paper.

Lemma 4 Let k be a positive integer. Define the function f: R¥ — C by
f(0) =ia(n,0) — c;nd' BO

where i is the imaginary unit, a is a real function, B is a fixed k-by-k positive definite real
matriz, and ¢; > 0 is a real constant. Let § = con™/? logn for some real constant co > 0.

Then, as n — 00,
/ el dy = / el dp + O(e’c(log”)z)
[_675}]6 [—O0,00]k

for some constant ¢ > 0.



Proof. Note that in order to bound the integral of ef(®) over [—o0, 00]*\ [0, 6]F we only need
to consider the real part of f(f). Moreover, since B is positive definite we have 67 B > \|0|?
where A > 0 is the smallest eigenvalue of B. The proof is elementary in view of these two
observations. &

Proof of Lemma 3. We will use the saddlepoint method. First we use Cauchy’s formula
to express Cg, q,,...q, s an integral over the product of circles z; = re'i, —m < 0; < m for
j=1,2... k, where r = \/dn/k(k —1).

. | exp (3521 %%) o
a1,a2;.,05 (2mi)* dn/k+ai+1 dn/k+a2+1 dn/htap1 F1aze - A2k
|z1|=r J|z2]=r |z |= C 2

TZl

exp <Zj<l(7‘e”’j)(r61@l)>

Te’iel dn/k+a1 (reiez)dn/k+a2 . (Teiek)dn/k—f—ak.

d6dby - - - doy,

P02 ) g
o (2m)k rd"+5// /exp dn/k—i—aj)) e

Let g(f) denote the integrand in the last expression above. Letting 1 denote the vector of
1’s, consider the image of g(f) under the transformation 6 — 6 + 71. It is clear that the
numerator is fixed by this transformation. The denominator becomes

exp(i Y (dn/k+a;)(0; + ) = exp(i ¥ (dn/k+ a;)0;) exp(i(dn + s)r)

J J

= exp(i Z(dn//{ + a;)0;)

J

since dn (the sum of the vertex degrees) and s are both even. So ¢(f) is fixed by this
transformation. Letting & = logn/y/n, this means that the integrals of g(#) over regions
{0:10;] <d6,7=12,...0k}and {0 :7—3 <10;| <mj=12,...,k} are equal. We will
prove that the integral I of g(6) over each of these regions is asymptotically equal to

k/2
I = edn/2<2ﬂ_>k/2 (k(kd_ 1)) (2]{7 _ 2)71/2(k . 2>7(k71)/2
n

k
= Kexp (dn/Q — 510gn) ,

where K is a constant, and we will show that the integral over the remaining regions is
asymptotically smaller. From these results the proposition follows.

To prove that the integral over vectors 6 in the remaining regions is asymptotically smaller,
there are two cases: either |6;- T —0 < |0| < 7 for some distinct j* and [*, or
0 for some j*.




In the first case, suppose that |6;«] < 0 < |0;+| < m for some distinct j* and [*.
Then m — 20 < |0« + 0;«| < 7+ 2§ and hence cos(6;. + ;) < 0. So

lg(0)] = exp (r2 ZCOS(HJ- + 9;))

j<l

IN

exp () = 1+ 1 costsy 00

[
(())
"

dn
2
In the < 0 for some j*. If there is a value of [*
for which [0« + 6| > §/2 then 6/2 < |0+ + ;.| < 2m — §/2. This means

IN

= exp

2
cos(6j+ + 0;.) < cos(6/2) =1 — % + O(6%)

and hence

2

2 6 4
— 1)+ (1= 2+ 00 )))

r2( (g) — 1) +r*cos(0- + 91*))
)

B dn  d(logn)?
= exp (7 — m + O(l))

Otherwise, there is no such {*. That is, for all I* not equal to j* we have |0 —(—6;+)| <
This implies that all 6, with [ # j* have the same sign and satisfy 6/2 < |6,| < 7 —0/2. Since
k > 3 we can choose two distinct such [, say [* and [**, and deduce

0 < <21 — 4.

Ql* + gl**

Using the same argument as above, it follows that |g(6)| = o(I).
This completes the proof that the integral of g(f) over these regions is asymptotically
negligible, as claimed.



It remains to show the integral of g(6) over the region {6 : |6;| < 6,7 = 1,2,...,k} is
asymptotically equal to I. We begin by expanding

logg(0) = r2(§)+z(r2(k 1) —dn/k + O(1) ZQJ——TZH +6,)° +O(r Zyey
#(5) = 5 0+ o)

j<l

since r? = dn/(k(k — 1)) and |0;| < 6 = logn//n for all j. The quadratic order term can
be written as —57 Y. (6; + 6,)> = —36T Af. Here, §" denotes the transpose of the column

vector § and A is the matrix A = r?(117 + (k — 2)1,), where I}, is the k-by-k identity matrix.
By Lemma 4 and since A is positive definite, we have for some constant ¢ > 0

// /eXp (—‘7” > (6;+6) )d91d62 b,

g<l

/ / / exp (—%GTAG) dBydby - - - dby, + O e~ ™),

It is well-known (see Equation 4.6.3 in [10]) that such integrals have the value (27 )/2(det A)~1/2,

giving us
o o0 00 1
/_OO /_Oo e /_O<> exp <—§7“2 2(9]- + 91)2> d0,dbs - - - db,,
j

= @m)M2 (PR(2k - 2)(k — 2)F ) T2

We conclude

1 1 1) )
/// 9(0)d6rdo,---doy, ~ &G (2m)F2 (12K (2k — 2)(k — 2)F 1) 2.
—6J-s _5

k/2
~ 6dn/2<2ﬂ'>k/2 (k(kd_ 1)) (2k . 2)—1/2(]{: o 2)—(k—1)/2
n

= 1

as claimed. 1

3 Second moment: proof of Proposition 2(b)

Throughout this section, fix positive integers d and k > 3 satisfying d < 2(k — 1) log(k — 1).
Assume 2 divides dn and k divides n. Let Cy and Cy be equitable k-colourings of a pairing
P € P, 4. The colour count of (Cy, Cs) is the k-by-k matrix M = [m,,,] where m, ,n/k is the
number of cells coloured p in C; and coloured g in Cs. Let M be the set of k-by-k doubly
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stochastic matrices (i.e. nonnegative matrices with each row sum and column sum equal to
1). Since the colourings are equitable, we must have M € M. Define T'(M) to be the set of
triples (P, Cy, Cy) where P € P, 4 and (C1, Cy) is a pair of equitable k-colourings of P having
colour count M. Then, 0]
9 T(M
E(Y?) Zk Pl (3.1)
MeMnN EZF

In order to estimate the sum in (3.1), we first obtain an exact expression for |T'(M)|, where
M = [m,,] is any k-by-k doubly stochastic matrix whose entries are integer multiples of k/n.

For all 1 < p,q < k we must choose m,, ,n/k cells to be assigned the colour p in the first
colouring and ¢ in the second colouring. We say that such a cell and its points have label
(p,q). The number of ways of doing this is given by

the multinomial coeflicient |
n!

[T (mpgn/k)

1<p,q<k

Now we must select the edges of the pairing in a way which is compatible with the two
colourings. Suppose we know the number by, of edges from points labelled (p,q) to points
labelled (r, s) for all 1 < p, q,r, s < k with p # r and ¢ # s. Then we choose, for each ordered
pair of labels ((p, q), (r,s)), which by, of the points labelled (p, ¢) will be paired with points
labelled (7, s). The number of ways of doing this is

dmy, n/k)!
11 ( /k)

bpgrs!

TS*

1<pq<k lggg P
r#p,s#q

Finally, for each unordered pair of labels {(p,q), (r,s)}, we choose a bijection between the
points labelled (p,q) and the points labelled (r,s) that were designated to be paired with
each other. The number of ways of doing this is

T beers

1<p,q,r,s<k
p<r,q#s

Observe that the only restrictions on b,.s required in our counting are

bpqrs = brqu vpa q,7,8 € {17 ceey k}v r 7é b,s 7é q, (32)

Z bpgrs = dmy gn/k Vp,q € {1,...,k}. (3.3)

1<r,s<k
r#p,s#q

Thus, the total number of triples (P, Cy,Cy) in T'(M) is

(dmy,qn/k)! 1

T(M)| =n! RS X LA 3.4

T} =n < H (mypqn/k)! Z H bpgrs!’ (3:4)
1<p,q<k ’ B(M,n) 1%}123:;,;?@
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where B(M,n) is the set of tuples of non-negative integers (b,4s)1<pars<r satisfying (3.2)

and (3.3). Note that (3.4) is the expression used in [2]. e

As we shall see later, the main weight of the sum in (3.1) corresponds to terms in which M
is ‘near’ (1/k)Jg, where Ji, denotes the k-by-k matrix of ones. To state this more precisely, for
d > 0 and any positive integer p, we define B,(d) to be the set of p-by-p matrices M = [m;;]
for which max; ; |m;; — (1/k)| < 6. It will be shown that the essential contribution to (3.1)
comes from terms such that M € By(elogn/n'/?), where € > 0 is a small constant that will
be specified later. Thus we now proceed to bound |T(M)|/|P,.a| for each M € M (k/n)Z¥,
and then find more accurate asymptotic expressions for M € By (elogn/n'/?).

We begin by estimating the ratio of factorials in (3.4). Recall that one can write Stirling’s
formula as z! = &(x)(x/e)® where ¢ is a function satisfying £(z) ~ 272 as ¥ — oo and
&(x) > 1 for all x > 0. Thus,

(dmyqn/k)! - _ &( dmp /) (dmy gn/ (ke))mean/®
H N H E(mpgn/k)(myn/(ke))mvan/k

1<pger (Mpat/F)! 1<pa<h

H §dmpqn/k5 E(dmy /) iy gn /i (mmn)(d—l)mp,qn/k
&(my, qn/k;) ke

1<p,q<k

_ gin (_) H §(dmyn/k) Sy g/ 5) (- Vmpan (3.5)

1<pa<k §(mypgn/k)

where in the final step we used ), ., ™My, = k which holds because M is doubly stochastic.

(Throughout the article we use the convention 0° = 1 and 0log0 = 0.) Moreover, since
E(mpen/k) > 1 and &(dm, n/k) = O(n'/?) for each m,,, we obtain the following bound,
which does not depend on the particular M.

(d—1)n/k
(dmyn/k)! > VA AN il M
[T Gz =€ () () ( LT e ) -

1<p,q<k 1<p,q<k

Next we bound the inner sum in (3.4), by further applying Stirling’s formula, and also using
the obvious crude bound |B(M,n)| = O(n*¥") on the number of terms.

1 1
Z 11 - Z 11 € (bpgrs) (Dpgrs /)b

TL) 1<p,q,r,s<k pqrs n 1<p,q,r,s<k
p<T,qF£s p<r,qFs

1
<2 M aoe

’l”L 1<p,q,r,s<k
p<r,q#s

1
o k4 dn/2
=0 (n ) e BIE\%%) { | | PR }

1<p,q,r,s<k bpqrs
P<T,q#s

The following result allows us to derive a more explicit bound, conveniently expressed in terms
of M and n. The proof follows the ideas in [2] and is given later in this section.
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Lemma 5 Let M = [my,] be a fized matriz in M, and let (bpgrs)i<pars<e be any tuple of
p<r,q#£s

non-negative reals satisfying (3.2) and (3.3). Then,

dn/2
1 1 dn/k > i<pars< Mp gMr,s "
H < pAT,qFS
bpgrs = - .
bpgrs ™" [Ti<p gk Mpa™ dn

1<p,q,r,s<k ~P4Ts
p<T,qF#s

Hence, we immediately deduce that

" dn
1 — 0 (n* 1 dn/k Zli@fﬁifk My Mr.s /2 .,
Z H | n D,q dn/e . ( ) )

m
B(Mn) 1parssk PATS i<pgck 7
p<r,q#s

Finally, define for any M € M

1 d 1
(M) = —7 Z myqlogmy, , + 5 log = Z M My s
1<p,q<k 1<pq,r,s<k
PETQFS
1 d 2 1
=7 Z myqlogmy, , + 5 log (1 7 + = Z mp7q2> : (3.8)
1<p,q<k 1<p,q<k

(Recall the convention 0° = 1 and 0log 0 = 0.) By combining (3.6), (3.7), the Stirling formula
estimate n! ~ v/2mn(n/e)" and (2.2), we have

(d—1)n/k
|T(M)|  V2mn(n/e)" K22\ san (1) @D .
Pual — V2(dn/e)ins2 “ <n ) a (ek) H M

1<p,q<k

dn/2
1 dnk > 1<pars<k My My s "/
x O <nk4> PFETqFS
m.
ngp,qgk Myp,q 04 dn/e

dn/2
1\ [
- O (nk4+k2/2+1/2> kn ( H m. qu) ﬁ Z mp7qm7.)s
1<pg<k P9 1<p,q,r,s<k
PET,qFS
< poly(n)k"em?M) (3.9)

for some polynomial poly(n) not depending on the particular M. This is a sufficient bound
on |T'(M)|/|Pn.al, since it will allow us to show that the sum in (3.1) receives a negligible
contribution due to terms with M away from (1/k)Jj.

It remains to find a suitable asymptotic expression of |T(M)|/|Pp.a| for M € By (elogn/n'/?),
by improving our previous estimates in (3.6) and (3.7). Before that, we state two technical al-
gebraic results which will be needed in the asymptotic calculations. Hereinafter, 1 represents
the k-dimensional vector of ones, while 1) represents the k-dimensional vector with entry
1 at position ¢ and 0 elsewhere; I, denotes the k-by-k identity matrix; vecA is the vector
formed by stacking the columns of a matrix A to form a single column vector; and A%®? is
simply A ® A, with the standard notation ® for the Kronecker product of matrices.

13



Lemma 6 Consider the vectors

UpiT
(k) — L
f® =11

Define fP9 = fP) & £ for1 <p,q<k.

fo) — P &5 gg@+dmm),1§p§k—1

(a) An orthonormal basis of eigenvectors for the matriz (Jy — Ix)®* + (k — 1)%Iy2 is given by
{feD}k _ with corresponding eigenvalues

Apg = k* — 2k + 2, 1<p,q¢g<k—1
Moo = (k—=1)(k—2), 1<p<k-—1
)\k,q:(k_1>(k_2)7 1§Q§k_1
Mg = 2(k — 1)2.

The smallest of these eigenvalues is (k —1)(k — 2).

(b) Similarly, the eigenvectors of (J, + I;,)®? are also {f®? ];,q:17 and the corresponding

eigenvalues are 1 with multiplicity (k—1)%, k+ 1 with multiplicity 2(k —1), and (k+1)?
with multiplicity 1.

Proof. Immediate by checking that the eigenvectors satisfy the required properties. &

Lemma 7 Let A = [a;;] be a k-by-k matriz whose rows and columns each have sum 0. Define
A to be the submatriz formed from A by deleting the last row and column. Let ~{L}‘(i’j)}§j11 be
the orthonormal basis defined in the statement of Lemma 6. Then,

(a) (vecA)T f0F) = (vecA)T f*9) =0 for 1 <i,j <k,

-1 k-1 k k

(b) ((VecA)Tf(i’j))2 = Z Zaij, and

i=1 j=1 i=1 j=1

??‘
E

<.
Il

(¢) (vecA) (Jj_1 + I;_1)®*vecA = j{:j{:a@]

=1 j5=1

The proof of Lemma 7 is given later in this section. We now proceed with the asymptotic
calculations for M € M N (k/n)Z* N By(elogn/n'/?). So define the matrix A = A(M) =
lapq] by A = M — (1/k)J,. Note that each row and column of A must have sum 0, and
moreover a,, < elogn/n'/? for each p,q € {1,...,k}. Let A be the submatrix formed
from A by deleting the last row and column. Under the new assumptions, we first derive a
new asymptotic formula for the expression computed in (3.5). For m,, = 1/k + a,, with
apq = O(logn/n'/?) we have

§(dmypgn/k) - dmyp,gn/k N
E(mypgn/k) mp n/k vd

14



for 1 < p,q <k, and we expand

1 1
Z mypqlogmy,, = Z (E + ap7q) (log z +log (1 + k‘ap7q)>
1<p,q<k

1<p,q<k
1 k
— Z (_E log k + Ea;q + O(a;q))

1<p,q<k
1 ~ -
= k (— log k + §(VecA)T(Jk_1 + Ik_1)®zvecA) + O(log® n/n3/2)

where we used Lemma 7(c) to rewrite Y a2 in the final step. Combining these estimates

. P,q P4
we can rewrite (3.5) as

d k)! 2 (d=1)n d—1 A A
H ( mpaqn/ ) ~ dk /den <£) exp (n 5 (VeCA)T(Jk,1 + ]k1)®2VGCA) .

\paeh (mpn/k)! ek?

(3.10)
Next we rewrite the inner sum in (3.4) in terms of the natural generating function, letting
square brackets denote the extraction of a coefficient

S I~ - [I1 awimen] T30 Gt

bpors!
B(M,n) 1<p,q,r,s<k pars 1<p,q<k 1<p,q,r,s<k =0
p<r,qF#s p<r,qFs
_ dmp qn/k 1
= Lp,q exp ) Lp,qlrs |-
1<p,q<k 1<p,q,r,s<k
=pa= PET,qFS

The following result provides an asymptotic characterisation of that coefficient. The proof
uses the saddlepoint method, and can be found at the end of the section. Note that our still
unspecified € is determined by the statement.

Lemma 8 There exists € > 0 such that for each M € M N (k/n)Z" N By(elogn/n'/?) the

coefficient C' o Xy meak | in the generating function exp (1S i<pars<k TpoTrs
1<p,q<k *"P»q 2 P,

PHET,qFS
satisfies
2 dn ~ ~
O v(k) (1 S k(- 1) o —nd(k — 1)} (vecA) T (Jp_1 + [_1)®*vecA
/7 \dn Jdnje P 2(k2 — 2k + 2) ’

kk2<k _ 1)k(k71)
(2m )R /2 172(J2 — 2k + 2)(k-D?/2(; — 2)k—1~
Hence, in view of (3.10) and Lemma 8, we obtain for M € M N (k/n)Z¥ N By(elogn/n'/?)
an asymptotic expression for (3.4) which improves the bound already stated in (3.9)
T (M)| (k— 1) k*—2k —d+2
P YW e P T g — okt g)

where (k) is the constant (k) =

(vecA)T (J,_1 + ]k_1)®2vecf1) :
(3.11)

15



where (k) is the constant defined in Lemma 8.

We are now in good shape to estimate the sum (3.1). We begin by computing the con-
tribution of the terms near (1/k)J;. For a (k — 1)-by-(k — 1) matrix M define M to be the
k-by-k matrix formed from M by adding a new row and column so that every row sum and
column sum is 1. Recall the definition of B,(8) and define B,(6) = {M | M € B,(6)}. Now

we set
elogn

(k — 1)2ni2

and consider M = M’ for M’ € B,_1(0) N %Z(’“*N. A straightforward application of the
triangle inequality shows that By_1(6) C Bi((k — 1)25), and therefore M € By (elogn/n'/?).
So M is nonnegative (for large enough n) and hence M € M. Furthermore, the entries of M

are in %Z because they are integer linear combinations of k/n and 1 = % X 7, using the fact
that k divides n. This shows that

5:

T(M)]
‘,Pn,d‘

is a term in the sum (3.1), suggesting that we express (3.1) as E(Y?) = S} + S, where

T(M)]
S, = A
' Z |Pn,d‘

M'€By,_, (8)nkzk-1)?

and Sy is the sum of the remaining terms. Notice moreover that if M’ € By_1(d) N %Z(’“_l)Q
and M = M’, then the matrix A = M — (1/k)J, has all entries a,, < en~'/2logn. Hence the
expansion given in (3.11) is valid, and we can express

(k—1)™ nf(M')
Si~ 7(k>nk2/2—1/2k(d—2)n Z ¢ ’ (3.12)
M’Gkal(d)ﬂ%Z(k_l)Q

where
k> —2k—d+2

. .-
- 2(k2 -2k +2) (vecd) (Jemr + L) vecd,

fM') =

and A = M' — (1/k)Jy_1. By iterating the Euler-Maclaurin summation formula (see [1],
p. 806), we have

2
T nfI) (ﬁ)““ Y / G FOI) g g
k M'eBr_1(9)

M'€By,_1 (6)nkzk-1)?

Setting H = £=2=d2( 7\ 4 [, 1)®2 and using Lemma 6 (b) for the eigenvalues of (Jj,_; +

2(k2—2k+2)
I1)®?, we deduce that H is positive definite and has determinant
k2 — 2k —d+2\ %
f2h2 i : (3.13)
k2 — 2k +2

16



Here we used the fact that k2 — 2k —d + 2 > 0, which is guaranteed from our assumptions on
d and k. Now we may apply Lemma 4 to conclude

(k - 1)dn ny (k-1)° nf(M’) / —clog?n
Sy~ W(k)nk2/2fl/2k(d72)n (E) el e dM’ + 0(6 )

(k B 1)dn nA (k—1)2 (27T/n)(k—1)2/2
0 (£) aE

k |det H |1/
k(L _ 1)k(k=1) "
B s — 1)t - (LN (3.14)
(K2 — 2k — d + 2) =722 (k — 2))k—1 k

To prove the proposition it suffices to show Sy = 0(S7). Let M be an index of any term of

Ss. This implies M & Bi_1(0), so we must have M € M \ By(0) since Bi(d) N M C Bg_1(9).
Recall now the definition of ¢ in (3.8), and obtain by direct substitution

1 1
® (%Jk) = logk + dlog <1 — E) )

From Theorem 7 in [3] (see also (5) in the same paper) we have that if d < dy—y = 2(k —
1)log(k — 1) for each M € M,

1 dp_1 — d 9
(M) <o (ng) — m (Z My~ — 1)

1 dp , —d 1\?

p,q

In particular, for each M € M\ B.(9),
N\ des—d
M) <logk+dl 1—— ) ————=0% 1
o(01) < o+ dlog (1= 1) = S (3.15)

By combining (3.15) with the bound on the general term obtained in (3.9) and also taking
into account that the number of terms in Sy is at most O(nkZ), we conclude

Sy = O(n*) poly (n)k*" 1—1 dnex —Melo ’n

1 dn
< poly/(n)an (1 . E) nf®(logn)7

for some polynomial poly’(n). Thus Sy = 0(S1), and this completes the proof. 1

It only remains to prove Lemmas 5, 7 and 8.
Proof of Lemma 5. Let £ = L(M) be the polytope consisting of all non-negative tuples
L = (Lpgrs) 1<pamecr in RFED*/2 such that

p<r,qF#s

> lpgre=dmy,  Vpge{l,... k}, (3.16)

1<r,s<k
r#Dp,s#q
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where for p > r and ¢ # s we used the duplicate notation ;s = £55, to denote the
coordinates. For each L € L, define

o) = J[ =2

—
1<rs<t ¥ pars
1<p,q<k Hpa,q;s pars

dmyp g

Our aim is to show that for all L € £

S isparsze mp g\
L < r, s .

This is indeed equivalent to the statement of the lemma, after setting byg.s = lpgrsn/k and
performing straightforward manipulations. R

As a first case, assume that m,, > 0 for all p,¢ in {1,...,k}. We define £ to be the
polytope of all non-negative tuples L = (£pgrs) 1<pare<r in RF*-1D%/2 such that

(3.17)

p<r,q#s
> lpges = dk/2, (3.18)
1<p,q,r,s<k
p<r,q#s

and for each L € Z, let

Lpgrs
- T ()

1<p,q,r,s<k gquS
p<r.q#s
Observe that £ C EA,Aand moreover the restriction of @Z to L is equal to ¢. Our goal is to
maximise log ¢ over £, and thus provide a bound on ¢ over £. We first show that log 1 does
not maximise on the boundary. Note that the boundary of £ consists of points having some 0
coordinate (but at least some coordinate must be strictly positive). Let us choose an arbitrary
boundary point Ly, and assume without loss of generality that ¢1199 = 0 and #1997 > 0. Let
L. be the point with the same Coor(iinates as Lg but replacing 1122 by € and f1221 by 1901 — €.
For small enough € > 0, L, lies in £, and moreover

d =~
lim — log¢(L.) = +o0,

e—0t de

so the maximum cannot occur at Ly. Hence, logzz is maximised in the interior of £ and the
maximiser(s) must satisfy the following Lagrange equations

log(my, qmiy.s) —log lpgrs — 1 = A Vp,q,r,s € {1,...k},p<r,q+#s.

These are equivalent to

Cogrs = mp,qmme”\’1 Vp,q,rs € {1,...k},p<r,q#s,
which combined with (3.18) yield
My
Cpors = dk pa_ e Vp,q,r,s €{1,...k},p<r, s.
Pq Z1gpf,q/,w,s/§k My g Myt o b, q { } p q#

p'#r! g #s
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From the uniqueness of the solution, we deduce that it must be the maximiser of log 12 (and
). The value of ¢ at this point can be easily computed by substitution

dk/2
Z 1<p,q,r,s<k mp qmr s
P#TQ¢S

dk ’

which proves the bound in (3.17) under the assumption that m,, > 0 for all p and ¢. To
extend the argument to the other cases, we first define

P={(M,L)|MeM,LecL(M)}
and with a mild abuse of notation denote by

oM L) = J[ =2

1<r,s<k g
1<p,q<k L1 20020 "Pars

dmyp g

Lpgrs’

the natural extension of ¢ to P. Notice that v is continuous in P. We showed so far that,
for any M in the interior of M (i.e. my, > 0) and any L € L(M),

R o i

Hence, this inequality can be extended by continuity to any M on the boundary of M, and
thus to any (M, L) € P. This concludes the proof of (3.17). 1

Proof of Lemma 7. We begin by proving (a). Let j € {1,2,... k}. Since f*9) = fFg )
is a linear combination of terms of the form 1 ® 1@ = Zﬁzl(l(z’) ®1@), (1 < q < k), we have
that (vecA)T f*4) is a linear combination of terms of the form Z’;:l(vecA)T(l(p) ®1@) =

Z;ﬁzl aqp = 0 since the row sums of A are 0. A similar argument shows (vecA)T f¥) = 0 for

i€ {l1,2,...,k} using the fact that the column sums of A equal 0.
To prove (b) we apply (a) to write

k—1 k-1 k k
ZZ (vecA)" ’J) ZZ (vecA)" ‘))2,
i=1 j=1 =1 j=1

which is the sum of the squares of the coordinates of vecA in the basis given by {f(9) ’] 1-
Since the basis is orthonormal, this expressmn is simply the square of the norm of vecA with
respect to the standard basis, Zl 1 Z a3

To prove part (c¢) we begin by writing

ko k
2
PP

i=1 jfl
k—1 k—1
= akk+2aik+2ai’j+ aij
=1 J=1 =1 j=1
k—1 k—1 2 k—1 2 -1 —1 2 —1 k-1
) (B B8 £
i=1 j=1 i=1 j=1 j=1 i=1 i=1 j=1



Since

k=1 k—1 2
ai; | = (vecA)T JP? vecA,

= (vecA)T(Ij—1 ® Jy_1)vecA,

k-1 /k—1 2 i ~
(Z %‘) = (vecA) " (Jp-1 ® Iy_1)vecA,

2 _ T 7®2 i
a;; = (vecA) I’ vecA,

and (Jp_1 + [_1)®? = J,?fl + (Joo1 @ Lp1) + (e @ Ji—q) + I,?fl, part (c) is proved. &
Before proceeding with the proof of Lemma 8, we need the following technical result.

Lemma 9 Let § € (0,27/5) and fix an integer k > 3. For each 1 <p,q <k, let —m < 8,, <
7. Suppose max, |0, , > 0 and min,,|0,,| < m — 0. Then there exist p, q, v, and s with
p # 1 and q # s such that

) )
5 S fep,q + 97‘,5’ S 2m — 5

Proof. There are two cases. In the first case, suppose § < |0,,| < m — 0 for some p and gq.
Let S be the set of pairs

S={(r,s)|1<r<kr#pl<s<ks#q}.

The set S is nonempty as k > 2. If there exists (r,s) € S with |6,, + 0, 5| > J/2 then

0
5 < |0p,q + 97”78| < |9p,q| + |9r75|

< m—=0-+T
)

< 2m — =
T3

and we are finished. Otherwise, all 6, , with (r,s) € S satisfy 0,4 + 0,s] < §/2; i.e. they
are all within 6/2 units of —6,,, and so, because 6 < |6, ,| < m — J, they all have the same
sign and satisfy §/2 < |0,5] < m — /2. Now let (r,s) € S and choose any (t,u) with
te{l,2,...;k}\{p,r} and uw € {1,2,...,k} \ {¢,s}. This is possible because k > 3. Since
(t,u) € S we have, using the above observations, § < |0, 5 + 0;,| < 2m — J, which implies the
required result.

For the remaining case, we must have |6, ,| € [0,6] U [r —d,7] for all 1 < p,q¢ < k. We
claim there exist p, g, v, s with p # r, ¢ # s, |0,4| € [0,0], and |6, 5| € [r — J,7]|. If we prove
the claim then we are finished because

) )
B <m—20 < ||9p7q| - |9r,s|| < |9p7q + 6r,8| < |0p7q| + |9r,s| <d+m <27 — 9’
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Assume for contradiction that the claim is false. By the hypothesis of the proposition there
exist p and ¢ with |6, ,| < 7 —§. Since |6, 4] € [0,0] U [r —, 7] for every 1 < p,q < k we must
have |6,,| € [0,0]. Since we are assuming that the claim is false, we must have |6, | € [0, ¢]
for the (k — 1)? pairs (r,s) with r # p and s # ¢. But the hypothesis of the proposition also
gives us (¢,u) with |6;,| > J, so an argument analogous to the previous one shows there must
exist (k — 1)? pairs (v, w) with |0,.,| € [r — §,7]. Since (k —1)? + (k — 1)? exceeds k?, the
total number of ordered pairs, we have a contradiction, as required. n

Proof of Lemma 8. We use the saddlepoint method to estimate the coefficient C' in the
statement. Using Cauchy’s integral formula, C' can be written in terms of an integral around
the product of circles z,, = ppqexp(ib,,), —m < 6,, <7, (1 <p,q < k), as follows,

1 } :
1 eXp <§ p#r Zp’qzns)
C = / aze | | deyq
p.q

(27Ti)k2 Hp,q Zg;’;p,q"/wﬂ
B 1
o dmyp gn/k
27 [T, poa™ "
1 i(0p,q+0r,s)
exp <2 St Ppgprse Graton )
X __47e do,.,. (3.19)
/96[—7%]’“2 exp(i Zp,q Op,gdmy gn/k) g P

Viewing 6 = vec([0,,,]) as a k*-dimensional vector, let g(f) denote the integrand in the above
expression. Consider

1 i(Op,q+0r,s+2
exp <§ > vt Pp,qpme’( p,q10r, rr))
qF#s

exp(i Zp,q 0, qdm, n/k +im Zp’q dmy, n/k)
exp (% Zgig Pp,qpr,sei(ep’“a"’s))
exp(i ), . Opgdmpn/k +imdn)
= g(0),
which holds since Zn . Mpg =k and dn is even. Setting § = logn/ v/n, this tells us that the

integral over the region {6 | |6,,| < 6 for 1 < p,q < k} equals the integral over the region
{0|7m—06<10,4 <mforl<p,q<k}. Seteach p,, tobe the common value

_ Wdn
plhq_p_k:(k:_l)

g(0+71) =

We will see that the integral over each of these regions is asymptotic to

—n —1)2 vec )T — — ®2Vec A
;o edn/2 /9 k2/2 ok (k — 1)1@(]{71) exp ( d(k—1)( 2é)2—(jli€+§;_lk 1) A)
V2 \dn (k2 — 2k + 2)(—D7/2(f — 2)k-1

> Kexp <d7n — ¢ log? n) (3.20)
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(using a,, < elogn/n'/?) where K and ¢ are constants depending on e. We will also show
that the integral over the remaining region is o(/). The lemma then follows by combining
these two facts with (3.19).

To see that the integral over the remaining region is o([), let 6 be any vector in this region.
By the definition of this region we must have min,, |6,,| < 7 —J and max,,[0,, > 6. By
Lemma 9 there exist p*, ¢*,r*,s* € {1,...,k} with p* # r* and ¢* # s* such that

J J
o < e + O] S22
Now
J 52 5
coS(Op+ g« + b, 5+ ) < cos 5) = 1- 5 + O(67)

so the absolute value of the integrand is

o (s )

)exp(z’ Zp?q 0y dmy, n/k) ‘

l9(®)] =

1
= ep| g Z p?cos(0pq + 0,.)

p#ET
qF#s

N | —

< exp ([ =p (K*(k — 1) = 1)1 + cos(0pr ¢- + er*,s*)))

P’ ((

oy
N

(k-1 -D1+1 —%2+O(53)))

I
@
”
T
i)
o
Y
N
—
o

I
0]
]
o}
N N N
N =

12 5 (logn)? 2 —3/2 3
1) = p" g~ + O™ (logn)’)

N | —

d(logn)?
TRk — 1) 0(1))

I
D
-
o]
e
‘°|:

recalling that we chose p = k™' (k — 1)7'v/dn and § = logn//n. Hence |g(#)| = o(I) if we
choose ¢ sufficiently small so that the constant €' in (3.20) satisfies ¢ < d/ (16k*(k — 1)?).

It remains to show that
/ g(0)do ~ 1.
0e[—5,5]k2

For 6 € [=3,6]* we have

(Op.g + Ors)”

1 , dn

log g(0) = P2§ Z (1 +i(Opq + 0rs) — 9 + O(|‘9|3)) - Z? Z Op.gMip.q-
pPF#T
q#s
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Regrouping the terms and substituting m,, , = k~* + a,, this becomes

2
logg(0) = T (k1)
2
p dn (1
+ ;Hpq(Qz(k;—l)QE—z? (k apq>)
P’ 2 2
N LRI R DU
P,q Zi:

+ 0(p|0f)
Let ¢ be the constant ¢ = d/(2k*(k — 1)?). Recalling p = k' (k — 1)"'v/dn we find

dn  d
log g(0) = 7” - i?n(vecA)TQ — enf"BO + O(n~2(log n)*) (3.21)

where B is the matrix
B= (k- 1)2]k2 + (J — Ik)®2.

Define h(0) = —i(dn/k)(vecA)'@ — cn0"Bf. Lemma 6 gives us an orthonormal basis

{fPa) I =1 of eigenvectors for B and corresponding sequence of eigenvalues (A, )% _;. In-

k’qzl to perform the change of basis § = Zp,q f(p"I)TM. This

troduce the new variables (Tp,q)p

gives

d
h() = —i?n(vecA)T Z f(p’q)Tpvq —cn Z )\p7qT;q
b,q

p,q

= Z (—i(dn/k)(vecA)T fP9r, , — MApaTyq) -

p.q

Let p,q € {1,...,k}. Using the identity

o] 2
[ ()

(for b > 0), we have that f[foo e exp(h(#))dd is a product of terms of the form

& d
/ exp <—i?n(vecA)Tf(p’q)Tp7q - anMT}iq) Aty

e}

_ T exp (—dQn((vecA)Tf(p’q))Q) ‘

cNApg Ack? N, 4
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So by Lemma 4, for some constant ¢ > 0 we have

/[55]k2 exp(h(0))dd = /[ _exp(h(6))dd + O(e ~¢/(logm)?)
= vecA)Tf P,q))2 g
B g \/EGXP ( Ack? N, ) +0(e )
VecA) fp,q))2
~ H )\ exp e
D,q NApq C P,

1/2

since the entries of A are less than en™"/*logn, ¢’ does not depend on € and we will choose €
to be sufficiently small. Recalling (3.21) we now have

—d?n((vecA)T f(Pa))?
(0)do ~ ™27,/ 3.22
/[ 8,8]k* 4 ‘ H CNApq P ( Ack? Ay q ) ( )

We will simplify the above product using the values of \,, given in Lemma 6. First, the
contribution to the product from 1 < p,q <k —11is

klkl

/ —d’n((vecA)T fP0)2
p—lq N anpqe p( Ack? N, 4 )
(k—1)2 k—1k-1 —d®n ((veCA)Tf(p’Q))2
~ <\/cn(k: —2k:+2)) HHeXp( Ack2(k2 — 2k + 2) )
T BT (0 By (veed) T f0)?
B <\/cn(k:2 2k + 2)) P ( Ack2(k2 — 2k + 2) )

_ 7r (k=1)" o —d*n(vecA)T (Jy_1 + Ir_1)®*vecA
- \/cn(k:2 — 2k +2) P Ack?(k2 — 2k + 2)

where the last step used Lemmata 7(b) and 7(c). The contribution to the product when
exactly one of p or q equals k is

(\/ T 2>>2M

since Lemma 7(a) tells us that ((vecA)T f(P9)2 =0 when p =k or g =k. Whenp =¢q =k
the contribution to the product is

L
2en(k —1)2
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Substituting these contributions into (3.22) we get

/[ - g(0)do
—nd2(vec/~l)—r(Jk_l—&-Ik_l)@QvecA>

dn /2 ( T >k2/2 exp ( 4ck2 (k2 —2k+2)
~ e —_
cn (k2 — 2k +2)=102/2 (k — 1) (k — 2))" ' V2(k — 1)

—nd(k—1)2(vecA) T (Jy_1+11_1)®2vecA
2 (271_]{:2(]{. _ 1)2>k2/2 eXp( 2(k2—2]:+2) k )
dn (k2 — 2k +2)B=02/2 (k — 1)(k — 2))" ' V2(k — 1)

e o\ R 1R (F — 1)k oxp (—nd<k—1>2<ve§é>21<;]§;§)+zk,1>®2ved)
V2 \dn (k2 — 2k + 2)(k-12/2(f — 2)k-1

= I,

as required. 1

4 ...and for n not divisible by k

Define k' = 2k if dk is odd or k¥’ = k otherwise. Note that the conditions we assumed so far
(i.e. n divisible by k and dn even) can be rewritten as simply n = 0 (mod £’). Therefore we
only need to consider the case n = r (mod k') for each integer r such that 0 < r < k' and
dr is even. One possibility is to rework the whole argument of this paper but with colourings
that are not exactly equitable. Instead, the asymmetry in the argument can be somewhat
reduced by using an argument relating different models of random regular graphs. We first
treat the case n = 0 (mod £’) in more depth, and prove the following.

Theorem 10 Fiz nonnegative integers d > 3, k and ¢ such that d < 2(k — 1)log(k — 1).
Consider the d-reqular graphs with n vertices (n divisible by k and dn even) and a distinguished
ordered set of { edges whose endpoints induce a perfect matching (i.e. no two edges in the
distinguished set are adjacent to the same edge or incident with the same vertex). Let G be
chosen uniformly at random from such structures. Then G a.a.s. has a k-colouring in which
all ¢ distinguished edges have end vertices coloured 1 and 2.

Proof. Consider the probability space €2, 4, with uniform probability distribution, and whose
underlying set consists of pairings in P, 4 with an ordered set L of ¢ distinguished pairs of
points, such that no two pairs in L are incident with the same vertex. Let Y denote the
number of equitable k-colourings of a pairing containing L, in which the distinguished pairs
join vertices of colours 1 and 2. We will show that

. E\ ¢
EY ~ (2) EY, (4.1)
that (1.1) holds with Y replaced by ¥ (and no other adjustment), and that
A 1\ 2
E(Y?) ~ (2) E(Y?). (4.2)
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The theorem then follows immediately by applying small subgraph conditioning as in the
proof of Theorem 1 for n divisible by k, which was given in Section 1.

To show (4.1) and the analogue of (1.1), we define for integers » > 0 and py,...,p, > 0
N(p1,-..,pr) to be the set of triples (P, C,I') such that P is a pairing in P, 4, C' is a equitable
k-colouring of P and I' = (I'; ;) 1<i<- is an ordered (p; + - - - + p,)-tuple of different cycles in

1<j<p;
P. In view of that, we can express

N(p 3yt 7p1"
E(Y[Xl]m U [Xr]pr) - ‘ |173 d| )‘ and
. 1
By b)) =g— 3 RO, (4.3)
bt (poT)eN(pr . pr)

where h(P,C) gives the number of choices of the ordered set L of ¢ pairs in P that have
the required colours at their ends. Almost all triples in N(py,...,p,) correspond to pairings
with dn/(k(k —1))+O(n'/?logn) edges between each two colour classes, while the remaining
triples contribute with at most a O(n~°0°™)) factor of the total. To verify this claim, observe
that for each fixed C' and I', the number of pairings P € P, 4 compatible with C' and I" has a
factor F' = Z{bi,j} 1/(ITi<icj<r biy!), where b;; denotes the number of edges between colour
classes i and j excluding the edges of the cycles in I" (see the computation of EY and E(Y X))
in Section 2). After using Stirling’s formula to estimate the factorials in F', it is easy to check
that the main contribution to F is due to terms with all b; ; = dn/(k(k — 1)) + O(n*/?logn)
and that the weight of the remaining terms is O(F/n®1°8™) as required. Next, observe that
h(P,C) ~ (dn/(k(k—1)))if P has dn/(k(k—1))+O(n'/?logn) edges with endpoints coloured
1 and 2, and that h(P,C) is always O(n’). Therefore, we can estimate the sum in the right
side of (4.3) and combine it with |Qy, 40| ~ |Pn.a|(dn/2)¢ to deduce

BV Xl - 0] ~ () BOVIX - [X],),

as required for (4.1) and the analogue of (1.1).
Similarly, to estimate E(Y?) we define N’ to be the set of triples (P, C, Cy) such that P
is a pairing in P, 4 and C;, C are equitable k-colourings of P, and write

N - 1
E(Y?) = y|7> ” and  E(Y?) = oo > H(PCLCy), (4.4)
n,d n,d,l (P,C1,C2)EN’

where b/ (P, Cy, Cy) gives the number of choices of the ordered set L of £ pairs in P that have the
required colours at their ends in both colourings C and Cy. Given P € P, 4, let by,s denote
the number of edges between points coloured (p,q) and points coloured (r,s). We will show
that almost all triples in N’ correspond to pairings with by, = dn/(k*(k—1)2)+0(n'/?logn),
and that the remaining triples are at most a O(n=®U°8™) fraction of the total. Then (4.2)
follows immediately from (4.4), since h'(P, Cy,Cy) is always O(nf) and also h'(P,Cy, Cy) ~
(2dn/(k?(k—1)%))¢ whenever by190 ~ bigo; ~ dn/(k?(k—1)?). To prove the remaining claim, we
first recall from the last lines of the proof of Proposition 2(b) that we can restrict our attention
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to triples (P,C}, Cy) with colour count M = [m, ] where |m,, — 1/k| < elogn/n'/? since
all other triples contribute O(|N'|/n®1%€™) to |N’|. Observe that while counting |N’| we
encounter a factor ' = 3 p o [T1sparsse 1/bygrs!. We can easily bound the weight in F”

p<T,qF#s

due to terms in which some by is not dn/(k*(k — 1)?) + O(n'/?logn), and find an extra
factor of O(n=®0°¢™) compared to the estimation of F” in Lemma 8. 1§

Proof of Theorem 1 (for n not divisible by k). It only remains to show that if d > 3
and d < 2(k — 1) log(k — 1), then G, 4 is a.a.s. k-colourable for n not divisible by k. We use
the type of argument employed at the end of Section 3 of [18].

Recall the definition of &’ in the beginning of the section, and let r be any integer such
that 0 < r < k" and dr is even. Suppose n = r (mod k’). Take a random d-regular graph G
with n vertices, and assume that the first r vertices vy, vq,..., v, are at distance at least 4.
This happens a.a.s. and we simply discard G if this property fails to hold. Delete vy, vs, ..., v,
and then choose a random matching of the dr former neighbours of these vertices, and add
the matching to the edges of the graph G. Give the matching edges a random order. Observe
that no two matching edges are adjacent to the same edge by construction. It is easy to show
and well known that a given vertex of a random d-regular graph is a.a.s. not in a cycle of
length less than 4 (or 100, for that matter). It follows that a.a.s. no multiple edges occur
due to the new edges. Throw the graph away if this last property fails to hold. The result
is a random d-regular graph on n —r = 0 (mod k') vertices with an ordered set of dr/2
distinguished edges, no two adjacent to the same edge or incident with the same vertex. Let
us call this G'.

The distribution of G’ is uniform, since for each G’ the number of ways of reinstating the
edges to v, v9,...,v, is exactly (d,dc,li.,d)‘ Thus, by Theorem 10, G’ a.a.s. has a k-colouring
such that the dr/2 distinguished edges join vertices of colours 1 and 2. We can use exactly
this colouring on V(G) \ {v1,vs,...,v,}, and colour vy,vs, ..., v, with colour 3 to obtain a
k-colouring of G. (Note that k£ > 3 from our assumptions on d and k).
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