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Abstract

Countably infinite families of partial differential equations such as the Kadomtzev
- Petviashvili (KP) hierarchy and the B-type KP (BKP) hierarchy have received
much interest in the mathematical and theoretical physics community for over forty
years. Recently there has been much interest in the application of these families of
partial differential equations to a variety of problems in enumerative combinatorics.

For example, the generating series for monotone Hurwitz numbers, studied by
Goulden, Guay-Paquet and Novak [44, 45], is known to be a solution to the KP
hierarchy. Using this fact along with some additional constraints we may find a
second order, quadratic differential equation for the generating series for simple
monotone Hurwitz numbers (a specialization of the problem considered in [44, 45]
corresponding to factorizations of the identity). In addition, asymptotic analysis
can be performed and it may be shown that the asymptotic behaviour of the simple
monotone Hurwitz numbers is governed by the map asymptotics constants studied
by Bender, Canfield and Gao.

In their enumerative study of various families of maps, Bender, Canfield and
Gao [6, 39] proved that for maps embedded in an orientable surface the asymptotic
behaviour could be completely determined up to some constant depending only
on genus and that similarly for maps embedded on a non-orientable surface the
asymptotic behaviour could be determined up to a constant depending on the
Euler characteristic of the surface. However, the only known way of computing
these constants was via a highly non-linear recursion, making the determination of
these constants very difficult.

Using the integrable hierarchy approach to enumerative problems, Goulden and
Jackson [50] derived a quadratic recurrence for the number of rooted triangula-
tions on an orientable surface of fixed genus. This result was then used by Bender,
Richmond and Gao to show that the generating series for the orientable map asymp-
totics constants was given by a solution to a nonlinear differential equation called
the Painlevé 1 equation. This gave a method for computing the orientable map
asymptotics constants which was significantly simpler than any previously known
method.

A remaining open problem was whether a suitable integrable hierarchy could be
found which could be applied to the corresponding problems in the non-orientable
case. Using the BKP hierarchy of partial differential equations applied to the
enumeration of rooted triangulations on all surfaces (orientable or non-orientable)
we find a cubic recursion for the number of such triangulations and, as a result,
we find a nonlinear differential equation which determines the non-orientable map
asymptotics constants.

In this thesis we provide a detailed development of both the KP and BKP
hierarchies. We also discuss three different applications of these hierarchies, the
two mentioned above (monotone Hurwitz numbers and rooted triangulations on
locally orientable surfaces) as well as orientable bipartite quadrangulations.
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Chapter 1

Introduction and Background

1.1 Introduction

The relationship between integrable hierarchies and combinatorial enumeration has
been a topic of great interest over the last fifty years, beginning with the statement
and resolution of Witten’s conjecture concerning the generating function for certain
intersection numbers on the moduli space of marked curves. It is the purpose of this
thesis to provide a clear description of two different integrable hierarchies (the KP
hierarchy and the BKP hierarchy) in a way which is accessible to a combinatorial
audience. In addition we discuss three new applications of these hierarchies to
enumerative problems. In the remainder of this section we will briefly give an
account of the KP hierarchy and its applications in enumerative combinatorics.

1.1.1 The Hurwitz Problem

One of the earliest enumerative applications of the KP hierarchy is the problem
of counting equivalence classes of ramified coverings of the sphere with prescribed
branching data, originally studied by Hurwitz [59] and refered to as the Hurwitz
problem. For complete details concerning the Hurwitz enumeration problem we
refer the reader to Lando and Zvonkin [74].

Suppose X is a genus ¢g > 0 Riemann surface and that f: X — 52 is a continuous
map from X to the sphere S2. Let {z1,..., 2} € S? be a finite set of points on S? and
suppose that for some fixed positive integer d and for any y € S?\{z1, ..., 2} there
exists some neighborhood V' such that f=1(V") is homeomorphic to V xT where T is
a discrete set of size d. Moreover, {z1,..., 2} do not satisfy this property. We say
that f is a degree d ramified covering of the sphere with branch points {z1,..., zx}.

If fi:X;—>5%and fy: Xy > S? are degree d ramified coverings of S? then we
say that they are equivalent if there exists homeomorphisms

O-:Xl_)X27
p:S? =52



such that po f; = fyoo. The Hurwitz problem is then to enumerate the equivalence
classes of degree d ramified covers of S2.

Hurwitz [59] proved that the equivalence classes of degree d ramified covers
could be encoded combinatorially as permutation factorizations. A brief sketch of
this argument proceeds as follows. Suppose f : X — S? is a degree d ramified
cover of S% with branch points {zi,...,2;} and let D be an open disc such that
the branch points are on the boundary of D. By definition there are d connected
components in f~1(D) which we may label from 1 to d. We call the connected
components in f~1(D) the sheets of the cover. If we look at a small neighborhood
of z;, beginning on sheet s and going around z; counter clockwise, we will arrive
at a point on another sheet, say 7(9(s). In doing so we construct a permutation
() for each branch point. If the permutation corresponding to a branch point is a
transposition then we say that the branch point is simple.

If we begin at some point x € S?\{z1, ..., z;} and walk around each branch point
as described above, then if we begin on a sheet s, we must end on sheet s since the
corresponding loop on S2\{z1,..., 2z} is contractible to a point. This means that

g =1,

where 1 is the identity permutation. This is called the monodromy condition. Also,
since X is connected, we must be able to move from one sheet to any other and
so the subgroup generated by 7(1) ... 7(*) must act transitively on {1,2,...,d}.
This is called the transitivity condition. Hurwitz [59] proved that the number of k-
tuples (71, ... 7)) which satisfy the monodromy and transitivity conditions are
in bijection with the number of equivalence classes of degree d ramified covers of S2.
Furthermore, the cycle type of the permutations corresponds to the ramification
profile of the corresponding branch points. Thus, if we let Covg(A!, ..., A\F) be the
number of k-tuples (7, ...,7;) where each 7; is a permutation of {1,...,d} and
(m1,...,m) satisfies the conditions

1. m; has cycle type A for all 4,
2. m-m =1, and
3. the subgroup generated by 7y,...,m is transitive,

then the Hurwitz problem is equivalent to determining Covg(A!, ..., \¥).

In what follows we will focus on the case that one of the branch points has
arbitrary ramification and the remaining branch points are simple (has ramification
profile given by 219-2). In other words, we will consider the numbers

hi(a) = Covg(a, 21972 ... 219°2),

where o + d is a partition of d and there are k copies of the partition 219-2. Further,
we will define

1 & 2k
H(z,p)=H(z,p1,p2,...) = Z a Z Z hk(a)ypalpag'“-
d>1 & k=1 ard :

2



Using the class algebra of the symmetric group, the generating series H(z,p) can be
written in a slightly different way that makes it more amenable to the tools which
we will be developing in this thesis. For any partition A let C'\ be the element in
the class algebra corresponding to permutations with cycle type A. That is, C) is
the sum of all permutations with cycle type A. Then for partitions A!, \2,..., \F of
d we see that

OOUd()\l, ceey )\k) = [Old]okl"'C)\k = [C}@]C}@'"C)\k,

since a permutation and its inverse have the same cycle type. In particular, this

means that
hi(a) = [C’a]Ogld,Q.

Using the results in Chapter 5, Section 5.2 this allows us to write the generating
series H(z,p) as

1
H(z,p)=). w > [Calexp (Cora-22) oy Pay

d>1 """ ard
Sy LT s, (1.1)
d>1 d! ard (i,5)ea

where the product is over all cells (4, 7) in o and s,, is the Schur polynomial indexed
by c. In other words, (1.1) says that H(z, p) is a content-type series (see Chapter 2,
Section 2.4.2 for more details) and so satisfies the KP hierarchy. In particular,
h(z,p) =log H(z,p) satisfies the KP equation,

19'%(=p) _h(zp)  Ph(zp) 1(Ph(zp)) _,
12° opt Op10ps o3 2\ opt )]

1.1.2 ELSV, Hodge Integrals and Witten’s Conjecture

Suppose ﬂg,n is the Deligne-Mumford compactification of the moduli space of
genus ¢ curves with n marked points. Let C be a genus g curve and x4, ...,x, be
distinet points on C so that X = (C,z1,...,z,) is a point in Mgm' For each i, we
can define a line bundle £; on M, ,, whose fiber at the point X is the holomorphic
cotangent line to C at x;. Let 1; be the first Chern class of £;. In addition, each
M, admits a natural rank g vector bundle [E, the Hodge bundle, whose fiber at
X corresponds to the space of global holomorphic differentials on C. We let \; be
the kth Chern class of E and we let Ay = 1. We denote the intersection numbers
(also called Hodge integrals) by

@()\kTml...Tmn) = \//;/l )\kq/]?ll...d)z’l’n.

Note that since the intersection numbers are independent of the order of the ¢;
classes, we may write the intersection numbers using exponential notation so that



7" denotes m; copies of 7;. Witten [110] conjectured that the generating series

F(to,t1,...)=® (exp (Ztm)) :

120

satisfies the KdV equation, and more generally the KdV hierarchy, a fact which is
known as Witten’s conjecture. That is, it can be written as a solution to the KP
hierarchy which does not depend on any of the even indexed parameters. There are
multiple proofs of Witten’s conjecture in the literature each with its own strengths.
In what follows we will outline a combinatorial proof of the fact that F'(to,ts,...)
satisfies the KAV hierarchy given by Kazarian [71] which is related to an earlier
method used by Kazarian and Lando [72] to show that F'(%o,t,...) satisfies the
KdV equation. The proof proceeds by using the fact that the generating series for
simple Hurwitz numbers satisfies the KP hierarchy.

The first step in the proof of Witten’s conjecture is a result of T. Ekadahl, S.
Lando, M. Shapiro and A. Vainshtein [28] called the ELSV formula which relates
Hodge integrals and simple Hurwitz numbers. That is,

hk(a)_éﬁ)a?’f L=+ Ay =+ (21)9A
k! - i=1 ai! My é(a)(l azl/))

where the genus g can be determined by the Riemann-Hurwitz formula,

)

k=2g-2+0(a)+]|al

Following Kazarian [71], let

~ Tko Tk1
G(u; T, Ty, ...) = Z (1) (N, 7'0 L ST [V Rt S
G.ko K, kol Kyl

and let G(u;qq,qo,...) be the series obtained from G by the linear substitution of
variables define by the recursion

0
Tk+1 = Z m(UQQm + 2UQm+1 + Qm+2)_Tk7
m21 8gm

for k > 0 and Ty = ¢;. Using the ELSV formula, we can show that the Hurwitz
series H and the generating series GG are related by a change of variable.

Let x and y be related by

Y -2
— e 1+zy’
1+ zy
y = Z :
=10

where the indeterminate z is the same one that appears in the generating function
H. Note that x and y are inverse to one another with respect to the Lagrange

4



inversion formula [53, Theorem 1.2.4]. Now, suppose that the family of variables
pp and the family of variables ¢, are related by,

_ b _k—b
Py = Z Cpz" Ak,
k>b

where the rational coefficients ¢? are determined by the expansion

x—Zcb kbk

k>b
Also, let
vz
Hi=) R
b>1
1 b p
H2 — 1 2 |pb1pb2 zb1+b2

5 brba>1 (b1 + bQ)bl!bQ.
Then Kazarian [71] proved that
(H(Z7 p) - Hl - HQ) = G(21/37 34/3(]17 ZS/3Q27 ZIQ/SQ37 . )

Note that H; and H, are subtracted from H(z,p) to make up for the fact that
M—OJ and /\/l—og do not exist. In addition to showing that the Hurwitz series H
and the Hodge integral series G are related by a change of variables, Kazarian also
showed that the change of variables is an automorphism (up to scaling) of the KP
hierarchy. Explicitly, G(u;qi,qs,...) satisfies the KP hierarchy in the variables .

Lastly, to see that F'(tg,ts,...) satisfies the KdV hierarchy we need to show that
F can be written as a solution to the KP hierarchy which does not depend on the
even indexed variables. Suppose we set u = 0 in the generating series (G. Then since

0
Ther = Y, m(uPGm + 241 + Qm+2)a_Tka
m>1 dm

we see that
Tk+1|u:0 = (2k - 1)”(]2k+17

where we have used the double factorial to mean (2k - 1)!!' = (2k - 1)(2k - 3)---(1).
Thus, since

T _ kO T B k’l
G0;qr,qa,...) = Y. D(ry0m )( 0|”'0) ( 1|“'0) .
ko,k2,... k! kq!

we have
ty  ts
F(to,tl, .. ) = G(O;tO,O,tl,O, ﬁ,O, E,O, .. )

In particular, this tells us that F'(to,t1,...) is a solution to the KdV hierarchy,
proving Witten’s conjecture.



Though there have subsequently been many other enumerative applications of
the KP hierarchy, Witten’s conjecture provided much of the initial motivation to
pursue those connections. In Chapter 5 we consider an enumeration problem which
is related to the Hurwitz problem with the additional constraint that the transpo-
sition factors be ordered, in a way made clear in Chapter 5. Another major result
arising from the connection between combinatorics and the KP hierarchy comes
from the topic of map enumeration, which we discuss now.

1.1.3 Map Asymptotics and Painlevé I

A map is a connected graph embedded in a compact connected surface in such a
way that the regions delimited by the graph, called the faces, are homeomorphic to
discs. We allow for loops and multiple edges and we say that a map is orientable or
non-orientable if the underlying surface is. We may also refer to a rooted map, one
in which a vertex, edge and face are distinguished, all of which are incident with
one another. The distinguished vertex is called the root vertex, the distinguished
edge is called the root edge and the distinguished face is called the root face.

Given a map m, the Euler characteristic may be computed via
X =V(m) - E(m)+ F(m),

where V, F/ and F' are the number of vertices, edges and faces respectively. Given
the Euler characteristic y we may compute the genus of the underlying surface, and
thus the genus of the map m by x =2 - 2g.

The classical approach to enumerating maps is the one initiated by Tutte [108]
and later used by Bender and Canfield [6] among other authers. The idea is to
begin with the root vertex / root edge pair and then remove the root edge, taking
care that there is some canonical rooting of the resulting object. One then analyzes
the resulting object and constructs a recurrence for the generating series of interest.
The downside to using this method is that the resulting recursive identities involve
generating series with an arbitrarily large number of distinguished faces, causing the
actual computation of the generating series in question to become very impractical.
Despite these difficulties, Bender and Canfield were able to show that the generating
series for maps (both the orientable series and the non-orientable series) could be
written as rational functions in an auxiliary algebraic series. Later, using a similar
approach, Gao [37, 39] was able to show that the generating series for a variety of
classes of maps on all surfaces had a similar structure. One such class of maps is
triangulations. For more details we refer to Bender and Canfield’s paper [6] as well
as Gao’s papers [37, 39] and Section 4.4 in Chapter 4.

As a result of being able to determine the structure of various map generating
series, Bender and Canfield were able to determine the asymptotic behaviour of
many families of maps. It was determined that many families had asymptotic
behaviour whose genus dependence was uniform. That is, if C' denotes some class



of rooted maps (say 2-connected, triangulations, etc.) then we may let M,(C,n)
be the number of maps in class C' with genus g and which have n edges. Bender
and Canfield showed that for many classes of maps,

My(C,n) ~ aty(Bn)>o D2,
if the maps are orientable and
M,y(Cyn) ~ apy(Bn)>o D2y,

if the maps are non-orientable. In the formulas above, o, and v depend on the
class of map under consideration and can be determined in a mostly straightforward
way, however, the constants t, and p, (called the map asymptotics constants) do
not depend on the map class and are rather difficult to compute.

Similar to our description above of the solution to Witten’s conjecture by means
of the Hurwitz problem, the question of enumerating orientable maps can also be
re-written as a permutation factorization problem. Briefly, we may start with the
class of bipartite rooted orientable maps with edges labelled from 1 to n. Then,
by encoding the order in which the edge labels are encountered around the white
and black vertices we may construct two permutations which encode the white
and black vertices seperately. Then, by analyzing the combinatorial significance
of multiplying the two vertex permutations, we see that the product of the white
and black vertex permutations must encode the incidence of the edge labels as each
face is traversed. For more details we refer to the proof of Proposition 3.2.1 in
Chapter 3. As a result, it can be shown that the generating series for bipartite
rooted orientable maps is a content-type series and thus satisfies the KP hierarchy.

Now, consider a rooted orientable bipartite map m. If we restrict ourselves to
the case that each black face must have degree two, then we may contract each
black face to an edge, resulting in a rooted orientable map which is not necessarily
bipartite. In fact, this gives a bijection between rooted orientable bipartite maps
in which every black face has degree two and the class of rooted orientable maps.
As a result, this shows that the generating series for rooted orientable maps also
satisfies the KP hierarchy. Another proof of this fact can be found in Goulden
and Jackson [50] where the authors used the KP hierarchy to derive a quadratic
recurrence for the number of rooted orientable triangulations.

After Goulden and Jackson showed that the number of rooted orientable trian-
gulations satisfied a quadratic recurrence, Bender, Richmond and Gao [9] used this
fact to analyze the map asymptotics constants ¢,. In particular, since the asymp-
totic behaviour of the number of rooted orientable triangulations can be determined
up to t,, the quadratic recurrence determined by Goulden and Jackson results in
a quadratic recursion for the map asymptotics constants ¢,. Specifically, Bender,
Richmond and Gao were able to show that if u, = -2972T’ (5’92;1) ty is a rescaling of
the map asymptotics constant and if

u(z) = 22 Y g2,
g>0

7



is the generating series encoding the u, then the series u(z) satisfies the nonlinear

differential equation given by
1

2 "
u 6u =z,
which is called the Painléve I equation. This quadratic relationship allows for a
much more efficient method of computing the ¢, and also allowed Bender, Richmond
and Gao to analyze the asymptotic behaviour of ¢, as g becomes large.

In Chapter 3 we consider the problem of enumerating rooted bipartite quad-
rangulations, or equivalently, all rooted orientable maps. In particular, we are
able to derive a quadratic recursion for the number of rooted orientable bipartite
quadrangulations as well as provide a number of refinements.

Further, in Chapter 4 we apply similar methodology to the problem of enu-
merating rooted triangulations on all surfaces (not necessarily orientable). This
requires the use of the BKP hierarchy rather than the KP hierarchy and the alge-
braic manipulations become much more tedious. As a result, we are able to prove
a conjecture of Garoufalidis and Marino concerning the map asymptotics constants
Dg, providing a much more efficient method of computing p,. In particular, we are

able to show that if Eo1
Ug = 27T (gT)pwla

is a rescaling of the map asymptotics constants p, then the generating series

v(z) = 21 w2,
g20

satisfies the differential equation
20" —v? + 3u =0,
where u(z) is the series described earlier which encodes the map asymptotics con-

stants 2.

In the remainder of this chapter we record the requisite results which will be
used in the chapters to come.

1.2 Partitions

In this section and the next two we briefly review some facts about partitions, the
ring of symmetric functions and asymptotics. For the most part we follow Mac-
donald [78] for notation and results concerning partitions and symmetric functions.
Full details and proofs can be found there or in Stanley [105].

A partition is any (finite or infinite) sequence

A= (A, A2,0)



of non-negative integers in non-increasing order
)\1 > )\2 >

where at most finitely many A; are non-zero. The \; are called the parts of the
partition A and we use € to denote the empty partition that has all parts equal to
Zero.

Given a partition A\, we say that the length of the partition, £()), is equal to the
number of non-zero parts and the size of the partition, ||, is the sum of the parts

|)\| = )\1 + )\2 + o

If X\ is a partition of size n then we write A - n. We will also use similar notation
for sets. That is, if S is a finite set then we will write |S| for the cardinality of the
set.

Sometimes it is convenient to use the following notation for a partition A:
A= (1m2m2.),

where m; = m;(\) is the number of times that ¢ occurs as a part of A and is called
the multiplicity of < in \. We may also write a partition in this form with the size
of the parts in decreasing rather than increasing order, as in Example 1.2.1 below.

We sometimes represent a partition graphically as a connected collection of unit
squares on the integer lattice. For a partition A = (A, Ag,--) we say that its (Young)
diagram is a collection of unit squares in the integer lattice, left aligned such that
the first row consists of A\; squares, the second row consists of Ay squares, etc. We
will often use A\ to denote both the partition and its diagram with the usage clear
from the context.

Figure 1.1: Young Diagram Example

Example 1.2.1. Consider the partition \ = (5,3,3,2,1) = 12325 = 53221. This
partition has the Young diagram in Figure 1.1 and is such that |\ = 14, which is
the number of squares in Figure 1.1, and £(\) =5, which is the number of rows in
Figure 1.1.



The unit squares which comprise the diagram of a partition are called the cells
of the partition. We may also refer to a cell in a partition A as a pair (7, j) where
i and j are the row and column indices of the cell. Given a cell (7, ) in a partition
A we define the content of the cell to be the value j —i, as shown in Example 1.2.2.

0 1 2 3 4
1 0 1

2 | -1 0

3| -2

4

Figure 1.2: Young Diagram Content Example

Example 1.2.2. In Figure 1.2 the diagram of the partition A = (5,3,3,2,1) is
depicted with the integer in each cell corresponding to the content of that cell.

For a partition A we form its conjugate, denoted by N, by taking the diagram
of A and reflecting in the main diagonal. The partition corresponding to this new
diagram is the conjugate. From this description it is easy to see that the parts of
A’ are the lengths of the columns of A, or in other words

A =g A 2}

For any two partitions A\, u we say that p ¢ X if the diagram of p fits inside the
diagram of A, or in other words \; > u; for all 7.

Let A\, u be partitions such that ¢ A. If we draw the diagram for A and then
remove the cells corresponding to the diagram of u, what we are left with is called
the skew diagram A/p. If 6 = A/ is a skew diagram then 6; = \; — p; is the number
of cells in the ith row of the skew diagram. We let 6’ = X'/u’ be the conjugate of
the skew diagram 6 and as such 6] = X! — 1! is the number of cells in the ith row of
the conjugate skew diagram 0’ and hence the number of cells in the ¢th column of
the skew diagram 6.

A skew diagram 6 = \/u is called a horizontal m-strip if || = m and 6, <1 for
each 7. In other words, 6 is a horizontal m-strip if it contains m cells and no two
cells are vertically adjacent. Similarly we say that 6 is a vertical m-strip if |0| =m
and 0; <1 for each 1.

Example 1.2.3. Let A = 53221 and let pu=321. Then u S X and we can form the
skew diagram 6 = X\|p. This can be seen in Figure 1.3 where the partition formed by

10



Figure 1.3: Skew Diagram Example

the shaded and unshaded cells is X\, the partition formed by just the shaded squares
is i and the skew diagram 6 is the set of cells that are unshaded.

Given a partition A and a partition p we will write A u o for the partition
whose parts comprise the parts of both A\ and p with multiplicity. For example, if
A=1(5,5,3,1) and p = (6,3,3,2) then Aupu =(6,5,5,3,3,3,2,1). In other words,
for each i > 1, m;(Au p) = m;(N) +m;(u).

Throughout this thesis we will use alternate interpretations of the definition for
a partition, sometimes viewing partitions as consisting of only the non-zero parts
and other times viewing them as countable sequences with finitely many non-zero
entries. Both descriptions are equivalent and which version we are using will be
clear from the context. We will also let P denote the set of all partitions, including
the empty partition e.

1.3 Symmetric Functions

Let S,, be the group of permutations on n elements. The group &, is also called
the symmetric group on n elements. Thus, S, is the set of bijections from {1, n}
to itself with composition as the group operation. Let Q[z1,-,x,] be the ring
of polynomials in the n algebraically independent variables x1,---, x,, with rational
coefficients. There is a natural action of S, on Q[z1,- -, z,] where o € S,, takes
p(x1,,2,) € Q[a1, -+, 2,] to op = p(@s(1), " Ton)). We say that a polynomial
p € Q[x1,-, x,] is a symmetric polynomial if op = p for all o € S,,. We let A,, be the
ring of all symmetric polynomials in n variables.

The ring A, is a graded ring,

A, =P AL,

k>0

11



where A¥ contains polynomials p € A, which are homogeneous of total degree k,
along with the zero polynomial.

For integers m,n such that m > n, the homomorphism

Q[xlf"vxm] - Q[xla'”axn]

formed by taking x,.1,--, 2, to zero and all other x; to themselves restricts to a
homomorphism
Aﬁl - AfL

and so we may form the inverse limit

A =lim A}

n

We call the ring

A=Ak

k>0

the ring of symmetric functions.

We will now describe four families of symmetric functions, each of which is a
basis for A and will be important later on.

Every symmetric function is a formal infinite sum of monomials in a countable
family of indeterminates. For ease of notation we will suppress these variables
when possible. Also, we will occasionally use a bold variable name to refer to
the vector consisting of all the variables. For example, we will write x to mean
x = (1, xq,) so that we can write f(x) € A when we wish to make clear which
family of indeterminates we are considering.

For each r > 0 the rth elementary symmetric function e, is defined by the

generating function
E(t)=> et =[] (1 +at) (1.2)

r>0 1>1

where t and the x; are algebraically independent. The elementary symmetric func-
tions have the form

en = Z Ty, (1.3)

11 < <lp

For each partition A we define

EX = €N ENy

Also, the e, are algebraically independent and they generate A.

For each r > 0 the rth complete symmetric function h, is defined by the gener-

ating function
H(t) =S bt =[] —— (1.4)

b
>0 1 1 — it

12



so that in general,

1< <l

Similar to the elementary symmetric functions, we define

hy = hy by,

From the generating functions (1.2) and (1.4) we have
H(t)E(-t) =1,

or

S (-1 ehn =0,  V¥n>1. (1.6)
r=0

Since the e, are algebraically independent we may define a homomorphism of
graded rings

w:A—=A

by
w(ey) = hy.

From (1.6) we see that w is an involution and hence an automorphism of A and so
the h, are also an algebraically independent set of generators for A. This involution
is often called the fundamental involution.

For each r > 1 the rth power sum symmetric function is defined by
Dr = Z xq{’
i
and pp = 1. We can construct the corresponding generating function

P(t)y=>ptmt =S aft

r>1 i>1r>1

z; 0 1
= i - _1 .
;1—9@ ;at it
From this we get
0 1
P(t)=—1 -
(t) =5 ogg p—
0 H'(t)
= o log H(t) = 1.
o 08 A (1) (D) (1.7)
and likewise 5 )
P(-t)==—log E(t) = ) 1.
TR ) (18

13



From (1.7) and (1.8) we get

nhy = iprhn—r

r=1

nen, = Z(_l)r_lpren—r
r=1

and so we see that the p, are algebraically independent and generate A. Further-
more, for any partition \ we define

Px =D Pyt

and the set of all such p, forms a linear basis for A. Note that since the p, are alge-
braically independent we may view them as being indeterminates themselves. This
will be of use throughout this thesis and when we think of the power sums as being
algebraically independent indeterminates we will write them as p = (py, po, . . .).

Since w changes e, to h, it follows from (1.7) and (1.8) that

w(pn) = (=1)""'pu,

and hence for any partition A,

w(pr) = AP,

where
€y = (_1)|A|f€(k).

In order to describe the elementary and complete symmetric functions in terms
of the power sum symmetric functions we let

Rey
Zy = Hz img!,
i>1

where m; = m;(\) is the number of parts of A equal to i. Then

H(t) = exp (Z p:ntr) , and

r>1

E(t) = exp(‘ 2 (_1);prtr) - H(l—zs)’

or equivalently,

ho= Y 23'pa, and (1.9)
[Al=n

-1
Cn = Z EXZ)\ DPX-
[A[=n.

14



The last family of symmetric functions that we will make use of is the Schur
functions. For any partition A the Schur function s, will be defined as

= dt h —i+7 )y 110
A 1gi,j§£(/\)( Ai ”) ( )

- lsi,(;'lgeft(/\’) (6,\;_“]') ’
where the second equality is a relatively routine calculation which can be found
in Macdonald [78]. Here we use the convention that h; = 0 (or e; = 0) if i < 0. In
addition to defining Schur functions indexed by a partition A, we may also define the
skew Schur functions which are indexed by a skew partition A/u. Given partitions
A, pe P with g€\ we define

SMw = 19’%2(,\) (h’\r“r”j) '

In the case that the underlying variables x = (1,2, ...) form a finite set (i.e.,
all but a finite number of them have been set to zero) we can write s)(x) as a
ratio of determinants in the variables x. Suppose that x = (z1, %2, ...,x,). Given a
partition A and a partition pu we write A + i1 to mean the partition whose parts are
given by (A+p); =X+ p;. lf welet 6=(n-1,n-2,...,0) and define for A € P,

ax(x) = det (z7),

1<1,5<n

then
a)\+5(x)

as(x)
where as(x) is the Vandermonde determinant.

From (1.10) we see that

S,\(X) =

w(sy) = sn

and also that
S(n) = hn, S(1n) = €n-

It is also the case that the Schur functions form a linear basis for A. Note that
since the fundamental involution acts on Schur functions by taking s, to sy we
sometimes use w to mean the involution on the set of partitions of n that takes A
to \.

Also, since (1.9) allows us to write each h, as a polynomial in the family
p = (p1,p2,...), (1.10) tells us that the Schur functions can also be viewed as
polynomials in p. Throughout this thesis we will need to view Schur functions
as both polynomials in the ‘indeterminates’ p, and as functions in the underlying
indeterminates x. To make this distinction clear we will refer to s)(p) as a Schur
polynomial and s,(x) as a Schur function, even when the underlying set x may be
finite.

15



We may define a bilinear form (-,-) on A (called the Hall inner product) by

(D2, D) = 2200 (1.11)

so that the power sum symmetric functions form an orthogonal basis for A. With
respect to this inner product, we have

(Sx,Su) = O s

so that the Schur functions are orthonormal. This inner product is symmetric and
positive definite and since w(py) = +p, we have

(W(pr),w(pu)) = (PasPu),

so that w is an isometry.

For any symmetric function f € A we let f* be the adjoint of multiplication by
f as a linear operator on A (i.e., so that (f‘g,h) = (g, fh) for f,g,h € A). In the
case of the power sum symmetric function p, we see that

(DapxDu) = (Px, Pnby)

z{z,\ if A=pu{n}

0 otherwise.

Hence pipy = z,\zl;lpu if n is a part of A and u is obtained from A by removing a
part of size n. Since z)2,' = nm,(A\) where m,()) is the number of parts of size n
in A\ we see that

0

Since each f € A can be written as a polynomial in terms of power sums, f =

¢(p17p27”')7 we have 8 28 38
J— = — — — e .
d ¢(8p1’8p2’8p3’ )

We now turn to the problem of writing the Schur and power sum symmetric
functions in terms of one another. In order to do this we will require a few basic
facts about the symmetric group. Complete details can be found in [78] or [105]. A
permutation o € S, has cycle type A\, where \ is a partition of n, if ¢ is comprised
of distinct cycles of length A1, Ag,---. We denote this by cyc(o)= A. The conjugacy
classes in §,, are indexed by partitions of n so that the conjugacy class Cy, where A
is a partition of n, corresponds to the set of permutations o € S, with cyc(o) = A.

It is well known that the irreducible characters of S,, are indexed by partitions
of n. If A and p are partitions of n, then we use x; to denote the evaluation of the
irreducible character indexed by A at a permutation with cycle type p. It is also
well known that

X = (2 Dp)-

16



This allows us to write the Schur functions and the power sum symmetric functions
in terms of one another:

Sx= 2.2, X)Pps
p

Pp = ZX;\S)\-
A

Example 1.3.1. We list a number of examples of Schur functions written in terms
of power sum symmetric functions which will be useful later.

Se =1, S =P 5(12) = EP% - lpm S(2) = 1]9% + lpga
2 2 2 9
1 3 1 1 1 3 1 1 3 1 1
Su9) = gPL=QPIP2* 3Py S@ = 3PiT P Sm) =GPt Pt ohs,
r, 1, 1 1, 1 1, 1, 1, 1
san = ﬁpl - Zp1p2 " §p1p3 * §p2 - Zp‘l’ §(212) = épl - lelp2 - gpz + szb
1 4 1 2 1 1 4 1 2 1 2 1
@) = Epl " ZpZ - §p1p3’ S(31) = gpl + 1])1]72 - §p2 - Zp47
L, 1, 1 1, 1
S(4) = o PL T PiP2 T 3Pis t oPy s

The final fact that we will need concerning symmetric functions is Pieri’s for-
mula, which says that

heS, =Y S, (1.12)
A

where the sum is over all partitions A such that \/u is a horizontal r-strip. Using
w we get

€rSy =Y. Sx (1.13)
)

where the sum is over all partitions A such that A/ is a vertical r-strip. By taking
adjoints we see that

hisu =) s\ (1.14)
)
where the sum is over partitions A\ such that p/\ is a horizontal r-strip and

€S, =Y. S (1.15)
)

where the sum is over partitions A such that u/\ is a vertical r-strip.

In addition to the symmetric function theory outlined above, we will have need
of the following notation concerning the various rings which will appear in this
thesis and some combinatorial operations on them. Throughout this thesis we will
use R to denote a generic commutative ring with unity. Typically we will think of
this ring as being the field of complex numbers or rational numbers but sometimes
it can be as general as a ring of formal power series. Given a ring R we will write

17



R[z,y,z,...] to denote the ring of polynomials in the indeterminates x,y,z, ...
with coefficients in R and we will write R[[x,v, 2, ...]] to denote the ring of formal
power series in ., v, z, . .. with coefficients in R. We will denote by [-] the coefficient
extraction operator. That is, if G(z) € R[[«z]] has the form

G(x) = Z a;x’,

120

then for any n > 0,
[2"]G(x) = ay.

Lastly, given a family of indeterminates p = (p1, po,...) and a family of indeter-
minates q = (q1,¢2,...) we write p + q to mean the family of indeterminates (p; +

qi1,P2+q2,.-. ) For example, if G(P) € R[[p]] then G(p+q) = G(pl +q1,P2+q2, .- )

1.4 Asymptotics

Following Bender [4] and Bender and Canfield [6] we will use the following asymp-
totic notation. Suppose f(n) and g(n) are functions of a non-negative integer n.
We write

f(n)=0(g(n)),
if £(n)/g(n) is bounded as n — oo,
f(n) =o(g(n)),
if £(n)/g(n) - 0 as n — oo, and
f(n) ~g(n),
if f(n)/g(n) » 1 as n —» co. Thus, f(n) ~ g(n) is the same as saying that f(n) =

g(n)(1+0(1)).

Further, suppose that hi(x) and hy(x) are functions of a variable z. We write
hi(x) » ho(x) as T — To

to mean that

1. hy and hy are each analytic in |z| < |xo|, and x = xg is the only singularity of
each on the circle |z| = |zol;

2. hy and hy may each be written in the form

d
5201 - o) ) (),

where g1, ..., g4 are all analytic near xg, e; < es < ... < ¢4 are rational numbers,
eq is not in the set {0,1,2,...,}, g1(xo) # 0, and p(z) is a polynomial;
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3. hy and hs have the same e; in the above representation, and also the same
91(5100)-

In addition, we will make use of the following variant of Darbouz’s theorem which
can be found in Bender’s paper [4]. Suppose f is a function with a singularity at
«. This singularity is algebraic if f(z) can be written as a function analytic near
a plus a finite sum of terms of the form

(1-z/a)™“g(2), (1.16)

where ¢ is a function which is analytic and non-zero near o and w is a complex
number not equal to 0,-1,-2,.... The weight of (1.16) is the real part of w.

Theorem 1.4.1. Suppose A(z) = 3,50 an2™ and is analytic near 0 and has only
algebraic singularities on its circle of convergence. Let w be the maximum of the
weights at these singularities on its circle of convergence. Denote by ay,wy and gy
the values of a,w and g for those terms of the form (1.16) of weight w. Then

i (g )n —n, w-1
Z I'(wg) o =o(r™ ™),

where 1 = |ay|, the radius of convergence of A(z), and T'(s) is the gamma function.

As a simple corollary, given two functions h;(z) and he(z) of a variable z, if
hi(z) ~ ho(x) as © - xg then

Wb ()~ T2 o () ~ 91(wo)xp"
[z"]h1(x) ~ [2"]h2(2) el (—ey)’

as 71 —> 00.

1.5 Thesis Outline

The remainder of this thesis is organized as follows. In Chapter 2 we discuss the KP
and BKP hierarchies. We begin by describing each of the hierarchies as an identity
involving the Bernstein operators. Using the action of the Bernstein operators on
Schur polynomials we are able to describe each of the KP and BKP hierarchies in
a number of equivalent forms including as a collection of identities satisfied by the
Schur coefficients and as a family of partial differential equations. We also give
an alternate form of the hierarchies in which the partial differential equations can
more easily be extracted. We continue by giving an alternate construction of each
of the KP and BKP hierarchies by taking as a starting point series which have
Schur polynomial coefficients of a particular form. In the case of the KP hierarchy
this corresponds to coefficients which are determinant minors and in the BKP case
they correspond to Pfaffian minors. In each case the coefficients descriptions allow
us to give examples of classes of solutions which arise in enumerative problems.
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In the remaining chapters we consider various applications of the preceding
results. We begin in Chapter 3 by considering the problem of enumerating rooted
bipartite quadrangulations on orientable surfaces (or equivalently all maps). Using
the KP equation along with some combinatorial manipulation we are able to show
that the generating series satisfies a quadratic differential equation, allowing us to
give an efficient method for computing the number of such objects.

In Chapter 4 we consider the problem of enumerating rooted triangulations on
all surfaces. This is the first example of an enumerative problem whose generating
series is a solution to the BKP hierarchy. Using the BKP equation and some
combinatorial manipulation, we are able to show that the resulting series satisfies
a cubic differential equation. Using this equation we are able to make a connection
to the non-orientable map asymptotics constants and, in particular, we are able to
prove a conjecture of Garoufalidis and Marino.

Lastly, in Chapter 5 we consider the problem of enumerating monotone Hurwitz
numbers. More specifically, we consider the case of enumerating simple monotone
Hurwitz numbers, or monotone factorizations of the identity. We are able to show
that the generating series for such factorizations satisfies a quadratic differential
equation and the resulting asymptotic behaviour is determined by the map asymp-
totics constant.
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Chapter 2

Generating Series Solutions to
Integrable Hierarchies

The primary tools we will be developing and using in this thesis are, most generally,
integrable hierarchies. In particular we will examine the KP and BKP hierarchies.
There are two ways to develop these hierarchies which we will describe here. The
first is based on the Bernstein operators, a family of differential operators which
act on Schur polynomials in a nice way. The second is in terms of generating series
whose translations have coefficients which satisfy certain algebraic identities.

We begin by describing a simple property of generating series which will be used
multiple times in the remainder of this chapter.

Lemma 2.0.1. Let G(p) be a generating series in R[[p]] and suppose that
G(p+a) =) as(p),

AeP
where ay does not depend on p. Then

ax = sx(q)G(q).

Proof. We compute,

ax = 53(P)G(P+a)l|,
sx()G(P+a)l,->

= 53(q)G(q).

]

Lemma 2.0.1 allows us to write algebraic relations among the Schur coefficients
of the translation of a generating series (the ay’s) as differential equations satisfied
by the original series. We shall see in Section 2.4 that if the algebraic identities are
the Pliicker relations satisfied by determinantal minors, the corresponding differen-
tial equations form the KP hierarchy. Analogously, in Section 2.5 we shall see that
if the algebraic identities are the Pfaffian minor analogs to the Pliicker relations
then the corresponding differential equations form the BKP hierarchy.
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2.1 Operations on Partitions

In order to describe the action of the Bernstein operators on Schur polynomials we
must first describe some operations on partitions and the properties they enjoy.

Given a partition A we may view its diagram as continuing on to the right
indefinitely and downward indefinitely. By doing so we may describe a partition
as a bi-infinite sequence of up (U) and right (R) steps which is infinitely U to the
left and infinitely R to the right. For example, the partition A = (5,3,2,2,2) and
its code are displayed in Figure 2.1. We call this sequence the code of \.

JR (R
U
R , R
U
R
U
L ]
U
L ]
U
R ,R |
U
U

Figure 2.1: The Code of a Partition

The partition A can be determined by its code by noting that each U beyond
the first R corresponds to a part in A and that the size of a part is equal to the
number of Rs preceeding the corresponding U.

Given the code of A, we define the partition A 1 ¢ for ¢ > 1 to be the partition
whose code is given by the code of A\ with the ith R (from the left) changed to a
U. For example, see Figure 2.2.

Since in the code of a partition A every U beyond the first R corresponds to a
part of A\, the operation A 1 ¢ results in adding a part to A. In addition, since this
new U has (i — 1) Rs preceeding it, the new part must have size ¢ — 1. Similarly,
for each U beyond the new one, the number of Rs to the left has decreased by one.
Thus,

Ati=(A =1, A= 1, A= 1= 1, Ajag, =), (2.1)
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A= (3,3,1) AT2=(2,2,1,1)

———— oo ------ — o o-------

Figure 2.2: The 1 Operator

where j is uniquely chosen such that A; > ¢ > A;;; (with the convention that Ay = c0).
Now, if we define u;(\) to be the number of Us that follow the ith R from the left
in the code of A then w;(\) = .

It is straightforward to compute
Ati|=|\-j+i-1,
from (2.1) and so since u;(\) = j we have that
w;(N) = A=At +i-1.
Note that, by definition, u;(\) weakly decreases as i increases, so we have
A=) = AT <A1 2] <o,

and,
Al = |\ +i-1, 1> A,

Analogous to the description of the 1 operation on partitions, we may define
Al j for 7 > 1 as the partition which results from switching the jth U (from the
right) in the code of A to an R. For example, see Figure 2.3.

Similar to the previous case, it is straightforward to see that
Ag=O+L A+ 1 N+ 1 A, ). (2.2)
From (2.2) we may compute
A=A+ = A -1,

23



Figure 2.3: The | Operator

as well as
IAl= A=A 1< AL 2] <

From the description of 1 and | acting on partitions, it follows that
(A1) (wi(N)+1) = A,

and that
AL T (A+1)=A

In some sense this implies that 1 and | are inverse operations. More than that,
since taking the transpose of a partition corresponds to reversing the order of the
code and then exchanging Us for Rs and Rs for Us, we see that 1 and | are in fact
dual operations, i.e.,

() ti= (A1)

2.2 Bernstein Operators

We define the Bernstein operator as
tk tk
B(p;t) = exp (Z Epk) exp (— >, ?pi) ;
k>1 k>1
and the adjoint Bernstein operator as
tk tk
B*(p;t) = exp (— > Em) exp (Z P
k=1 k=1
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These operators were introduced by Bernstein in the context of modular repre-
sentation theory [111, p.69]. See also [78, p.95] for a combinatorial account. In [15]
we showed that B and B* act nicely on Schur polynomials. In particular, though
the Bernstein operators are bi-infinite series involving arbitrarily large positive and
negative powers of ¢, the action of the Bernstein operators on a Schur function
always results in a Laurent series.

Theorem 2.2.1. Suppose that for all A€ P, ay € R. Then

B(p;t) Y. axsa(p) = Y. sa(p) D, (~1)F el kg,

AeP BeP k>1

and

B(p;t) Y. axsa(p) = Y. sa(p) Y, (-1)lelletmirm-Lylal-latmly
AeP aeP m>1

]

The Bernstein operators are of interest to us because many integrable hierarchies
can be defined in terms of them. In particular, both the KP and BKP hierarchies
can be described in terms of B(p;t) and BY(p;t). For other applications of the
Bernstein operators see [55, 56, 64].

In addition to showing that the Bernstein operators act nicely on Schur poly-
nomials, we also showed that the commutator of B(p;t) and a certain translation
operator was simple. Specifically, define

@(p7 q) = exXp (Z Qki) )

k>1 Opy,

and

[(q;t) = exp (Z t—iqz-) :

k>1 ?

Using multivariate Taylor series, we see that if f(p) is a formal power series then

O(p,q)f(p) = f(p+a).

It is not difficult to show that the following relations hold between B(p;t) and
O(p,q). Note that this result essentially arises in the proof of Theorem 5.3 in [15].

Proposition 2.2.2. We have

B(p;t)0(p,q) =I'(q;t)'O(p,q) B(p; ),

and
B*(p;1)O(p,q) =I'(q;t)O(p,q) B*(p;1).
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2.2.1 KP Hierarchy

To begin we will describe the KP hierarchy. The results in this section can be found
in [14]. Many of these results were known to physicists before this, though finding
a clear exposition has proven difficult.

Definition 2.2.3. A generating series G(p) € R[[p]] is said to be a solution to the
KP hierarchy if and only if

[t'] (B(p; t)G(p)) (B*(q;t)G(q)) = 0.

The differential equations which G(p) satisfies as a result of this identity are col-
lectively called the KP Hierarchy.

Using Theorem 2.2.1 (and Proposition 2.2.2) we may write a series of equivalent
descriptions of the KP hierarchy.

Theorem 2.2.4. Suppose that for all A€ P, ay € R and that

G(p) = ) arsr(p).

AeP

The following are equivalent:

(1) The formal power series G(p) is a solution to the KP hierarchy.

(i) The formal power series G(p +q) is a solution to the KP hierarchy in the
variables p.

(i1i) For all o, € P,

Do (=Dl g g, = 0,
i

where the sum is over all integers i,j > 1 such that |« 1 i+ |5 | j| = || +|B] + 1.

(iv) For all a, 3 € P,

(D)t (s (p)G (p)) (s5,;(P)G(P)) = 0,

where the sum is over all integers i,j > 1 such that |« 1 i|+|5 | j| = || +|B] + 1.

Proof. The fact that (ii) implies (i) follows immediately by setting ¢; = 0 for all i > 1.
The fact that (i) implies (ii) follows from the definition of the KP hierarchy and
Proposition 2.2.2. That (i) and (iii) are equivalent follows by taking coefficients and
using Theorem 2.2.1. Lastly, that (ii) and (iv) are equivalent follows by coefficient
extraction, Theorem 2.2.1 and Lemma 2.0.1. ]
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Example 2.2.5. Suppose a = (1). Then at 1 =¢at2=(1,1),a 13 =(2,1)
and |a ti| >3 fori>3. If 5=(1) then Sl 1=¢12=(2),813=(21) and
|61 >3 fori>3. As a result, the quadratic equation appearing in part (iii) of
Theorem 2.2.4 is given by

>, (Dl a5 = —acaeay + agac =0,
2,521
|ati]+]B15]=3

which gives a redundant identity. However, if we choose a = € then a1 1 =€, 1
2=(1),at3=(2),at4=(3) and | 11| >3 fori>4. Also, if B =(1,1,1) we get
l1=(1,1),812=(2,1),813=(2,2) and |5 | i|>4 fori>3. Thus, the algebraic
identity in part (iii) of Theorem 2.2.4 becomes

Ael(2,2) = A(1)A(2,1) + A(2)a(1,1) = 0.

Additionally, if we take o = (2) we get at1=(1),a12=(1,1),a013=(2,2) and
lati| >4 fori>3. If f=(1) weget 3l1=¢€0F12=(2),513=(21) and

|81 i >3 fori>3. The corresponding algebraic equation then becomes

—a(l)a(g,l) + a(l,l)a(z) + a(g,g)ae =0. (23)

These examples show that not only does the family of identities given in part (iii)
of Theorem 2.2.J contain redundant equations but also repetition.

Continuing on with the example of av=(2) and = (1), recall that
L, Lo,
Se(p) = ]-7 S(l)(p) = D1, 8(2)(p) = §(p1 +p2)7 S(l,l)(p) = §(p1 _p2)7

1 1
sen(p) = g(p‘i’ -p3),  Seo2(p)= E(pil — 4p1ps + 3p3).

In this case, the differential equation described in part (iv) of Theorem 2.2.4 becomes
(after rearranging),

1 G(p) ,,0°G(p) 82G(p)) 10G(p) (03G(p) aG(p))
—G ~12 +12 _z -3
¢ (P ( op} Op10ps 9%y 3 Onm op} Ips
1 (0*G(p) 3G(p)) (3QG(p) 3G(p))
4= +2 _9 — 0.
4 ( op3 Ips ap3 Ops

Making the substitution g(p) =log G(p) and dividing the result by exp(2g(p)) this
differential equation becomes (after simplification),

1 9%(p) %(p)  °9(p)  1(g(p) 2:0
12 apil Op10p3 6p§ 2 3]9% 7

which is known as the KP equation.
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2.2.2 BKP Hierarchy

The BKP hierarchy has a description similar to the KP hierarchy in terms of the
Bernstein operators. The definition below can be found in [109] and [67]. To our
knowledge, the equivalent forms found in Theorem 2.2.7 (particularly the descrip-
tion in terms of coefficients) are new although related work has been carried out in
[95].

Definition 2.2.6. A sequence of generating series {Gn(P) nez with each G, (p) €
R[[p]] is said to be a solution to the BKP hierarchy if and only if

[t "] (B(p;t)Gno1(p)) (BH(q; ) Gima1(q))
+ (1) [ (BYH(P: 1) G (P)) (B(4; ) o1 ()
= (1= (1) )G (p) G (@),

for all n,m € Z. The differential equations satisfied by {G,(p)}nez as a result of
this identity are collectively called the BKP hierarchy.

Again, using Theorem 2.2.1 (and Proposition 2.2.2) we can write a series of
conditions equivalent to the BKP hierarchy.

Theorem 2.2.7. Suppose that for all A € P and n € Z, bx(n) € R and that for each

non-negative integer n,
Gn(p) = ), ba(n)sx(p).
AeP

The following are equivalent.

(i) The sequence of formal power series {G,(P)}nez is a solution to the BKP
hierarchy.

(i) The sequence of formal power series {Gn(P+Q) }nez s a solution to the BKP
hierarchy in the variables p.

(11i) For alln,meZ and o, € P,

S (~1)leltetiiiy 4 (mo+ 1)bgy (0 - 1)
i
+ (=) S (= 1)AHBTR T g (n+ 1) by (m - 1)
ihj

= (= (1) (m)bs(m),

where the first sum is over all integers i,j > 1 such that |o 1 i| + |5 | j| =
la| + [B] + n = m -1 and the second sum is over integers i,j > 1 such that
laljl+ |8 1i|=la|+|8]+m-n-1.
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(iv) For alln,meZ and o, € P,
(1)t (5 () G () (55, (P) o1 (P))

+ (1) S (D) (5 () Gt (P)) (554,Gin1(P))

2%
1
= 5 (1= (=1)"")(52(P)Gn(P)) (55(P)G(P)).
where the first sum is over all integers i,j > 1 such that |a 1 i|+ |8 | j| =

la| + |B] + n—m -1 and the second sum is over integers i,j > 1 such that
b gl +168 14| = |af + 18] +m —n-1.

Proof. The proof proceeds in exactly the same way as the proof of Theorem 2.2.4.
]

Example 2.2.8. Suppose that m =N —-1,n=N+1,a=(2) and = (1). Then the
identity described in part (iii) of Theorem 2.2.7 becomes

> (Sn)lelletitetip (N )bgy (N)

igo1
i1
COX P (N - 2)hy, (N -2).
g1
Bl laki|=0

Recall from Example 2.2.5 that a1 1=(1),a12=(1,1),a13=(2,2) and |a 1 i| >4
fori>3. Also, Bl1=¢12=(2),613=(2,1) and |5 | i|>3 fori>3 so that the
first sum becomes
=b(1y(N)b2,1) (N) + b1,y (N)bz) (N) + a2y (N)be(N).
We may compute oy 1 =€, 2=3 and |a | i| >3 fori>2. Also, 51 1=¢,12=
(1,1) and |B 11| > 2 fori>2 so that the second sum becomes
—b(N +2)b(N -2).

Putting these together gives the identity

be(N +2)be(N = 2) = be(N)b2,2)(N) = bay(N)b2,1) (N) + b2y (N)b1,1) (V). (2.4)

Notice that the right hand side of Equation (2.4) is the same algebraic expression
appearing in Equation (2.3) in Example 2.2.5 which gave rise to the KP equation.
In particular, this tells us that form =N -1,n=N+1,a = (2) and f = (1) part
(iv) of Theorem 2.2.7 gives the differential equation

9'Cn(p) _, PG (P) | 12fb’?GN(p))

Gn2(P)Gr-2(p) = %GN(P) (

opt Op10ps 0%py
~ 18GN(I3) (33GN(13) 3 38GN(I)))
3 Jp op3 Ops
L1 (02GN(13) , 09GN (P) ) (02GN(p) _,9Gn(p) ) '
4 op? Opo op? Op2
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Letting g(p) =log Gn(p) and dividing by G n(p), this equation becomes

Gr.2(P)Gr2(p) _ 1 0'9(p) _P*9(p)  P(p) 1 (a2g<p>)2

Gy (p) 12 op} Op10p3 op3 2 op?

which is known as the BKP equation.

2.2.3 2-Toda Hierarchy

Though we will not make use of it here, for completeness we will also mention the
2-Toda hierarchy. It is of interest to see the description of the 2-Toda hierarchy
as its presentation shares many similarities with both the KP and BKP hierar-
chies. For more about the 2-Toda hierarchy and its application to combinatorics
see [14, 92]. The primary difference between the 2-Toda hierarchy and the KP and
BKP hierarchies is that in the KP and BKP cases there is only a single family of
indeterminates. In the 2-Toda case there is a second family of indeterminates along
with a discrete parameter (similar to the one which appears in the BKP hierarchy).

Definition 2.2.9. A sequence of formal power series {G,(p,q)}nez where each
G.(p,q) € R[[p,q]] is a solution to the 2-Toda hierarchy if and only if for all
k,meZ,
("] (B(p;t) Gm(p,q)) (BH(W;1)Grar (W, 2)) =
[t ] (B*(q;t)Gmia (P, Q) (B(2;1) Gi(w; 2)) .

The differential equations satisfied by {G,(p,q) nez as a result of this identity are
collectively called the 2-Toda hierarchy.

Similar to each of the other hierarchies, we may write a sequence of equivalent
statements.

Theorem 2.2.10. Suppose that for all A, € P and n € Z, cﬁ(n) € R and that for

allneZ,
Gn(p,@) = ), ch(n)sx(p)su(q).
A, peP

The following are equivalent.

(i) The sequence of formal power series {G,(P,q) }nez s a solution to the 2-Toda
hierarchy.

(11) The sequence of formal power series {G,(p+W,q+2Z) }nez is a solution to the
2-Toda hierarchy in the variables p and q.
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(i5i) For allm,keZ and o, B, \,pu€ P,
Z(_1)|a\—\aTj|+i+jcl);¢i(m)chj(k 4 1) _
]

Z(_1)|u|+‘uT8|+s+tc;);Ts(m + 1)Cglt (k) )

s,t

where the first sum is over integers i,j > 1 such that |A | i|+|a 1 j| = |\ +|a|+
m -k and the second sum is over integers s,t > 1 such that |u 1 s|+|5 1 t|=
lul + 18] + k= m.

() for allm,k e€Z and o, B, \, € P,
Do (1) (53 (0) s (@) G (P @) (855 (P)55(Q) G (P, @)
ij

= S (=1)lerltrires (54 (p) sty (@) G (P, @) (s5(P) s, (@) Gi(p, q))

where the first sum is over integers i,j > 1 such that |\ | i|+|a 1 j| = |\ +|a| +
m —k and the second sum is over integers r,s > 1 such that |p 1 r|+ |8 | s| =
il + 18]+ k = m.

Proof. The proof is essentially the same as Theorem 2.2.4 and Theorem 2.2.7. [

Example 2.2.11. In the case of the 2-Toda hierarchy, choose k =m-1,a=A=[=¢
and p=1. We compute e t 1 =¢, et 2=1,€ell=¢¢€}2=1,111=¢ and
112=(1,1). The only solutions (i,7) to [N | i|+|a?tj|=|A+|a|+1 are (1,2) and
(2,1). Similarly, the only solution (r,s) to |t r|+|8 1 s|=|ul+|8]-1 is (1,1).
Theorem 2.2.10(iii) then gives

ci(m)ec(m) = cp(m)ee(m) = —cg(m + L)ec(m - 1),
as one of the coefficient constraints. Similarly, Theorem 2.2.10(iv) gives

(s:(P)sc (@) Gmi1(p,q)) (5:(P)s: (A)Gm-1(P,q))
+(51(P)sc (1) Gm(p,a)) (5:(P)st(a) G (P, q))
= (51(P)s1(A)Gm(P;a)) (s:(P)sc (A)Gm(P;q))

as one of the partial differential equations in the 2-Toda hierarchy. Using the fact
that st(p) =1 and st(p) = 5=, this gives

p1 7

Gt @)Gors (9. + (53 Gon(0. ) 50-Con (b2 )

2

= Gm(p,q)( Gm(pﬂl)),

Ip10q:
which can be further simplified to
2

Gm+1 (P7 q)Gm—l (p7 q) )
Gr(p.q)

This last equation is called the 2-Toda equation.

log G, (p,q) =
oo 08 (p,q)
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2.3 Hirota Equations

The primary advantage to having a description of integrable hierarchies in terms of
the Bernstein operators is that it means we can describe the equations appearing
in the hierarchies more easily. We have already seen in the Example 2.2.5 and
Example 2.2.8 above that we can write down the differential equations in each
hierarchy. However, doing so becomes increasingly labourious. Fortunately we may
use Hirota’s [58] method of rewriting the KP and BKP hierarchies in such a way
that the differential equations can more easily be constructed.

Definition 2.3.1. Suppose that f and g are generating series in the countable
family of indeterminates p = {p1, p2,---} and that ¢ is a power series with polynomial
(in p) coefficients. We define the Hirota differential operator by

95 f,9) = o(a") f(P-a)g(P+ )]y
Example 2.3.2. For any integer k >0 and generating series f,g € R[[p]] we have
H(r; ,9) = G f(P-a)g(P + )l = F(2r9) — ()9

More generally, for any integer n >0,
n. S i ™) (L L(n—i)
9is£.9) = Y0 ()N @),
i=0
Stmilarly, for any partition X,

Do) = ¥, DM )k k).

24
pUr=A

A m; (A
where (u) =[lis1 (ngug)
Note that in the last example above, given a partition A, if £(\) is odd then the
map (u,v) - (v, p) for partitions p, v with puU v = X is a sign reversing involution
and so

H(pxi £, f) =0.
Both the KP and BKP hierarchies discussed above make use of the expression
(B(p;t)f(p))(B*(a;t)g(a)), (2.5)

where f,g € R[[p]]. Using the definition of the Bernstein operators, this can be
written as

{eXp (Z %m) exp (— > %pt) f(p)} {eXp (— > %Qk) exp (Z %q/i) g(q)} :

k>1 k>1 k>1 k>1
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Writing this so that multiplication appears to the left of differentiation and letting
Pk = Pl Gk = qj,, We arrive at

b ﬁ<p;€—q,;>)exp(—2 L

k>1 k k>1 k

(pi - q}#)) f@)g(d).

Applying the linear substitution p; = g —uy, q;, = g + up we see that p;j - q;cL = —ug

so that the expression becomes

[t-l]exp(z %(—m))em(z gu;)ﬂq-u)g(qm»

k>1 k>1

The Hirota differential operators appear since given any generating series f,g €
R[[p]] and any partition A,

uyfla-u)g(a+u) =uyf(a-u-p)gla+u+p)l,,,
=pxf(a-u-p)g(a+u+p)l,,,
= Py oxp (Z ul;fpk)f(q— p)g(q+p)

k>1

:ﬁ(meXp(Z %);ﬁg)-

k>1

9

p=0

This allows us to write expression (2.5) as

5 (eXp (Z %(—2%)) exp (Z %m) exp (Z u';{;pk) ;f,g) -

k>1 k>1 k>1

Simplifying, this becomes
u
ﬁ(exp(Z f(pk—%’“))H(t‘l);f,g), (2.6)
k=1

where H(t) is the generating series for complete symmetric functions (in the power
sums p). Since expression (2.6) will appear in multiple places below it is convenient
to have some notation to describe the coefficients of u, for each partition A.

Definition 2.3.3. For any partition A and any integer i,

0 - [ti-lz—i] exp (Z(pk - th)) H@tY),

k>1

j=1

L)
- {t [T, - M)} o H (1),

where o denotes umbral composition (with respect to t). That is, t™ o H(t) = hy,
extended linearly.
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Example 2.3.4. We can compute a few of the qﬁf\i) as follows,
;(:) = [t (pr = 2t")] o H = prha—i — 2hps1s,
and,

¢l(;)1 = [t (pr = 2t7) (p1 - 2t)] 0 H(t) = prprhazi — 2p1hua1—i — 2piha—; + 4hyio—i.

Using Definition 2.3.3 and (2.6) we have the following useful Lemma.
Lemma 2.3.5. For any generating series f,qg € R[[p]],
u
(B o)) (5 e () o (£ 20 -209 ) )i ).
k1

under the linear change of variables py — q — U, qx = Qi + ug. In particular,

(B(p;t) f(p))(B*(a;t)g(q)) = AZ,; ti-IZ—isa<¢§">; f.9).

2.3.1 KP Hierarchy

Recall that by definition a generating series G(p) € R[[p]] is a solution to the KP

hierarchy if and only if

[ ] (B(p:t)G(p)) (B (q;1)G(q)) =0.

Applying Lemma 2.3.5 then gives us an alternate description of the differential

equations appearing in the KP hierarchy.

Proposition 2.3.6. A generating series G(p) € R[[p]] satisfies the KP hierarchy

iof and only iof for each partition A,

956G, @) =0.

Proof. Since the definition of the KP hierarchy is that G(p) satisfies it if and only

if
[t7'](B(p;t)G(p))(B(q;t)G(q)) = 0,

we may apply Lemma 2.3.5 and extract coefficients.

Example 2.3.7. Using Proposition 2.3.6 we know that
H(6:6,6)=0=9(6{:G.G),

for each k >0. We must also then have
1
(O + 500G, G) =0
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But, using the results in Example 2.3.4 we know that

1 1
,(ji)l + §¢;(€01) = Pr+1P1 + §Pkp% = P1his1 — prhe.

Thus,
1 1
ﬁ(cﬁ,(i)l + §¢;(£1); G,G) = H(prrip1 + 51%]0% - prhis — prhe; G, G),

1
= ﬁ(pk+1p1 - 51%]92 - pihi; G, G) =0,

where we have used the fact that hy = $ps + 3p? and that if {()\) is odd then
H(px;7,7) =0.

If we make the change of variables G(p) = exp(g(p)) and divide by exp(2g(p))
then (up to scaling) the first few equations become:

1
g31 = go2 + th‘* + (912)27

1
ga1 = 69213 + (912)(921) + g32,

1 3 1 1 1 1 1

1
gs51 = 1—6914912 + 1912922 + 1912931 + @916 + ggfz + §91222 + 59%1 + §9313 + a2,

where we have used the notation
o"g
Yaiasan = ENG) 9 .
Paq Pag.“ Pan,

2.3.2 BKP Hierarchy

Similar to the KP case, recall that a sequence of generating series {G,,(p) } nez where
each G, (p) € R[[p]] is a solution to the BKP hierarchy if and only if

[t 1] (B(p; 1) Gne1(P)) (B*(q3 1) Grni1(q))
+ (=1)™ [ ] (BH(p; ) Ger (P)) (B(q; 1) Grno1 ()

1
= (1= (F1)™™)Ga(p)Gin (),
for all n,m € Z. Applying Lemma 2.3.5 then gives the following description.

Proposition 2.3.8. A sequence of generating series { Gy, (p) }nez where each G, (p)
is in R[[p]] satisfies the BKP hierarchy if and only if for each partition X and each
n,mez,

Sj (¢§m_n+2) ; Gn—l’ Gm+1)
+ (=19 (0™ Gy, Gonn)

- %(1 - (-1 (1; G, Gp).
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Proof. As in the KP case this follows by applying Lemma 2.3.5 to the definition of
the BKP hierarchy and then extracting coefficients. ]

Example 2.3.9. Let n =N +1 and m = N -1 so that the corresponding equation
becomes

96 Cn, Gn) + (8L Gz, G 2) = 0.
If we consider the case X = (3) we see that (using Example 2.3.4)

éo) = p3p1 — 2hy,

and that
:(),4) = pshi_4 = 2hy = -2.

Thus the differential equation becomes
A(psp1—2hs; Gy, Gn) + H(-2; G2, Groa) = 0,

or,

2GN+2(P)GN-2(P) = H(psp1 — 2hy; Gn, GN).

Lastly, using the fact that hy = 57p{+1pipa+5p1ps+sp3+5pa and that H(py; f, f) =0
if €(\) is odd, we arrive at the differential equation

1 1 1
2GN42(P)Grno2(P) =9 (gp:apl - EP% - leg; Gn, GN) -

2.4 Determinantal Series and the KP Hierarchy

In addition to constructing the KP and BKP hierarchies using the Bernstein opera-
tors, we can take a more mechanical approach and instead consider generating series
whose Schur polynomial coefficients have some specified structure. In particular,
for the KP hierarchy we will assume that the coefficients are certain determinantal
minors and for the BKP hierarchy (covered in Section 2.5) we will assume that they
are certain Pfaffian minors.

First we recall the Cauchy-Binet formula for the determinant of a product of
matrices. Given an mxn matrix A and subsets R ¢ {1,2,----m} and C ¢ {1,2,-,n},
we will denote by AZ the submatrix of A whose rows are indexed by R and whose
columns are indexed by C. Further, we will write [n] = {1,2,---,n}.

Theorem 2.4.1 (Cauchy-Binet). Let A be an m x n matriz and B be an n xm
matriz. Then
det(AB) = Y det(AZY) det(BS,)).

Scln]
|S|=m

Using the Cauchy-Binet theorem, we can now show that a generating series
whose Schur coefficients are given by determinant minors has the same property
after translation. Though Theorem 2.4.2 appears to be a foundational result for
symmetric functions we have been unable to find a literature reference.
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Theorem 2.4.2. Let G(p) be a generating series in R[[p]] and suppose for some
positive integer n the generating series G(p) can be written as

G(p) = ), ax(n)sx(p),

AeP
L(N)<n
where
ax(n) = det (a; . ini
)\( ) 1sij£n( 1,A5+n ]+1)7

)

for some a;; € R. Then

Gp+a)= ), a(n)s\(p),

AeP
L(A)<n
where
ax(n) = det (@; . in_i
)x( ) lgi,an( 1,A+n j+1)
and

5i,j = Z az‘,khk—j(q)'

k>0

Proof. First, recall that for any \ € P

sx(P+a) =Y, syu(a)s,(p).

HEA
Then
G(p+q)= Z ax(n)sx(p+q),

E()B\E)Zn

= Y 2 ax(n)syu(a)su(p),
AP puch

L(N\)<n

- Z s.(P) Z ax(n)syu(q).
HeP A2

t(\)<n o(N\)<n

Now, suppose that A is the n x oo matrix with A; ; = a;; and further suppose that
Sy is the oo x n matrix with (S,)i; = hi—(u;en-jr1y(@). Then if C'={A\; +n, Ay +n -
17 Y )‘n + 1}7

det(A¢) = det (as3,0-j1) = ax(n),

and

det((Su)fn]) = 12?2n(h)\i+n—i+l—uj+j—n—l)7
det (hAi—llj_i"'j)’

1<i,5<n

= S)\/,u(q)'
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Using the Cauchy-Binet theorem we then get

det(AS,) = Y det(AFT)det((S,)E,)),
Sc{1,2,...}
|Sl=n

= Y ax(n)syu(a),

AeP
L(X)<n

= > ax(n)syu(q),

A2
L(A)<n

where the last line follows from the observation that deti<; jen(ha,—p;-icj) = 0 if
¢ A Now, we have

(ASp)i,j = Z ai,khk—(uj+n—j+l)(q)7

k>0

so that if we let @; ; = Y150 @i xhi—j(q) then

det(ASM) = det (’d,i“uj+n*j+1) ='dﬂ(n).

1<i,j<n

]

The coefficients ay(n) appearing in Theorem 2.4.2 can be seen as determinant
minors of the oo x co matrix A where A, ; = a; ;. In particular, if for any A e P, ¢(\) <
n we let C = {\1+n, Ag+n-1,---; A, +1} then ay(n) = det(A[C”A]). We will see that the
collection of determinant minors of this form satisfies a family of identities known
as the Pliicker relations. In the definition of the Pliicker relations that follows we
will make use of the notation found in [50].

Definition 2.4.3. We consider a family {ay € R: X € P}. It will be convenient to
adopt two conventions which allow us to write a(a, as,...a,) Where (g, g, ) i
a sequence which may not be a partition. First, we will take

Aoy ,a,an) = 0 if ag <0; Aoy 0, 0m) = Qar,an,an1) U On =0,

Also, given a sequence (o, az, -, o) we define the operator A; for each j =1,--- n—
1 to be

A]’(Oél, ey Oén) = (Oél, ey Oéj,l, Oéj+1 — 1, Oéj + 1, OéjJrQ, ey Oén).

The second convention is then that
A(ay,an,an) = _aAj(a17a27"'7an)'
Suppose o, 5 are partitions where o and [ have © and j parts respectively for

some 1,7 >0, (i,7) # (0,0) and suppose o = (ay,--,a;) and B = (B, 5;). Let
m=max{i+1,j—1,2} and set a1 =+ = Qo1 = Bji1 = -+ = Bms1 = 0. we say that
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a family {ay € R: X € P} which follows the conventions above satisfies the Plicker
relations if and only if it satisfies the equation

m

k
Z(_l) Aar-1,am-1-1,Bps1+m—k) * A(Br+1,,Bk+1,Bps2,Bme1) = 0,
k=0

for each pair of partitions o and (.

Example 2.4.4. Consider the Plicker relation arising from the partitions o = €
and = (1,1,1). The resulting relation is then

a(71’3) ) a(Ll) - a(7172) ) a(271) + a(flzl) ’ a(272) = 0

Using the conventions in Definition 2.4.3 we have a_13y = —a(2,0) = —Q(2), G(-12) =
—a1,0) = —aqy and ac_11y = —a(,0) = —dc. Thus the Plicker relation arising from the
partitions =€ and = (1,1,1) can be written as,

a2y - a(1,1) = A1) * G(2,1) T Ge(2,2) = 0.

Proposition 2.4.5. Fiz some positive integer n. For each partition X € P if {(\) <
n let
ax(n) = 1g32n(ai,/\j+n—j+l)7

with a;; € R. If ((X\) > n let ax(n) = 0. Then the set {a\(n): X € P} satisfies the

Pliicker relations.

Proof. First note that the family {ay(n) : A € P} satisfies the conventions described
in Definition 2.4.3 by definition. Let «, § be partitions and m = max{¢(«)+1,¢(5) -
1,2} as in Definition 2.4.3. If m > n then the Pliicker relations are trivially satisfied
so we may assume that m < n. Also, if m <n then using the conventions described
in Definition 2.4.3 we may proceed as though m =n. Recall the Laplace expansion
of a determinant. Suppose A is an n x n matrix and R ¢ {1,2,---;n}. Then letting

U(R) = ZTER r,

det(A) = (-1)7® 3 (=1)7D det(A) det(ATE).
Cc[n]
|CI=|R|
Let A be an nx (n—1) matrix with entries A;; = @;q,+n-; and let B be an nx (n+1)
matrix with entries B;; = a;g;+n—jr2. Consider the 2n x 2n matrix given by

A B
v=(35)
where 0 is an n x (n — 1) matrix with all zero entries. Certainly rank(M) < 2n, so
det(M) = 0. Performing the Laplace expansion on det(M) with R = {1,2,---,n}
gives
n+l n n\[n
(DU ¥ (1) der(MET) det (M) =0

Cc[2n]
|C|=n
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However, notice that det (M, [[22:]]\\5"]) =0if [n—-1]nC #[n-1]. Thus, C is uniquely

determined by the single column index which is not in [n - 1]. Now, suppose that
C={1,2,-n-1,k+n} with 0 <k <n. Then det(MgL]) is the determinant of A
with the column indexed by k+1 in B adjoined. In other words, (M([J"])” = Qi o, 4n-j

for 1<j<n and (Mén])ln = Qi By +n-k+1 = Qi (B, +n—k)+1, OT,

det(ME) = agay-1, 1150 enty (1)

Similarly, M, [[22:]]\%"] is the matrix B with the column indexed by k + 1 removed, so,

[2n]\[n] _
M[QTL]\C - a(ﬁl+17"'7Bk+17ﬁk+27"'7Bn+1)'

Lastly, notice that
o(C)=0(R) +k,
so that
0= det(M) = Z(_1)ka'(al_1,"'7C¥n—1_1,5k+1+n_k) CO(Br 41, B+ 1, Brsay e Bne1) T 0,

k=0

as required. O

Now that we know that the determinantal minors described in Theorem 2.4.2
satisfy the Pliicker relations we can use Lemma 2.0.1 to show that generating series
whose Schur polynomial coefficients are matrix minors satisfy a family of differential
equations. The main components of Theorem 2.4.6 below appear in [50].

Theorem 2.4.6. Suppose that for some fixed positive integer n,

G(p) = Y, ax(n)sx(p),

AeP
L(N)<n

where

ax(n) = 1g22n(ai,xj+n—j+1)7

and each a;; € R. Then for each pair of partitions o and [, G(p) satisfies the
differential equation,

kz_(:)(_1)ks(lal_17...7am71_175k+1+m_k)(p)G(p) : 3(l51+17..,ﬂk+175k+27,..75m+1)(q)G(q) = 07
where m = max{f(a)+1,0(5)-1,2}. In particular, G(p) satisfies the KP hierarchy.

Proof. Using Theorem 2.4.2 we know that

G(p+a)= ), ax(n)s\(p),
E()B\E)Zn
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where
ax(n) = 1gggn(5@/\j+n—j+1)7
and

@ ;= Z ai,khk—j(q)'
k>0

Using Proposition 2.4.5 we know that the coefficients @,(n) satisfy the Pliicker
relations and so, using Lemma 2.0.1, we know that for each pair of partitions o and
B, G(p) satisfies

S k
k;)(_l Séoq—l,~~-,am_1—l,ﬁk+1+m—k)(p)G(p) ’ 52_61+]-7"'7/8k+17,3k+2,"',6m+1)(q)G(q) = 0

To see that this is equivalent to the KP hierarchy first note that by re-arranging
the entries in the sequence (g -1, 1 — 1, Bry1 +m—k) there must exist indices
7 and j so that

(041 -1, amo =1, B +m— k?) = Am—1‘“Aj+1Aj(Oé i) Z)

Also, (B1+ 1, Be+1, Brsa, -+, Bma1) = B 1 (k+1) by definition. Since |A;A| = || for

any partition A we can compute,
|(n =1, =1, B +m—k)| =|ati=|a|—(m=-1)+ Br1 + m—k.
Similarly,

|(/61 + 1a'"7ﬁk + 175k+27"'76’m+1)| = |6 ‘L (k+ 1)| = |B| _/Bk+1 +k.
Thus,

|(041 - 17”'7O[m_1 - 1’ﬁk+1 +m - k)| + |(51 + 17'”7614: + 1aﬁk+27"'7ﬁm+1)|
=lati|+|B L (k+1)|=]al+|8|+1.

This allows us to rewrite the differential equations which G(p) satisfies as

2 (1) (551 (P)G(P)) (85, (141) (P)G(P)) = 0,

ik
where the sum is over all integers i,k > 1 such that |a 14|+ |8 | (k+1)| =|a| +|5| +

1. Lastly, by multiplying the equation above by (-1)™ and re-writing (-1)*7 as
(-1)**7 we may use the fact that |o 14| =|a| -7 +i-1 and get (shifting the index

k by one), o
Zk:(—l)'O“_'O‘“'”%(Sém(p)G(P))(Séw(p)G(p)) =0,

which by Theorem 2.2.4 part (iv) means that G(p) satisfies the KP hierarchy. [
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Example 2.4.7. Recall from Example 2.4.4 that the Plicker relation arising from
the partitions a =€ and = (1,1,1) is given by
a2) " A(1,1) = A1) " A2,1) F Aelz) = 0.

Using the fact that

1 1
5¢=1, S(1) = P1, S$2) = —(P% +p2), S1,1) = —(P% —pz)a
2 2

1 1
S(2,1) = g(P:f - P3), S(2,2) = E(pil —4p1ps + 3193)7
Theorem 2.4.6 implies that if G(p) has the form described in the statement of the

theorem then it satisfies the differential equation,

iG( )(84G(p) _1282G(p) N 1282G(p)) ~ laG(p) (83G(p) _38G(p))

12 op} Op10ps3 92py 3 Op op3 Ops
1 (92G(p) aG(p)) ((920(13) 3G(p))
+ = +2 -2 =0,
4 ( op3 Ipa ap3 Ips

which is the same equation as the one found in Example 2.2.5 which led to the KP
equation.

2.4.1 Matrix Integrals

One of the ways in which series of the type described in Theorem 2.4.6 arise is via
the study of matrix integrals. In particular, for the KP hierarchy, we consider the
iterated integral operator given by

(100N = 7 ., F0las()F T,

where n is a positive integer and w(z) is a weight function suitably normalized so
that (1), = 1. Also, recall that

ax(x) = det (a77),

1<%,7,<n

and that 6 = (n—1,n-2,---,0) so that as(x) is the Vandermonde determinant.

We will also make use of the following well known integration theorem which is
essentially the continuous analog of the Cauchy-Binet theorem.

Theorem 2.4.8. Suppose n is a positive integer, ¢; and 1; are functions for 1 <
i <n and w(x) is a weight function. Then

n! Jrr 1<ij<n

1 n
= det (6i(;)) det (vilz;)) [[w(zi)dzydz, = Jet (aiy),
<i.j 11 <i g

where,

iy = [ oi(@)y(@w(e)de.
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Proof. We see that

L[ et (6i(e)) det (wl(xj))nw(xl)d:cl dz,

n! Jrn 1<ij<n

I IR | (CRIEATMBER TIE RN

o,peSn,

Z H Qo (i), pli)

UpGS i=1

= det (a;;).

1<i,5<n

]

Using Theorem 2.4.8 we can now describe the action of the operator (), on
Schur functions.

Proposition 2.4.9. For any positive integer n let x = {x1,...,x,} and suppose
partition \ € P is such that £(\) <n. Then

(sa(x))n = lgggn(ai,wnml),

where
az',j=fx”+“‘1w(x)dx
R
In particular, if

G(x,y)= Y. sx(x)sa(y),

AeP
L(A)<n
then
(G, Y= D, ax(n)sr(y),
AeP
L(A\)<n
where

( )_ det (azA +n— ]+1)

1<1,5<
Proof. We have,
1
n!

n./ sx(x)as(x)?
_1/ G”\L(X) X)Qlﬂ[w(:nj)dxl"'dﬁm

n! Jrn as(x)

=

(sx(x))n =

w(z;)dxy--de,,

1]
—_

J

= /Rn axis(x)as(x) Hw(:vj)d:vl---da:n.

J=

Applying Theorem 2.4.8 with ¢;(x) = 22+~ and 1;(x) = "% then gives the result.
[
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Proposition 2.4.9 gives a class of examples of generating series which are so-
lutions to the KP hierarchy. We will discuss an example of this type of series in
Chapter 3 when we consider rooted maps on orientable surfaces.

2.4.2 Content-Type Series

In addition to the generating series of the type described above arising from matrix
integrals, another class of generating series can be described which is more com-
binatorial in appearance called content-type series. First, recall that given a cell
(i,7) in a partition A, the content of the cell (i,7) is j —i. Suppose yy, for k € Z is
a family of indeterminates, then series of the form

E: II y¢4SA(P)SA(Q),
AP (i,5)eX
are called content-type series. For more examples of content-type series as they
arise in enumeration, see [14] and [50].
Theorem 2.4.10. Suppose n is a positive integer and A is a partition with ((\) <n,
then
H yj—zSA(Q) =Cp C}GEn(ai,A]-m-ju);

(ij)ex 1<i,j
where
n j-1
e =11y
j=1i=1
and
a;j = {yj—vlz_l-..yohi+j—n—1(q), if j-n-1>0,
Y i hina(@),  ifj-n-1<0.
Proof. Let
)Y Yo, if >0,
%_{féfw if j <0.
Yie1 YL
Then

det (ai,)\j+n—j+1) = H ¢Aj_j det(h)\j+i—j((1))>

1<i,5<n =1
n
= H (bkj—jsk(q)?
j=1

using the Jacobi-Trudi identity. Now, for some j € {1,---,n} suppose \; —j > 0.
Then

j-1
' 13/—z'<f>Ajfj =Y-jr1lY—j2Y-1YoY1Yx -5

Aj-1
= H Yxj—j-is
=0
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which is the product of y;_; over the cells in the jth row of A. If A\; - j <0 then

= 1) y-i
H 3/—¢¢,\jfj =—+&L-"
1=1

)
Yxj—j+1Y1

=Yje1lY—j2Yn—js
Aj-1

= H Yxj—j—i5
i=0

which again is the product of the y;_; over the cells in the jth row of A. Thus,

Cn 1_{ Or-i= L1 Yjis
i

(i,5)eA

and the result follows. O

Theorem 2.4.10 above tells us that content-type series satisfy the KP hierarchy
with respect to the indeterminates p which we will record now as a Corollary.

Corollary 2.4.11. Content-type series satisfy the KP hierarchy in the indetermi-
nates p.

Proof. This follows from Theorem 2.4.6 and Theorem 2.4.10 above along with the
fact that the KP equations are homogeneous and so if G(p) is a solution, so is
cG(p) for any constant c. O

We will make use of Corollary 2.4.11 in Chapter 5 when we examine the mono-
tone Hurwitz problem.

2.5 Pfaffian Series and the BKP Hierarchy

In addition to series whose Schur coefficients are determinantal minors we may also
consider series whose Schur coefficients are Pfaffian minors. In practice, this change
of perspective allows us to analyze generating series corresponding to locally ori-
entable structures rather than the orientable ones which arise in the determinantal
case. An example of this will be considered in Chapter 4 where we look at rooted
cubic maps on locally orientable surfaces.

Given a skew-symmetric matrix, its determinant is the square of a polynomial
in its entries. This polynomial is called the Pfaffian of the matrix. For our purposes
it will be most useful to take the following recursive definition of the Pfaffian of a
matrix. Given a skew symmetric pairing (i,5) € R for all 4,5 > 1 (that is, (i,7) =
—(7,7)) we will define the Pfaffian of an even length sequence of positive integers
(ay,az,...,a9,) as pf(ay,az) = (a1,as) with a; < as and for n > 1,

2n
Pf(abam - '7a2n) = Z(—l)’pf(al,ai)pf(a%ag, oy Oy 7a2n)7
i=1
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where @; means that the index a; has been omitted. A fundamental property of
Pfaffians is that exchanging two adjacent indices results in changing the sign of the
Pfaffian. That is,

pf(al, N0 VN ¢ 7 P 7&(271)) = —pf(al, vy Ay, Ay e e ,Cl(gn)).

This property also implies that if there is a repeated index then the corresponding
Pfaffian is zero. We may also use this property to write the recursive definition of
a Pfaffian in the following, equivalent, way. For any 1 < k < 2n,

2n
pf(a'h az, ... 7a2n) = Z(_l)ﬁ—k_lpf(ak) ai)pf(ah s 7@7 s ac/ﬁﬁ s 7a2n)-
i=1

Using this notation the underlying matrix is left implicit, however, sometimes we
will want to make the matrix explicit. Suppose @ is a (2n) x (2n) skew symmetric
matrix. We may write

pf(Q) =pf(1,2,...,2n),

where the Pfaffian above is with respect to the matrix ). Here the skew symmetric
matrix () is made explicit, however, the indices with which we are taking the Pfaffian
are now implicit.

Often in this Thesis we will describe a skew-symmetric submatrix of a skew-
symmetric matrix by giving the set of row (and thus corresponding column) indices.
Since the order that the rows and columns appear in the submatrix matter when
computing the Pfaffian we will always take the indices to be in increasing order.

We now recall the minor summation formula for Pfaffians which was proven by
Ishikawa and Wakayama in [61]. This will be of use when we prove Theorem 2.4.2
in the Pfaffian case.

Theorem 2.5.1. Suppose n and N are even integers with n < N, B is an N x N
skew symmetric matriz and T is an n x N matriz. Then

S pt(BI) det(T) = pf(Q),
s

where Q) is the n xn skew symmetric matriz given by QQ =T BT, i.e.,

Qi,j = Z bk,é det(le’,Z)

1<k<t<N

Using the minor summation formula we can now show that, as in the deter-
minantal case considered in Theorem 2.4.2, a series whose Schur coefficients are
Pfaffian minors maintains this property under translation.

Theorem 2.5.2. Let B be an oo x oo skew-symmetric matrix with entries in R and
with a special row and column indexed by 0 (that is, B has row and column indices
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given by {0,1,2,...}). Let G(p) be a generating series in R[[p]] and suppose for
some positive integer n the generating series G(p) can be written as

G(p)= . ba(n)sx(p),

AP

£(A)<n
where

ba(n) = pt(B),

and B, is the submatriz of the skew-symmetric matriz B with row and column
indices given by the set {\1 +n,\o+n—1,....\, + 1} if n is even and the set
{M+n,do+n-1,.... N, +1,0} if n is odd. Then

G(p+q) = ;FA(H)SA(p),
where

by(n) = pf(By),

and By is the submatriz of the skew-symmetric matriz B with row and column

indices given by the set {\ +n,A+2+n—-1,..., A\, + 1} if n is even and the set
{M+n,X+n-1,....\,+1,0} if n is odd. Furthermore, the matriz B has entries
given by
Lk eoo Bro(hei(@)he—j(q) = hes(@)hr—j(q)), ifi,j€{1,2,...},
(E}\) - 2 1<t<o0 BO,fhf—(Mﬁn—jH)(q)u Zf 7;': 0 and ] € {17 2,.. '}7
B = Y ictcoo Boeho-(uian-iv1) (), if 7=0 and i€ {1,2,...},
0, ifi=j=0.

Proof. As in the proof of Theorem 2.4.2, first recall that
sx(p+a)= 2}; sx/u(P)su(Q),
so that after some manipulation,
G(p+a)= %: su(a) EA: bA(1) 85/ (P)-
Now, suppose that S, is the oo x n matrix with

hi—(uj+n—j+1)(p) if Z,j € {1,27...},

(Su)ij =10 if ¢ or j are equal to 0,
1 if1=75=0.
Given a partition A we may construct the set R={A;+n,o+n-1,... )\, +1} if

niseven or R={\ +n,X+n-1,...,\, +1,0} if n is odd so that by(n)sy/.(p) =
pf(BE) det((SM)ffl]). Thus,

Shman®) = X pfBHdet((S05)),

)

RE{1727'“}
|Rl=n

= pf(S,BS,),
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using the minor summation formula. Now, if 7,7 € {1,2,...} then

(S!BS,)ij= > Bo,zdet((sﬂ)gvjw 3 Budet((Su)ff),

1<l<o0 1<k<l<o0

= > Bredet((Su)1),

1<k<l<o0

Z Bk,Z (hk:—(uﬁn—i-%—l)(p)hé—(uj+n—j+l)(p)

1<k<f<o0

_hﬁf(,uﬁnfﬂl) (p)hkf(,ufrnf]#l) (p)) )

Epi+n—i+1,uj+n—j+1 (n) .

If 7e{1,2,...} then

(SZBSH)OJZ Z BO,Edet((Su)gjﬁ)Jr Z Bk,fdet((su)gﬁ);

1<l<o0 1<k<l<o0

> Bosdet((Su)o});

1<l<o0

= Z BO,EhZ*(ILLj+n*j+1) ’

1<l<o0

= B,o,ujm—jn(n)‘

Since B is skew-symmetric, so is S, BS, and so if i € {1,2,...} then (S!BS),)o =
—(SZBSM)OJ = —Eo,m+n—z’+1- Also since S} BS,, is skew-symmetric, (SLBSM)QO =0
and so the result follows. O

Similar to the determinantal case, the coefficients by(n) appearing in Theo-
rem 2.5.2 are Pfaffian minors of an oo x oo matrix B. Also similar to the deter-
minantal case is the fact that these minors satisfy a family of algebraic identities
which are similar to the Pliicker relations.

Definition 2.5.3. We consider a family {bx(n) e R:n e {0,1,2,...}, A e P, L(\) <
n}. As in the definition of the Pliicker relations we will take the convention that
given any sequence of non-negative integers oy, . .., qy with k< n,

b(al,az,...,ak)(n) =0 Zf ap < 07 b(al,az,...,ak)(n) = b(oq,ozg ..... ak_l)(n) Zf g = 0.

Also, we take the convention that

b(oq,ozz,...,ozk) (TL) = _bAj(al,az,...,ak) .

These two conventions allow us to write bia, a,... ) (1) for any sequence.

Suppose n. and m are non-negative integers and o and [ are partitions where
« and 8 have i and j parts respectively for some i,5 >0, (i,5) # (0,0) and i < n,
Jj <m. Also, set a1 = ... =, =0= B = ... = Bp. We say that a family
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{bx(n) e R:ne{0,1,2,...}, A e P,L(X) < n} satisfies the Pfaffian minor identities
if and only if it satisfies the equation

1
=§(1—(—1)"+m)b(a1 ..... an) (1)D(34.... 8,y (M)

for all non-negative integers n,m and each pair of partitions o and 5 with {(a) <n
and £() <m.

Example 2.5.4. Suppose n = N-1,m=N+1,a=€ and 5 =(1,1,1). Then the
corresponding algebraic identity is given by

—b(_173)(N)b(171) (N)-i—b(_l,z) (N)b(ll)(N)—b(_LD(N)b(gg)(N)—be(N—Q)be(N+2) =0.

Using the conventions in Definition 2.5.3 we see that, as in Example 2.4.4, b1 3)(N) =
=b(2)(N),b—1,2)(N) = =b1y(N) and b_1,1y(IN) = =b.(N) so that the corresponding

algebraic identity is

be(N = 2)b (N +2) = by (N)ba.1y(N) = b1y (N)bz1y (N) + be(N)b(a.2)(N).

As in the determinantal case, we can now show that the family of Pfaffian
minors satisfies the Pfaffian minor identities. The components of the proof of
Proposition 2.5.5 appear in the paper [107] by Hirota and Tsujimoto. In [107] the
authors are concerned with finding a family of solutions which satisfy the BKP
equation, rather than the entire hierarchy.

Proposition 2.5.5. Suppose B is a skew-symmetric matriz with row and column
indices given by {0,1,2,...}. Given a partition X\ and a non-negative integer n
with £(X) < n let By be the submatriz of B with row and column indices given by
{M+n,...,  a+1} if nois even and {\1 +n,..., N\, + 1,0} if n is odd. Then the
family {bx(n) e R:ne{0,1,2,...}, e P, l(\) <n} with

ba(n) = pf(By),

satisfies the Pfaffian minor identities.

Proof. That the family {bx(n) € R:n € {0,1,2,...},\ € P,£(\) < n} follows the
conventions described in the definition of the Pfaffian minor identities follows from
the definition of by(n).

Consider the pairing (i,7) = B; ; for 4,5 € {0,1,2,...}. Recall the definition of a
Pfaffian: given a sequence of indices ay, as, . .., as, withn > 1 and some j € {1,2,...},

2n
pf(ai,as,... a9,) = Z(—l)”ﬂ_lpf(ai, a;)pf(ar,...,@,...,a,...,a,).
i1
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To begin, we will prove a general identity which is satisfied by Pfaffian minors. Sup-
pose L and K are positive odd integers and that ay,...,ax,b1,...,bp €{0,1,2,...}.
Then

L
Z(_l)gpf(ab <5 A b@)pf(bb s 7b€7 s >bL)
£=1

:i( 1)52( 1) 'pf(ay, be)pt(ar,. .., @, . ..,ax)pf(bi,. ., be, ..., 1),
S VEID 3 N S ISR, SIS RS TR )

K
= - Z(—l)kpf(al, oy gy a )PE(by, . b ag).
k=1

Let n and m be non-negative integers and let «, § be partitions with ¢(«) < n and
£(B) <m. We wish to show that

m

Z 1) b(ar-1,.an-1,8+m-k) (0 + D)b(3141,.. 811, 8er1 By (M = 1)

-1,....,Bm-1,ap+n-k) (m + 1)

(2.8)

k=1

1
=§(1—(—1)"+m)b(a1 ..... an) (1)0(31.....8,m) (M),

which will prove that the family {by(n) € R : n € {0,1,2,...},\ € P,l(\) < n}
satisfies the Pfaffian minor identities.

If n and m are odd, consider equation (2.7) with K =n, L=m, a; = a;+n-i+1
and b; = B;+m—1i+1. Then

pf(as,...,ak,b)
=pf(ag+n,ae+n-1,...,a,+ 1,8, +m—-L+1),
=pf((an=1)+(n+1),(ag=1)+(n+1)=1,....(n=1)+2,Bp+m—L+1),
=b(a1-1,...an-1,8+m-0) (N + 1),

pf(by, .- By, br)
=pf(Br+m,....Bei+m—-L-1)+1,8p1+m—-(L+1)+1,..., 8, +1),
= b(B141,0 81 41,Bes1 s B) (M= 1)),

pf(ay,...,ax, ... ak)
= b(ay+1,.., Otk—1+1,0<k+17---,0cn)(n -1),

pf(by,...,br,ax)
= b8y -1 oo snk) (M + 1).
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Substituting these into equation (2.7) then gives the identity (2.8) in the case that
n and m are odd.

If n and m are even, consider equation (2.7) with K =n+1, L=m+1, a; =
a;+n—i+1fori<n, a,1=0,b;=0;+m-1+1 for i <m and b,,.1 =0. Then,

blai-1.. cr—1.8,+m— +1), if/¢ +1,
pf(ala' '7aKab€) :{ ( 1han e g)(n ) 1 #m

0 ifl=m+1,
where the 0 above comes from the faﬁ(\:t that ax = byy1 = 0. Since pf(aq,...,ax,bn1) =
0 we need only compute pf(by,...,bs,...,by) in the case that £ < m+1. In this case

—_

pf(bl, e ,bg, N ,bL) = b51+17m”38_1+1752+17,,,75m)(m — 1)

Similarly,

b(ﬁ -1,...,8m-1,& +n7k:)(m+ 1)7 if k#n'i' 17
£(by, . by ay) = | Lo
pE(br, - br, k) {0 i hon+l,

and in the case that k#n+1,

pf(ala e 7@7 e ,CLK) = b(a1+1,...,ak_1+1,o¢k+1,...,an)(n - 1)
Again, substituting these into equation (2.7) gives identity (2.8) when n and m are
even.

Lastly suppose that, without loss of generality, n is even and m is odd. Consider
equation (2.7) with K =n+1, L=m, a; =a;+n—-i+1 for i <n, a,,; = 0 and
b =06;+m—1i+1. Then,

pf(ala--'aaKybf) :Pf(al +n,an + 1,0, 80+ m— L+ 1)7
=—pf(ay+n,...,a,+1,80+m—-0+1,0),
= _b(a1—1,...,an—1,ﬁg+m—€)(n + 1)7

—

pf(bla s 7b€7 SR bL) = b(B1+1,...,,8e_1+1,Bg+1,...,,Bm)(m - 1)7

b(a+1 an_1+1.c a)(n—l) 1fk#n+1
f a ,...,d\,...,a = R ’ ’
pi(ar, .., 8., ax) {b(ahm,an)(n), i h=n+tl,

b(s,- Lagine 1), ifk 1,
Dby by ap) = |01 Amtaenop (o4 1), ik
bigi....5m) (M), ifk=n+1.

As in the previous two cases, substituting these into equation (2.7) gives iden-
tity (2.8) in the case that n is even and m is odd, giving the desired result. O
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Now, as in the determinant case, we can use the fact that Pfaffian minors satisfy
the Pfaffian minor identities to show that a family of generating series whose coef-
ficients are Pfaffian minors satisfy a family of differential equations. In particular,
that they satisfy the BKP hierarchy.

Theorem 2.5.6. Suppose B is a skew-symmetric matriz with row and column
indices given by {0,1,2,...}. Given a partition A\ and a non-negative integer n
with €(X) < n let By be the submatriz of B with row and column indices given by
{M+n,... N+ 1} ifnis even and {\ +n,..., N\, +1,0} if n is odd. If {G,(p):ne

{0,1,2,...}} is a family of generating series such that for each non-negative integer

’ Gu(P)= T ba(n)sa(p),

AeP
L(N)<n

with byx(n) = pf(By) then the family of generating series satisfies the differential
equations given by

m

: 1(_1)ksj(-al—l,...,ocn—l,ﬁk+m—k) (P)Gni (p)3f51+17,_75k_1_17/3,”17,__,5,”) (a)Gm-1(q)

+ (_]‘)n+m kz_:l(_]‘)ks(la1+1,...,ak,1+1,ak+1,..‘,an) (p)Gn—l(p)S%[ﬁ—l,...,ﬁm—l,asz—k) (q)Gm+1(q)

1 +m
= 5(1 - (=" )Séah,_@n)(p)Gn(p)Séﬁl,_n,gm)(Q)Gm(q)7

for all non-negative integers n,m and each pair of partitions o and [ with {(a) <n
and €(B) <m. In particular they satisfy the BKP hierarchy.

Proof. This proof proceeds in almost exactly the same way as the proof of Theo-
rem 2.4.6. That is, we use Theorem 2.5.2 to show that G,,(p + q) has coefficients
which satisfy the Pfaffian minor identitites and then we apply Lemma 2.0.1. That
these differential equations are equivalent to the BKP hierarchy also follows in much
the same way as in the proof of Theorem 2.4.6 by writing the modifications done
to the indices in terms of the 1 and | operations on partitions. O

Example 2.5.7. Recall from Example 2.5.4 that the Pfaffian minor identity arising
fromn=N-1m=N+1,a=¢€and = (1,1,1) is given by

be(N =2)be(N +2) = by (N)b1,1)(N) = bay(IN)b2,1) (V) + be(N)b(2,2)(N).

Using the fact that
L o Lo
se=l o sw=Epn s =5itp), san =5 (- p),

1

1
S(21) = g(p:f - p3), S(2,2) = E(Pil — 4p1ps + 3p3),
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Theorem 2.5.6 implies that if G, (p) is of the form specified in the statement of the
theorem then it satisfies the differential equation,

1 NG 092G 020G
Gv-a(P)Gr-a(p) = 356w (P) ( 82%(1)) e apfgg) 12 agyip))
19Gx(p) (33Gw(p) B 38GN(p))
o1 (aQGN(p) ; gaGN(p)) (32GN(p) B 20G*N(p))

which is the same equation as the one found in Fxample 2.2.8 which led to the BKP
equation.

Remark. Tt is important to note that Theorem 2.5.6 is distinctly different from
Theorem 2.4.6 in that in the determinantal case we only need a single generating
series. In the Pfaffian case, however, we need a family of generating series indexed
by a non-negative integer where the coefficients of each of the generating series are
Pfaffian minors of a single matrix.

2.5.1 Matrix Integrals

As in the determinantal case, one of the ways in which series of the type described
in Theorem 2.5.6 arise is via matrix integrals. In fact, for the purposes of this
thesis, matrix integrals will be the sole source for solutions to the Pfaffian minor
identitites. Consider the matrix integral operator given by

(16N = oy [ FONasGO [Ty,

where 7 is a positive integer and w(x) is a weight function. The variant of Theo-
rem 2.4.8 which applies to iterated integrals of the form defined above (where the
absolute value of the Vandermonde determinant appears rather than its square) is
called de Bruijn’s [26] thoerem and is as follows.

Theorem 2.5.8. Let A be the n x n matriz with entries
Aig= [ @)os(w)senly - vyw(@)w(y)dedy,

where w(x) is a weight function and ¢;(x),i = 1--n are functions. If n=2m+1 is
odd, add an additional row and column to A with index 0 so that

Agi=-Aip= / ¢i(x)w(x)dz, i=1-2m+1,
R

and Ao =0. Then

n ' 1<ij<n

%/R | det (¢i($j))|§w(ajj)dxl...dxn:pf(A)‘
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Using Theorem 2.5.8 we can describe the action of the operator (-)),, on Schur
functions.

Proposition 2.5.9. Let B be an oo x oo matrixz with row and column indices given
by {0,1,2,...}. Fori,je{l,2,...} let

By, = [R z' ™y T sgn(y - 2)w(@)w(y)dady,
= [ @y (@) drdy.
Let Byo =0 and forie{l1,2,...} let
By;=-Bio= Amilw(x)dx.

Suppose for some positive integer n, x = {x1,...,x,} and that X\ € P is such that

(X)) <n. Then
{(sx(x)hn = PE(B2),

where By, is the submatriz of B with rows and columns given by {\1+n,... ;A\, +1} if
n is even and {\1+n, ..., \y+1,0} if n is odd. In particular, if for each non-negative
mteger n,
Gn.(x,p) = Z sx(x1, ... ) sa(P),
WOyen

then the family of generating series {{Gn(x,p))n:n=0,1,2,...} satisfies the BKP
hierarchy in the indeterminates p.

Proof. We have,

(3G = ;[ x00las(0| [T,
_ 1 |ax+s(x)] -

las(x) H w(x;)dxy--dz,,

= E R™ m H
1 n

Recalling that a,(x) = deti; j<n(2}”) and that § = (n—1,n-2,...,0) we see that

(3G = [ ] et (27)

1<i,5<n
Applying Thereom 2.5.8 with ¢;(x) = ! then gives the result. That the family of
generating series {(G,(x,p)),:n=0,1,2,...} satisfies the BKP hierarchy follows
from Theorem 2.5.6. O

[Tw(z:)dz:-dw,.

i=1

Proposition 2.5.9 gives us a class of examples of series which satisfy the differ-
ential equations described in Theorem 2.5.6 which includes the BKP equation. We
shall use this in Chapter 4 when we discuss the problem of enumerating rooted
cubic maps on surfaces which are not necessarily orientable.
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Chapter 3

Orientable Bipartite
Quadrangulations

3.1 Main Results

The contents of this chapter are joint work with Guillaume Chapuy and appear in
the paper [16] as well as an extended abstract which appears in the FPSAC 2014
proceedings.

Recall from Chapter 1 that an orientable map is a connected graph embedded
in a compact connected orientable surface in such a way that the regions delimited
by the graph, called faces, are homeomorphic to open discs. Loops and multiple
edges are allowed. For the remainder of this chapter we will use map to refer to
an orientable map. A rooted map is one in which a vertex, edge and face are
distinguished, all of which are incident with one another. The distinguished vertex
is called the root verter, the distinguished edge is called the root edge and the
distinguished face is called the root face.

Also recall from Chapter 1 that given a map m, the Euler characteristic may be
computed via

x =V(m) - E(m) + F(m),

where V, E and F are the number of vertices, edges and faces respectively. Given
the Euler characteristic y we may compute the genus of the underlying surface, and
thus the genus of the map m by x =2 - 2g.

A map is bipartite if its vertices can be coloured with two colors, say black and
white, in such a way that each edge links a white and a black vertex. Unless other-
wise mentioned, bipartite maps will be endowed with their canonical bicolouration
in which the root vertex is coloured white. The degree of a face in a map is equal
to the number of edge sides along its boundary, counted with multiplicity. Note
that in a bipartite map every face has even degree, since colours alternate along its
boundary.
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A quadrangulation is a map in which every face has degree 4. There is a classical
bijection that goes back to Tutte [108], between bipartite quadrangulations with
n faces and genus ¢, and rooted maps with n edges and genus g. The bijection
proceeds as follows. Given a (not necessarily bipartite) map m of genus g with

(a) Amap m (b) its associated bipartite (c) the local rules of the
quadrangulation q (thick edges) construction around a face of m

Figure 3.1: Tutte’s Bijection

n edges, add a new (white) vertex inside each face of m, and link it by a new
edge to each of the corners incident to the face. The bipartite quadrangulation q
is obtained by erasing all the original edges of m, i.e. by keeping only the new
(white) vertices, the old (black) vertices, and the newly created edges. The root
edge of q is the one created from the root corner of m (which is enough to root g
if we demand that its root vertex is white). In Figure 3.1, (a) and (b) display an
example of the construction for a map of genus 0 (embedded on the sphere). Root
corners are indicated by arrows. This bijection transports the number of faces of
the map to the number of white vertices of the quadrangulation (in the canonical
bicolouration).

For g,n >0, we let Q7 be the number of rooted bipartite quadrangulations of
genus g with n faces. Equivalently, by Tutte’s construction, ()7 is the number of
rooted maps of genus g with n edges. By convention we admit a single map with
no edges and which has genus zero, one face, and one vertex. Our first result is the
following recurrence formula:

Theorem 3.1.1. The number Qy of rooted maps of genus g with n edges (which
is also the number of rooted bipartite quadrangulations of genus g with n faces)
satisfies the following recurrence relation:

(2n-3)2n-2)(2n-1) . ,
12 Q-1

b5 D (@101

n+l . 4n-2
6 @ = 3

Q'+

=N
1,520

for n > 1, with the initial conditions Q) = 640, and Q% =0 if g<0 orn <0.

We actually prove a more general result, where in addition to edges and genus,
we also control the number of faces of the map. Let x be a formal variable, and let
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Q2(x) be the generating polynomial of maps of genus g with n edges, where the
exponent of x records the number of faces of the map:

QZ(&?) - Z:x#(fzzcesofm)7 (31)

where the sum is taken over rooted maps of genus g with n edges. We then have
the following generalization of Theorem 3.1.1:

Theorem 3.1.2. The generating polynomial Q7 (x) of rooted maps of genus g with
n edges and a weight x per face (which is also the generating polynomial of rooted
bipartite quadrangulations of genus g with n faces with a weight x per white vertez)
satisfies the following recurrence relation:

n+1 ()_(1+x)(2n 1>Q" Uz) + (2n - 3)(271122)(271 1) O"2(z)
1

t5 2 2 k-DE-DEIN (@) (@),

k+l=n i+j=g
k,0>1 1,520

forn > 1, with the initial conditions Q)(x) = g0, and Q7 =0 if g <0 or n <0.

Of course, Theorem 3.1.1 is a straightforward corollary of Theorem 3.1.2 (it just
corresponds to the case x = 1). By extracting the coefficient of 2/ in Theorem 3.1.2,
for f > 1, we obtain yet another corollary that enables one to count maps by edges,
vertices, and genus:

Corollary 3.1.3. The number Qg’f of rooted maps of genus g with n edges and f
faces (which is also the number of rooted bipartite quadrangulations of genus g with
n faces and f white vertices) satisfies the following recurrence relation:

n+1 (2n 1) (2n 1)

el fe (2n-3)(2n-2)(2n-1) ., 0
=D gty — Qrt
1

o> > Y (2k-1)(20- DT,

2 k+l=n u+v=f, i+j=g
k>1  w,v21 1,520

an inf

forn, f > 1, with the initial conditions Qg’f = 04,0071 and Qg’f =0 whenever f,g, or
n 1§ negative.

Corollary 3.1.3 has interesting specializations when the number of faces f is small.
In particular, when f =1, the equation becomes linear, and one recovers the cele-
brated Harer-Zagier formula ([54], see [19] for a bijective proof):

Corollary 3.1.4 (Harer-Zagier recurrence formula, [54])). The number e,(n) = Qy"
of rooted maps of genus g with n edges and one face satisfies the following recurrence
relation:

n—Heg(n) _ (2n3— 1)eg(n 1)+ (2n - 3)(2711; 2)(2n - 1)69_1(n _9).

with the initial conditions €,(0) = 640 and €,(n) =0 if n<0 or g <O0.
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We conclude this list of corollaries with yet another formulation of Corollary 3.1.3
that takes a nice symmetric form and emphasizes the duality between vertices and
faces inherent to maps. Let M;’j be the number of rooted maps of genus ¢ with ¢
vertices and j faces. Euler’s relation ensures that such a map has n edges where:

1+j=n+2-2g,
which shows that M7 = Q57977 Corollary 3.1.3 thus takes the following form:

Theorem 3.1.5. The number M;’j of rooted maps of genus g with © vertices and j
faces (which is also the number of rooted bipartite quadrangulations of genus g with
i black vertices and j white vertices) satisfies the following recurrence relation:

n+1 (2n-1)

—Mi’j _ (2n - 3)(2’)7, - 2)
6 ¢ 3

4
+3 o> D (2na—1)(2ng - 1) M M2,

i1+ig=1 j1+jo=j, 91+92=9
i1,i921 j1,5221 91,9220

i-1,5 i,j-1 (2]
(Mg + M4 Mg_l)

Jori,j > 1, with the initial conditions that Mgi’j =0ifi+j+29 <2, that ifi+j+2g =2
then Mg’ = 0,101, and where we use the notation n = i+j+2g-2, ny =i;+j1+2¢g1—1,
cmdn2=i2+j2+292—1.

The remainder of this chapter is organized as follows. In Section 3.2, we prove
Theorem 3.1.2 (and therefore all the theorems and corollaries stated above). This
result relies on both classical facts about the KP equation for bipartite maps, and an
elementary Lemma obtained by combinatorial means (Lemma 3.2.2). In Section 3.3,
we give corollaries of our results in terms of generating functions. In particular,
we obtain a very efficient recurrence formula that can be used to compute the
generating function of maps of fixed genus inductively (Theorem 3.3.1).

3.2 Proof of the Main Formula

3.2.1 Bipartite Maps and the KP Equation

The first element of our proof is the fact that the generating function for bipartite
maps is a solution to the KP equation (Proposition 3.2.1 below). In the rest of
this chapter, the weight of a map is one over its number of edges, and a generating
function of some family of maps is weighted if each map is counted with its weight
in this generating function. The keystone of this chapter is the following result

Proposition 3.2.1 ([50], see also [96]). For n,v,k > 1, and o + n a partition
of n, let Hy(n,v,k) be the number of rooted bipartite maps with n edges and v
vertices, k of which are white, where the half face degrees are given by the parts of
a. Let H =H(z,w,z;p) be the weighted generating function of bipartite maps, with
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z marking edges, w marking vertices, x marking white vertices and the p; marking
the number of faces of degree 2i for i >1:

wvzngk

H(z,w,z;p):=1+ E E H,(n,v,k)pq.
n>1 aFn
v>1
k>1

Then exp(H) is a solution to the KP hierarchy. In particular, H is a solution to
the KP equation:

1 1
—H31+H22+—H14+—(Hl 1)2:0, (32)
’ 12 20
where indices indicate partial derivatives with respect to the variables p;, for example
D
LERES 3p33p1H'

Proof. First recall that a bipartite orientable map m with n edges labelled from 1 to
n can be encoded by a triple of permutations (0., 0., ¢) € (S,)? such that o.0, = ¢.
In this correspondence, the cycles of the permutation o, (resp. o.) encode the
counterclockwise ordering of the edges around the white (resp. black) vertices of
m, while the cycles of ¢ encode the clockwise ordering of the white to black edge-
sides around the faces of m. This encoding gives a 1 to (n - 1)! correspondence
between rooted bipartite maps with n edges and triples of permutations as above
that are transitive, i.e. that generate a transitive subgroup of S,,. We refer to [24],
or Figure 3.2 for more about this encoding (see also [74, 62]).

3

0o = (1,3,6)(2,5,7,4)

Oe = (1v 5)(27 3)(47 7, 6)
O0o0¢ = (17 7)(27 6)(3’ 5)(4)

(a) (b) ()

Figure 3.2: (a) The rules defining the permutations o, and o,. (b) A bipartite map
with 7 edges arbitrarily labelled from 1 to 7. (¢) The corresponding permutations
o, and o,.

Let bgz;’“g"") be the number of tuples of permutations (o, v, 7y, o, ) on {1,---,n}
such that

1. o has cycle type a, v has cycle type [ and 7; has n — a; cycles for each i > 1;
2. oymyme--=11in S, where 1 is the identity;

3. the subgroup generated by o,~, 7, T, - acts transitively on {1,---,n}.
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Suppose q1,qz, ... and ui,us,... are two infinite sets of auxiliary indeterminates,
using the notation gz = []; ¢s,. Then it is well known (see the proof of Theorem 3.1
in [50] for example) that the series

1 al,a, - a a
B= ) _lbiv,ﬁg’ i )paq5u11u22---

laf=|Bl=n>1, ™"
a1,a2,---20

can be written as B = log(B) where

B= Y IT TT (C+wi(k=5))sx(p)sa(a). (3.3)

AeP i1 (4,k)eA

In (3.3) the second product is over the cells (j,k) in A and (k—j) is the content of
the cell (j, k). Also, (3.3) shows that B is a content-type series like those discussed
in Section 2.4.2 where y; = [1;5:(1 + ju;). Thus, B satisfies the KP hierarchy in
the indeterminates p by Corollary 2.4.11. Using Example 2.2.5 we then see that B

satisfies the differential equation

1 1
—B3,1 + 3272 + 5314 + 5(3171)2 =0. (34)

Now, using the encoding of maps as triples of permutations described above,
we see that (n—1)!H,(n,v,k) = bg{f’n%_v’o’m), since the coefficient on the right
hand side is the number of solutions to the equation oymm = 1 where the total
number of cycles in m; and 7y is v, m; has k cycles, o has cycle type a and where
7 is the identity. Multiplying by o~! then gives mmy = 0~! which matches the
encoding of bipartite maps given above. Thus, by setting ¢; = w?zx, ¢; = 0 for 7 > 2,
up =w ez uy =w ' and u; =0 for i > 3 in B, we get the series H as required.

Note that this proof is essentially the same as the one presented in [50]. The
result was referred to before this reference in the mathematical physics literature,
however, it is hard to find references in which the result is properly stated or proved.
We refer to Chapter 5 of the book [74] as an entry point for the interested reader.

]

3.2.2 Bipartite quadrangulations

Our goal is to use Proposition 3.2.1 to get information on the generating function
of bipartite quadrangulations. To this end, we let 6 denote the operator that
substitutes the variable py to 1 and all the variables p; to 0 for ¢ # 2. When we
apply 6 to (3.2) we get four terms:

1 1
—0H371 + 9H272 + E@Hlél + 5(0]‘[171)2 =0. (35)

Note that since all the derivatives appearing in (3.2) are with respect to p;,ps or
p3, any monomial in H that contains a variable p; for some ¢ # {1,2,3} gives a zero
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contribution to (3.5). Therefore each of the four terms appearing in (3.5) can be
interpreted as the generating function of some family of bipartite maps having only
faces of degree 2,4, or 6 (subject to further restrictions). However, thanks to local
operations on maps, we will be able to relate each term to maps having only faces
of degree 4, as shown by the next lemma.

If A(z,w) is a formal power series in z and w with coefficients in C[x] we denote
by [2Pw?]A(z,w) the coefficient of the monomial zPw? in A(z,w). Tt is a polynomial
in z.

Lemma 3.2.2. Let n,g>1. Then we have:

(22022919 H, , = nT_lQZ(x)7 (3
[22"w"1 72910 H, ; = (2n — 1)@;‘_1(:@, (3
[2"w™? 9]0 Hya = (2n—1)(2n - 2)(2n - 3)Q0 7 (x), (3.

(3

T @) - (0@ @)

[Z2nwn+2—2g] 9H371 —

We now prove the lemma. By definition, if v > 1 and A = (Aj, Ag,..., \) is a
partition of some integer, then [22rwV]0H) is % times the generating polynomial
(the variable z marking white vertices) of rooted bipartite maps with 2n edges,
v vertices, ¢ marked (numbered) faces of degrees 2\;,2Xs,...,2)\;, and all other
(unmarked) faces of degree 4. If r is the number of unmarked faces, such a map has
r+/ faces, and by Euler’s formula, the genus g of this map satisfies: v—2n+(r+/¢) =
2 — 2g. Moreover the number of edges is equal to the sum of the half face degrees
so 2n = 2r + ||, therefore we obtain the relation:

A
2g:n+2—v+%—€, (3.10)
which we shall use repeatedly. We now proceed with the proof of Lemma 3.2.2.

Proof of (3.6). As discussed above, Hys is the weighted generating function of
rooted bipartite maps with two marked faces of degree 4, so 0H, 5 is the weighted
generating function of rooted quadrangulations with two marked faces. Moreover,
by (3.10), the maps that contribute to the coefficient [2?tw™*2-29] in §Hy 5 have
genus g. Now, there are n(n — 1) ways of marking two faces in a quadrangulation
with n faces, and the weight of such a map is ﬁ since it has 2n edges. Therefore:
(220w +229]0Hy 5 = =1+ (n - 1)Q2 (). O

Proof of (3.7) and (3.8). As discussed above, for k > 1, 0 H2x is the weighted gen-

erating function of bipartite maps carrying 2k marked (numbered) faces of degree

2, having all other faces of degree 4. Moreover, by (3.10), the genus of maps that

contribute to the coefficient [227w"++-29] in this series is equal to g+1-k. Therefore:
1

[22mw™ 290 H ok = %P;fi]fc(x) (3.11)
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where P} ’Z(x) denotes the generating polynomial (the variable z marking white
vertices) of rooted bipartite maps of genus h with ¢ numbered marked faces of
degree 2, all other faces of degree 4, and m edges in total. Now, we claim that for
all h and all m, ¢ with m + ¢ even one has:

P () =m(m—1)...(m -+ 1)Q.% (2). (3.12)

This is obvious for ¢ = 0 since a quadrangulation with m edges has m/2 faces.
For ¢ > 1, consider a bipartite map with all faces of degree 4, except ¢ marked
faces of degree 2, and m edges in total. By contracting the first marked face into
an edge, one obtains a map with one less marked face, and a marked edge. This
marked edge can be considered as the root edge of that map (keeping the canonical
bicolouration of vertices). Conversely, starting with a map having ¢ — 1 marked
faces, and m — 1 edges, and expanding the root-edge into a face of degree 2, there
are m ways of choosing a root corner in the resulting map in a way that preserves
the canonical bicolouration of vertices. Since the contraction operation does not
change the number of white vertices, we deduce that P;" Yx) =m- P L)
and (3.12) follows by induction. (3.7) and (3.8) then follow from (3.11) for k =1
and k = 2, respectively. O

Proof of (3.9). This case starts in the same way as the three others, but we will have
to use an additional tool (a simple Tutte equation) in order to express everything
in terms of quadrangulation numbers only. First, 0Hs; is the weighted generating
function of rooted bipartite maps with one face of degree 6, one face of degree 2,
and all other faces of degree 4. Moreover, by (3.10), maps that contribute to the
coefficient of [22"w"*2-29] in this series all have genus g. We first get rid of the
face of degree 2 by contracting it into an edge, and declare this edge as the root
of the new map, keeping the canonical bicolouration. If the original map has 2n
edges, we obtain a map with 2n — 1 edges in total. Conversely, if we start with a
map with 2n — 1 edges and we expand the root edge into a face of degree 2, we
have 2n ways of choosing a new root corner in the newly created map, keeping the
canonical bicolouration. Therefore if we let X7(r) be the generating polynomial
(the variable x marking white vertices) of rooted bipartite maps having a face of
degree 6, all other faces of degree 4, and 2n — 1 edges in total, we have:

1
(22w 72910y = m 2nXg(w) = Xg (),

where the first factor is the weight coming from the definition of H. Thus to
prove (3.9) it is enough to establish the following equation:

Qi (x) = T?’_lxg(x) L (1) (a). (3.13)

The reader well acquainted with map enumeration may have recognized in (3.13)
a (very simple case of a) Tutte/loop equation. It is proved as follows. Let q be a
rooted bipartite quadrangulation of genus g with n faces, and let e be the root edge
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of q. There are two cases: 1. the edge e is bordered by two distinct faces, and 2.
the edge e is bordered twice by the same face.

In case 1, removing the edge e gives rise to a map of genus g with a marked face
of degree 6. By marking one of the 2n — 1 white corners of this map as the root,
we obtain a rooted map counted by X (x), and since there are 3 ways of placing a
diagonal in a face of degree 6 to create two quadrangles, the generating polynomial
Ni(z) corresponding to case 1. satisfies (2n — 1) Ni(x) = 3X ().

In case 2, the removal of the edge e creates two faces (a priori, either in the
same or in two different connected components) of degrees kq, ko with ky+ko+2 = 4.
Now since q is bipartite, k; and ks are even which shows that one of the k; is
zero and the other is equal to 2. Therefore, in g, e is a single edge hanging in a
face of degree 2. By removing e and contracting the degree 2 face, we obtain a
quadrangulation with n—1 faces (and a marked edge that serves as a root, keeping
the canonical bicolouration). Conversely, there are two ways to attach a hanging
edge in a face of degree 2, which respectively keep the number of white vertices
equal or increase it by one. Therefore the generating polynomial corresponding to
case 2. is No(z) = (1 +2)Qn ().

Writing that Q7 (x) = Ni(z) + Nao(x), we obtain (3.13) and complete the proof.
0

Proof of Theorem 3.1.2. Just extract the coefficient of [ z"w"+2729] in Equation (3.5)
using Lemma 3.2.2, and group together the two terms containing Q% (z), namely

Qy(x) - 25 Qp (2) = -5 Qy (x).
O

3.3 Genus generating functions

3.3.1 The univariate generating functions Q),(¢)

We start by studying the generating functions of maps of fixed genus by the number
of edges. In particular through the whole Section 3.3.1 we set z = 1 and we use
the notation Q7 = Q7(1) as in Theorem 3.1.1. We let Q () := X,50 Q7" be the
generating function of rooted maps of genus g by the number of edges. It was shown
in [7] that Q4(t) is a rational function of p:= /1 -12¢t. In genus 0, the result goes
back to Tutte [108] and one has the explicit expression:

Qo(t) =T -tT3, (3.14)

1-+1-12¢
6t

where T' = is the unique formal power series solution of the equation

T=1+3tT2. (3.15)
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In the following we will give a very simple recursive formula to compute the series
(Q),(t) as a rational function of T, and we will study some of its properties 1.

Theorem 3.3.1. For g >0, we have Q,(t) = R,(T) where T' is given by (3.15) and
R, is a rational function that can be computed iteratively via:

(T -1)(T +2) (T-1)?
d—T( 3T Rg(T)) g (2D + 1)(2D +2)(2D +3) By (1) (3.16)
+ (Tg—Ti)..z (2D + 1)R,(T)) ((2D +1)R;(T)),

T(1-T) d

where D = Ty T

Proof. First, one easily checks that Theorem 3.1.1 is equivalent to the following
differential equation:

(D+1)Q, =4t(2D +1)Q, + %tQ(QD +1)(2D +2)(2D +3)Q,1 (3.17)
+312 7 (2D +1)Q;) (2D +1)Qy)

i+j=g
021

where D is the operator D :=t-%. Using (3.15) one checks that t7"(t) = %}T), SO

that D = (%ﬁt)) 7= T(j} 2T ) d 77 and the definition of D coincides with the one given

in the statement of the theorem.

Now, for A > 0 let Rj, be the unique formal power series such that Q(t) =
R,(T). Grouping all the genus g generating functions on the left hand side, we can
put (3.17) in the form:

d
AR, (t) + BﬁRg(t) =R.H.S. (3.18)

where A =1-4t-6t2(2D +1)Qo, B=t(1-8t-12t2(2D +1)Qy)), and the R.H.S. is
the same as in (3.16). Using the explicit expression (3.14) of @y in terms of T', we
can then rewrite the L.H.S. of (3.18) as

(T—l)(T+2) , T2+2 ((T 1)(T+2) )
= T
and we obtain (3.16). Note that we have not proved that R,(7") is a rational
function: we admit this fact from [7]. O

!Note that being a rational function of T or p is equivalent, but we prefer to work with T,
since as a power series T' has a clear combinatorial meaning. Indeed, T is the generating function
of labelled /blossomed trees, which are the fundamental building blocks that underly the bijective
decomposition of maps [102, 21, 20]. It is thus tempting to believe that those rationality results
have a combinatorial interpretation in terms of these trees, even if it is still an open problem to
find one. Indeed, so far the best rationality statement that is understood combinatorially is that
the series of rooted bipartite quadrangulations of genus g with a distinguished vertex is a rational
function in the variable U such that 1 = ¢tT%(1+ U + U~'), which is weaker than the rationality in
T. See [20] for this result.
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Observe that we have R,(1) = Q4(0) < oo so the quantity wRg(T)
vanishes at 7" = 1, and we have:

(T-1)(T+2)
3T

with the R.H.S. given by (3.16), which shows that (3.16) indeed enables one to
compute the ?,’s recursively. Note that it is not obvious a prior: that no logarithm
appears during this integration, although this is true since it is known that R, is
rational? [7]. Moreover, since all generating functions considered are finite at 7' =1
(which corresponds to the point ¢ = 0) we obtain via an easy induction that R, has
only poles at T'=2 or T' = -2 for g > 1. More precisely, by an easy induction, we
obtain a bound on the degrees of the poles:

T
Ry(T) = fl R.H.S.,

Corollary 3.3.2. For g >1 we have Q4(t) = R,(T) where R, can be written as:

593 (9 3g-2 6(57)
R — (g)+ 2 -+ L - 3.19
S L@y & Ty 10
for rational numbers c(()g) and a(g) 6(9)

Note that by plugging the ansatz (3.19) into the recursion (3.16), we obtain a
very efficient way of computing the R, s inductively.

We conclude this section with (known) considerations on asymptotics. From (3.19),
it is easy to see that the dominant singularity of @Q4(¢) is unique, and is reached

(9)
at ¢t = ., i.e. when T = 2. In particular the dominant term in (3. 19) is (2?;%

Using the fact that 2—-T =2v/1-12t + O(1 — 12t) when ¢ tends to =5 12, and using a
standard transfer theorem for algebraic functions [33], we obtain that for fixed g,
n tending to infinity:

5(g-1)

Qy ~tyn 7 127, (3.20)
with t, = ma%)iﬁ Moreover, by extracting the leading order coefficient
in (3.16) when T' ~ 2, we see with a short computation that the sequence 7, =
(bg - 3)04%) 4 = 259" 2I‘(59 D)t, satisfies the following Painleve-I type recursion

1 1&!
Ty = 5(59 -4)(59 - 6)7y_1 + 5 hz ThTg-h, (3.21)
-1

which enables one to compute the t,’s easily by induction starting from ¢; = i

(i.e. 7 = 3). These results are well known (for (3.20) see [6], or [20, 18] for
bijective interpretations; for (3.21) see [74, p.201] for historical references, or [9] for
a proof along the same lines as ours but starting from the Goulden and Jackson
recurrence [50]). So far, as far as we know, all the known proofs of (3.21) rely on

the use of integrable hierarchies.

2We unfortunately haven’t been able to reprove this fact from our approach
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3.3.2 Genus generating function at fixed n.

We now indicate a straightforward consequence of Theorem 3.1.2 in terms of ” genus
generating functions”, i.e. generating functions of maps where the number of
edges is fixed and genus varies. Such generating functions have been considered
in the combinatorial literature before (with a slightly different scaling), especially
in the case of one-face maps, where they admit elegant combinatorial interpreta-
tions (see [10]). They also appear naturally in formal expansions of matrix integrals
(see, e.g., [74] or [54]). Let s be a variable, and for n > 1 let H,(x,s) be the gen-
erating polynomial of maps with n edges by the number of faces (variable z), and
the genus (variable s), i.e.:

Hy(z,5) = ), Qg(x)s?,

g20

in the notation of Theorem 3.1.2. Then Theorem 3.1.2 has the following equivalent
formulation:

Corollary 3.3.3. The genus generating function H, = H,(x,s) is solution of the
following recurrence equation:

.\ s(2n-3)(2n-2)(2n - 1)H

n—2

n+ 1Hn _ (1+z)(2n- 1)Hn—1
3 12

1
+ 3 Z (2k-1)(20-1)Hy_1Hy 1,
k+l=n
k,0>1

form > 1, with the initial condition Hy(x,s) = x.

3.3.3 The bivariate generating functions M,(z;y)

We let Mé’j be defined as in Theorem 3.1.5 and we consider the bivariate generating
function of rooted maps of genus g by vertices (variable ) and faces (variable y):

My(z,y) = Z Mgi’jxiyj.

i,5>1

Bender, Canfield, and Richmond [8] showed that M, (x,y) is a rational function in
the two parameters p and ¢ such that:

z=p(1-p-2¢), y=q(1-2p-q). (3.22)
Arques and Giorgetti [3] later refined this result and showed that

pa(1-p-q)Py(p,q)
((1-2p-2¢)? - d4pg)™”"

where P, is a polynomial of total degree at most 6g — 6. However, similarly as in
the case of univariate functions discussed in the previous section, the recursions

M,(r,y) = (3.23)
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given in [8, 3] to compute the polynomials P, involve additional variables and are
complicated to use except for the very first values of g.

It would be natural to try to compute these polynomials by reformulating The-
orem 3.1.5 as a recursive partial differential equation for the series My(z,y) in the
variables (z,y) or (u,v), in the same way as we did for the univariate series in Sec-
tion 3.3.1. However due to the bivariate nature of the problem, this approach does
not seem to lead easily to an efficient way of computing the polynomials P, (u,v).

Instead, we prefer to remark that since P;(u,v) has total degree at most (6g-6)
one can use the method of undetermined coefficients. In order to determine Py, (u,v)

we need to determine (692_5) coefficients, which can be done by computing the

same number of terms of the sequence Mgi’j . More precisely it is easy to see that
computing Mé’j for all 7, j such that 2 <i+7 < 6g—4 gives enough data to determine
the polynomial P, whose coefficients can then be obtained by solving a linear
system. Since Theorem 3.1.5 gives a very efficient way of computing the numbers
M;’j , this technique seems more efficient (and much simpler) than trying to solve
recursively the functional equations of the papers [8, 3]. We have implemented it
on Maple and checked that we recovered the expressions of [3] for g = 1,2,3, and
computed the next terms with no difficulty (for example computing Pjo(p,q) took
less than a minute on a standard computer).
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Chapter 4

Non-Orientable Triangulations

4.1 Introduction

In this chapter we will use map to refer to a map which is either orientable or non-
orientable. Sometimes such maps are called locally orientable in order to distinguish
from the common usage of the term map referring to orientable maps.

As in Chapter 1 and Chapter 3, given a map m the Euler characteristic may be
computed via Euler’s formula,

x =V(m) - E(m) + F(m),

where V, E and F' are the number of vertices, edges and faces respectively. Given
the Euler characteristic y we may compute the genus of the underlying surface, and
thus the genus of the map m by y =2 —-2g. At times it will be most convenient to
use Fuler genus which is twice the genus.

In [6], Bender and Canfield studied the number 7,(n) of n-edged rooted maps on
an orientable surface of genus ¢ and the number P,(n) of n-edged rooted maps on
a non-orientable surface of genus g. They showed that asymptotically the numbers
behaved as

T,(n) ~ t,n>9-/212m

P,(n) ~ p,m®@~ V212" when g > 0,
where t, and p, are constants which depend only on g. Unfortunately, determining
the constants ¢, and p, proved to be very difficult. Later, Gao[39] showed that
if C' denotes a class of rooted maps (for example, 2-connected, triangulations and

2d-regular) and M,(C,n) is the number of maps in class C' which are of genus g
and which have n edges then for many such classes,

My(C,n) ~ aty(Bn )02,
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if the maps are orientable and
M9(07 n) ~ apg(ﬁn)g)(g_l)/g’yn?

if the maps are non-orientable. Here «, and v depend on the class of maps
considered.

Goulden and Jackson[50] showed that the number of rooted orientable triangu-
lations satisfies a quadratic recurrence equation. Equivalently, this implies that the
generating series for rooted orientable triangulations satisfies a quadratic differen-
tial equation. Goulden and Jackson proved this using the fact that the generating
series for rooted maps with respect to vertex degrees satisfies a family of differen-
tial equations known as the KP hierarchy, essentially coming from the fact that the
generating series in question has a determinantal structure (the Schur expansion
has coefficients which satisfy the Pliicker relations). Using this quadratic differ-
ential equation and the fact that the class of triangulations has the asymptotic
behaviour described by Gao, it was shown by Bender, Richmond and Gaol[9] that
the map asymptotics constants ¢, satisfied a quadratic recurrence. It was then
shown by Garoufalidis, Lé and Marino[40] that the scaled generating series for the
map asymptotics constant t, satisfied a quadratic differential equation equivalent
to the Painlevé I equation. In particular they showed that if u, = -2972T ( %) tg
then the series -

u(z) = 22 Y ug2 92,
g=0

satisfies 1
2 "
u® - —u" =z
6
By analogy to the orientable case and motivated by some results in mathemat-
ical physics concerning integrals over real symmetric matrices, Garoufalidis and
Marinio[41] conjecture that similar to the series u(z) above, the scaled generating
series for the non-orientable map asymptotics constants also satisfies a simple dif-
ferential equation. The main result of this chapter is the following, which appears
as Conjecture 1 in Garoufalidis and Marino[41].

Theorem 4.1.1. Let

3 (5g—1
()

The series

v(z) = 2y w279
g=0

satisfies the differential equation
20" —v? +3u =0,

where the series u is the same as the series u above.
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One of the main advantages to the differential equations satisfied by the gener-
ating series for the ¢, and p, constants is that they can be used to determine the
corresponding asymptotic behaviour. The differential equation for u(z) was used
by Garoufalidis, Lé and Marino[40] to determine the asymptotic behaviour of ¢, to
all orders. In particular, the following Theorem is proven in Appendix A of [40].

Theorem 4.1.2. Suppose the series
u(z) =2y gz
g=0

satisfies
u”—=u" =z
Then as g - oo,

1\ S & At

A X 1 S .
2) 2mi o I1(29-1/2-m)

where A = ST‘/g, S = 13\7; and the py are defined by the recursion relation

5 192 &4 9 1
e -(l-=]l- =1,
e = 16\/_6{ Zuku(z k+1)/2 ( 10)( IO)M 1} Ho

with the convention that ., =0 if n is odd.

Similarly, the differential equation in Theorem 4.1.1 was used by Garoufalidis
and Marino[41] to determine the complete asymptotic behaviour of v, and hence,
by Theorem 4.1.1, p, up to an unknown constant S’. The complete details can be

found in Garoufalidis and Marino[41] and the following appears as Theorem 1 in
[41].

Theorem 4.1.3. Suppose the series
v(z) = 2y w2
g=0
satisfies the differential equation
20" —v? +3u =0,

where u(z) is the series described in Theorem 4.1.2. Then the sequence v, has an
asymptotic expansion of the form
_ S’ ad vy Al2 ¢
a2y {1 SR
2mi £=1 nm=1 (g - m)
where A is given in Theorem 4.1.2, S" # 0 is some non-zero constant (called the
Stokes constant) and the sequence vy is defined by the recursion relation

461

Vg =— 5£ZUE+1 EVk, Vo =1.
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The rest of this chapter is organized as follows. In Section 4.2 we discuss how
the generating series for maps (counting both orientable and non-orientable maps)
has a Pfaffian structure. This is in analogy with the generating series for orientable
maps which has a determinantal structure. As a result we show that the map
series satisfies the BKP equation. In addition, we discuss some linear differential
equations which are satisfied by the map series which follow by considering the
removal of vertices with degree one or two. In Section 4.3 we use the differential
equations described in Section 4.2 to derive a cubic differential equation for the
specialization of the map series to triangulations. In Section 4.4 we give a structural
result for Lg‘?’)(z), the generating series for triangulations. In particular, we show
that Lég)(z) can be written as a rational series in terms of an auxilliary algebraic
series. This type of structure seems to arise frequently in map enumeration and
in permutation factorization problems as in, for example, Goulden, Guay-Paquet
and Novak’s work on monotone Hurwtiz numbers[47], however the reason for this
is not clear. Lastly, in Section 4.5, we combine the structure theorem and the
cubic differential equation to derive some results about the asymptotic behaviour
of triangulations on all surfaces. As an application, we are able to prove Garoufalidis
and Marino’s conjecture about the non-orientable map asymptotics constants.

4.2 Symmetric Matrix Integrals and Maps

Recall the matrix integral operator given by

(M = 7 . £Naso [Ty,

where N is a positive integer and w(z) is a weight function. In this chapter we will
. 2 . . .
fix the weight w(z) to be w(x) = exp (%) This averaging operator is related to

a similar operator over the vector space Wy of all N x N real symmetric matrices
M e Wy with measure eIt M?/a Ty fact, up to a multiplicative constant,

(O = [, SO

This relationship follows from the fact that the integrand is conjugation invariant
and so we may use the polar decomposition for real symmetric matrices to reduce
the integral to one over RY.

Theorem 4.2.1 (Kakei[69], Van de Leur[109], Adler and Moerbeke[1]). Suppose
ti,to, ... is an infinte set of auxiliary indeterminates and that

~ pr(zy,...,TN)
v )
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Then the family of generating series {Zx : N =0,1,2,...} satisfies the BKP hier-

archy in the indeterminates %, %2, %3, ...}. In particular,

3 Zn+2lN-2

(0F + 302 + 3030,) log Zy + 6(0%log Zy )2 = :
1 7z

where we have used the notation 0; = %.

Proof. Adler and Moerbeke|[1] showed that for even N the Zy satisfies each of the
differential equations in the BKP hierarchy. Van de Leur[109] then generalized
this result to any N. In both cases the authors used the Fock space approach to
integrable hierarchies. Our proof here is essentially the general version of the direct
proof of the fact that Zy satisfies the BKP equation as shown by Kakei[69] and
which can also be found in Hirota[58].

First, recall that

Y. sz, 22, ., wn)s\(P) = exp
AeP
L(AN)SN

(pk(ffly--k-;l‘N)pk:)‘

Letting py, = %, Proposition 2.5.9 then says that the family of generating series {Zy :
N =0,1,2,...} satisfies the BKP hierarchy in the indeterminates {%,%,%,...}.
In particular, Example 2.2.8 says that the family of generating series {Zy : N =
0,1,2,...} satisfies the BKP equation given by

ZN+QZN_2 _ 1 8410gZN B E)QIOgZN 8210gZN + 1 (321OgZN)2

7% 12 ol omops | o 2\ op
Making the substitution py = % for each k then gives the desired result. O]
Theorem 4.2.2 (Mehta[80], Van de Leur[109], Adler and Moerbeke[1]). Suppose
ti,ta,... is an infinite set of auziliary indeterminates and that
Z — eXp Zpk(ajl?".’x]\l)t
Y k>1 2k ‘ '
> N
Then Nt
81 logZN = Zztﬁlﬁl 10g ZN + 71,
i>1
and . N(N 41
(9210gZN: ztl@-logZNJru,
=12 4

where 0; = %.
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Proof. This can be shown directly using the fact that the integration measure is
translation invariant and the details of this method can be found in Mehta[80].
Alternate proofs using Fock space methods can be found in Van de Leur[109] and
Adler and Moerbeke[1].

For our purposes, via Theorem 4.2.3, the series of interest is a generating series
for rooted maps. In this case, the two equations correspond to adding / removing
a vertex of degree one and adding / removing a vertex of degree two. O]

Let {i o be the number of maps with k faces and vertex partition given by «.
Then the generating series for maps in all surfaces is defined to be

L(t;y) = > > leay ta.

k>1 «

Remark. Let
la(y) = [ta]L(t;y) = Y. lray®

k>1

Then, since for any fixed map the sum of the vertex degrees is equal to the sum of
the face degrees, we must have k <|a|. Thus, each /,(y) is a polynomial in y.

Theorem 4.2.3 (Goulden and Jackson[48]). For any positive integer N,

L(t;N) =2Flog <<exp (Z pk(Il’z.]; 7mN)tk)>> ;

k>1

where

E =" ktyo.

k>1

In particular, Theorem 4.2.3 above implies that the differential equations in
Theorem 4.2.1 and Theorem 4.2.2 are also satisfied by the generating series for
all maps. This collection of differential equations is the primary tool used in the
remainder of this chapter.

4.3 A Cubic Differential Equation for Triangula-
tions

Let L®)(z,y) = L(t;y)
cubic maps on all surfaces. Similarly, let L®)(x;w) be the generating series for
cubic maps with vertices marked by = and Euler genus (twice the genus) marked
by w. By Euler’s formula,

tiss, 5~ Lhat is, let LO)(z,y) be the generating series for

1

LO(z;w) = w? LO) (z,y)|

rzwl/2 yow

We begin by using Theorem 4.2.1 and Theorem 4.2.2 to derive a cubic differential
equation for L3 (z;w).
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Theorem 4.3.1. Let

1
T=L®zw)+w+1-—,
212
Vzw‘Q((1+2w)2L(3)(x(1+2w)1/2,L)
1+ 2w
1-2 2L<3>( 1 - 2w)Y? L)—2L<3> : )
(12022 (a1 - 2), ) 2L ()

Then
4z*w*(D +12)2 (D +8)(D +4)T - (D +6)DT + 122*(D + 12)((D + 4)T)?
=V (2:U4w2(D +12)(D +8)(D +4)T - %(D +6)T +62*((D + 4)T)2) :

where D = 3x0,.

Proof. Recall from Theorem 4.2.2 that if

g2

Nt
61 IOgZN = Zztﬁlc‘?,logZN + Tla

1>1

then

' N(N +1
82 lOgZN = Z Etz@logZN + g,
i1 2 4
and (from Theorem 4.2.1) that
3 Zn+2ZN-2

(ail + 36% - 36361) IOg ZN + 6(8% IOg ZN)2 =
)

Let Yy =logZ N|ti=0,i>3‘ Then the equations above imply that
Nty

YN =120, YN + 2t30,Yy + 5 (4.1)
DYy = %tlalyN 10 + gtgagyN . w (4.2)
DMy + 302Yy — 3050, Yy + 6(92Yy)? = Zexp(YNJrg FYyo-2Vy).  (43)
The 0;Yn term can be eliminated from (4.1) using (4.2) and similarly the 0 Yy

term can be eliminated from (4.2) using (4.1). Letting D = 3t30; this gives

l3
Yy =——-DY, 4.4
0\ Yy A(l—tg) N +C, ( )
1 B
(92YN = ﬂDYN + Z, (45)
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where

itz
1-1,
Nt} +N(N+1)
4(1 —t9) 4 7

A=1— —tg,

and
2t B Nty

A=ty 2(1-t)

Letting T' = 2DYy|, _p5  + N(N +1) - 35 = L&) (2, N) + N(N +1) - 535 (the second
equality follows from Theorem 4.2.3), (4.4) and (4.5) can be used to determine

C:

IQ
OtYn|, 5 = S (D+4)T, (4.6)
4
OV, oy = %(D+ 12)(D +8)(D +4)T, (4.7)
1 N
2 —
82YNLF$61_73 =3(D+2)T - 1, (4.8)
1 N
8183YN ti=28;.3 = E(D + 3)T - @, (49)

where now D = 3z0,. Using the equations above, (4.3) becomes

x4 3 3N 1 3N

?(D +12)(D+8)(D+4)T + g(D +2)T - 1 §(D +3)T + 107
x? >3

+6 (?(D + 4)T) = Z( N+2|ti:x5i,3 + YN_2|ti=$5i,3 - 2YN|ti:z5i,3) .

Simplifying, this becomes

224 (D +12)(D + 8)(D + 4)T %(D +6)T +622((D + 4)T)?

= 4§l (YN+2

-2Yy

ti=wd;3 + Voo ti=965i,3) :

ti=20; 3
Applying the operator 2D to both sides of this equation gives
42 (D +12)2 (D +8)(D +4)T - (D +6)DT + 122*(D + 12)((D + 4)T)?
=V (22*(D +12)(D +8)(D +4)T - %(D +6)T +62((D+4)T)?),  (4.10)

where

V=2D YN+2|t¢:x6i,3 +2D YN—2|ti:x6i,3 -4D YN|ti=I5i,3
=L®(z,N+2)+ L3 (z, N -2) - 2L®) (z, N).
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Now, using the fact that the coefficient of ™ in L®)(z,y) is a polynomial in y (see
Remark 4.2), we may extract coefficients in (4.10) to get a countable number of
polynomial identities which are satisfied and thus equation (4.10) holds with

Y
222’
V=L®(z,y+2)+ L3 (z,y-2)-2L®(z,y).

T=L®z,y)+y(y+1) -

Recall that
LO (zw'? w™) = w2 LO) (z;w).

We have
w  \1/2 w !
LO(zw'? wt+2)=LO x(1+2w)1/2( ) ,( )
1+ 2w 1+ 2w
—w (142 2L(3>( 1+ 2w)'2 L)
w1+ 20 L (a1 2w,
Similarly,
LO (zw'? w™t - 2) =w (1 - 2w)2L® (:B(l —2w)Y2, v ) :
1-2w
Making the change of variables x = w'/2z, setting y = w™! and then simplifying
gives the desired result. ]

Since any cubic map must have an even number of vertices, we let z = 21/2. Note
that in this case D becomes D = 6z0,. Also, let

1P (2) = [w?] L) (=),
and let
T,(z) = [w9] (L(?’)(zl/z;w) +w+1- %) = Lg?’)(z) + 041+ (1 - %) dg.0-
Corollary 4.3.2. For g >0,
42*(D +12)*(D +8)(D +4)T, o - (D +6) DT,

122D 12) (S D+ )T} (D5 )T,

= zg: Vk{sz(D +12)(D+8)(D +4) Ty

g-k
(D 6)T, 5+ 627 (Z {(D+)TH{(D+ 4)Tg_k_,~})},
where i o A
VoY (o 3 (LT 506,

Proof. This follows after making the substitution x = 2/2 in Theorem 4.3.1 and
extracting the coefficient of w9. O

76



4.4 A Structure Theorem for Lé?’)(z)

In [37] Gao studied the generating series for rooted triangulations on arbitrary
surfaces. Using a Tutte type equation for the generating series he was able to find
compact representations of the generating series in the projective plane, sphere and
torus cases. In each case the generating series is rational in the auxilliary, algebraic
series s = s(z) which is the unique power series solution to z = 3s(1 - s)(1 - 2s)
with s(0) = 0. In particular, Gao proves Theorem 4.4.1 below. Using this same
method we show in Theorem 4.4.2 that the generating series for a surface of any
genus is always rational when expressed in terms of the series s. Note that the
method used below is essentially the same as the method used in [37] and also in
[6]. The difference is that here we consider cubic maps enumerated with respect to
the number of vertices and in [37] Gao considers triangulations with respect to the
number of vertices.

To simplify some of the expressions below we let n =1 - 6s + 6s2.

Theorem 4.4.1 (Gao[37]). The generating series L(()?’)(z) and ng)(z) are given in
terms of s by

2s(1—4s+2s?%)

(1-s)(1-2s)%’

(1-25)(1-5+52)—(1-65+652)1/2
s(1-s)(1-2s) :

LP(z) =

LY(z) =

Theorem 4.4.2. For g >0 the series Lg?’) is a polynomial in n'/? with coefficients
which are rational series in s.

Proof. Let ty(n,k,uy,ug,---) be the number of maps with genus g which have n
vertices, whose root face has degree k, which have a finite number of distinguished
faces the ith of which has degree u; and where every other face has degree three.
Let I = {i; <iy <---} be a finite set and let

Ty(x,y,1) = Ztg(nakvulaUQ,"'):E"ykth..'

The series of near-triangular maps (7},) was studied by Gao[37] using a Tutte type
recursion. Here we repeat part of the argument in order to prove the Theorem but
we refer to the paper for more details. Recall the Tutte type recursion, letting I be
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a finite set and w ¢ I an integer, then

g
Ty(z,y, 1) =y* >, > Ty(w,y,8)Tyj(w,y, I - S)

j=0/2 S<I

0
+2y 8 g,l(ﬂi,y,[‘*‘{’LU})

+y2(% (47,1 9.1) (4.11)
_1 [T (x y,I) —509(5@11’—yT1($ [)]
+ 5 Y= zy 2Ty (z, 2, I = {i}) —yTy(z,y, I - {i})]

iel #i

+ 607g(5®7]$,

where here the summation index beginning at 0/2 means to sum over half integers
from 0 to g and where T (x,1) = [y]Ty(z,y,1). Note also that if we let T3 (z, 1) =
[v3]T,(z,y,I) then

T§($,®):T&(l‘,®)—x27 Tf(l‘,@)ZTll(x,@)—l',
2 2

and
T3 (x,2) =T, (x,2) for g>1.

Let

A(z,y) = 20°To(z.y,2) + 1 -y,
B(z,y) = (1-y)* +4y’(z - zy +yT; (2, 9)).
Then (4.11) when (g,1) = (0,2) is equivalent to
A(z,y)* = B(z,y),
and for (g,1) # (0,2) (4.11) is equivalent to
—A(z,y)Ty(z,y, 1) =y’ i >, Ti(x,y, )Ty j(w,y,I-5)

j=0/2 SI
(4:9)#(0.2),(9,1)

0
+2y a g—l(xayvf'i_{w})

Zw=Y

+y3§ (yTg_l(:c,yJ))

sty — (2,21, 1 ={i}) —yTy(x,y, I -{i})]

iel i

_yTgl(I?I)a
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as in [37]. Let f(z) be a series such that A(z, f(z)) = 0. Then, if we define

F(k) = (%)L# we see that

BW = (1= f)* +4f*(x - xf + [T; (x,2)) =0,
BW = 2(1- f) +4f*(3z — 4z f + 4f T} (z,2)) = 0.

Solving this and setting f = - we get
1
x= 53(1 -3s)(1-2s),
and )
Ty (z,2) = 132(1 -5)(1-3s).

This implies that
1
T3 (z,2) = 533(1 -5)(1-4s+2s%).

By a Theorem of Brown[13], since B(z,y) is a square it can be uniquely written as
B(z,y) = Q(z,y)*R(x,y),
where Q(z,y) and R(z,y) are polynomials in y and where
R(x,0) = 1.

We may suppose that B(z,y) = (1 +yQ1)?(1 + Ry + Roy?) where @1, Ry, Ry are
rational series in s. Solving this gives

Qi=5-1, R, = -2s, and Ry = —2s + 3s2.

It follows by the same argument as in [37] that T,(z,y,I) is a polynomial in
R%(x,y), R> (z,2;),i € I and R> (x,ﬁ) with coefficients which are rational se-

ries in ,y, 2;,4 € I, Ry, Ry and t=. More specifically, if T, (z) = [y*]T,(z,y,2) then

T,(x) is a polynomial in R2 (x, ﬁ) with coefficients which are rational series in

1
s. Since R2 (1: L) = 1= it follows that Ty(x) is a polynomial in n? with coef-

) 1-s 1
ficients which are rational series in s. The result then follows from the fact that
ng)(m) = 129727, (). O

We will now make use of Theorem 4.4.2 and Theorem 4.3.1 to prove a stronger
structure theorem for Lf’) (2). In addition, we will show that the recurrence implied
by Theorem 4.3.1 can be used to determine Lég) (2) inductively. It will be convenient
for what follows to define a basis with which to work. For i > 0, define

771+i/2 )

U=29) if 4 is odd,
i =

1 . ..
RETER if ¢ is even.
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Proposition 4.4.3. The basis 1; defined above satisfies the multiplicative identity,
Vb = X, J)Pivjea + (1= x (7, 5))Viss),

where
. 1, if either i or j is even,
x(1,) = . . .
iof both i and j are odd.

3

Also, the action of the operator D on the 1; basis is given by

D, = (i +2)Piva + (0 +2)io = 2(3 + 2)3hs,  if i is even,
C G+ 2) Wi+ itpie — 205+ 1)y, if i is odd.

Proof. Each of these identites follow from the definition of ¢;, n, s and D. m

First, we state a technical lemma which will allow us to prove Theorem 4.4.5.
The proof of this lemma will appear in the Appendix since though the proof is
relatively straightforward, it requires a very lengthy computation.

Lemma 4.4.4. Suppose for g > 3,
4 4
Ry(s) = { 5D° ~A(gva + v - D - 5204+ 99(3 - g} + 120032} L,

and that
L(s) Z ()i,
for2<k<g. Then )
=2

for some constants r4(i). Furthermore,

r¢(59) = ﬁ(aq 8)(59 - 12)(5g - 6)w,_s
365,(59 6)(5g — 10)(5g - 14) (59 — 18)(5g — 22) w4
5g -6
o =1 )Zx(z g - wiwg_;
5g — 6
( 29336 ) ZX(Z g—Z)(5Z—8)(5’l— 12)101 2Wg—;
=2
g-2g-i-1
(51 =2)x(t,9—19)x(j, g — i - jwiw;wg_i—;,
©9.216 216Z = jWy-i—j

where wy, = (5k — 6) ug(5k - 8).
Proof. See the Appendix. O
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Theorem 4.4.5. For g > 2 the generating series for cubic maps on all surfaces is
of the form

(3) Z g ()i,

where the p14(i) do not depend on z. Furthermore, Lég) for g >2 can be determined
recursiwely using the equation given in Corollary 4.3.2.

Proof. Using Theorem 4.4.1, Corollary 4.3.2 can be rearranged so that when written
in the 1; basis we have

{%DZ 4( g + g - YD - %(2% +99(3— g)hs + 120 — 32)} L& = R, (s),

where R,(s) depends only on LE?’), i=0-g-1. That ng) 9% 1y (1)1 then
follows by induction by directly computing the base case

5 23 13
Lé ) = ﬁ% -3¢y + sz,

and then using Lemma 4.4.4, in particular, that

5 = Z()w

The result then follows using Theorem 4.4.2 and comparing coefficients. O

4.5 Asymptotic Behaviour

In this final section we will consider some of the implications of the results above.
In particular, we examine the leading coefficient in the 1 basis expansion of L§3)(z)
for each g. Using Theorem 4.3.2 we can determine a recursion which the leading
coefficients satisfy. Since the asymptotic behaviour of each element in the ) basis
can be determined, this allows us to determine the asymptotic behaviour of the
series LY (z) itself. In what follows we will let

Qg = Ng(5g - 8)7

i.e., ay is the leading coefficient of LE,S) in the v; basis. Let

5, = (5%6) ayg, if g is odd,
(59 —6)ay, if g is even.
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Theorem 4.5.1. For all g > 1,

(5g 8)(5g9 —12)(5g —6)By-2

365,(59 6)(5g —10)(5g — 14)(5g — 18)(5g — 22) 544

8(5g - 6) (bg-6)C
TTuz ,lef” 2336

8
30-Df =153

2(5 ~8)(5i — 12) Bi-28-

i=2
g-1g—i-1

2335 Z Z (51 = 2)BiBBg-i-j-

=1 j=1

Proof. Using the notation in the proof of Theorem 4.4.5, we have

3 2
po(DYLSY =31y (i),
=0
where
pa(D) = 3D% = 4giby + Yy~ 4)D = 5201+ 99(3 - g)bs + 120 - 32),

Now,

[sy]py (D)LY = %(59 -2)(59 - 6)a, —4g(5g - 6)ay
= 2(59-6)(g- ey,

So,
(59 -6)(9 - Dty = (59).

Letting wy, = (5k - 6)ay and applying Lemma 4.4.4 we have,
8
g(g - Dwg =14(59),

L (59-8)(59 - 12)(59 - 6)wy.»

" 162
365,(59 6)(5g — 10)(5g - 14) (59 — 18) (5g — 22)w,_4
59 —6
4 1 )ZX(ZQ )Wy
i=1
59 —6
( 2336 ) ZX(Z 9—2)(5Z—8)(5Z— 12)wl 2Wg—;
=2
LS -2 - oy i )
5 —2)x (1,9 —1)x(J, g — i — j)wiw;w,_i_;.
92164 A jWy-i-j
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If we make the substitution

{ﬁﬁk, if k is odd,
Wi =

Bk, if £ is even,

then it is straightforward to check that if g is even, x (7,9 — i)w;w,—; = B;5,—; and
x(i,9-1)x(J,9 -1 - j)wwjwy_;_; = BiB;jPy—i-; for any i and j and that if ¢ is odd
then x(i,9 - i) wiwg-; = V338 and x(i,9 - )x(J, 9~ i = wiw;wg_i_; = BiBiBg-i-;-
So, taking the recursion for w, above and making the substitution, we get (after
dividing by /3 if g is odd) the desired result. O

Let "
5:) = (5) =

n>0

with Bo = -36 and ﬁl = %

Corollary 4.5.2. The generating series 5(z) satisfies the differential equation
8

mnrr 2 " / 2 " 1 2 nf _
B ()42 B (2B ()4 B (2) B+ 7 B8 (2) = 0.

8 16
—1—525 (2)—1—55(2)+ 186

Proof. That the differential equation above is equivalent to the recursion for the
coefficients [y is easily checked by extracting coefficients. m

From the structure theorem for ng), we know that

Oég . .
L(3) - {77(5516)/2, if g is even,
g N

ag(1-2s) . .
o, if g is odd.

Further, it is a result of Gao[37] that

(59-6)/2
6 ~(59-6)/4
m(%) (1-12v32)

Darboux’s theorem then implies that

3\ (59-6)/4 ), (59-2)/4 n
(,(n) = "L<3>~i(—) —(12v3) .

In terms of the orientable map asymptotics constant ¢, and the nonorientable map
asymptotics constant pg, it is straightforward to show that

k
B = (g) 9((5k = 6)vg-1 — dugya) ,
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where

on-—1
n = 271_2]-—‘( )tn7
" 4

m-1

Un = 2(n—3)/2r ( )p(n+1)/27

and we adopt the convention that wu, =0 if n is not an integer. In particular, uy =1
and v = —/3

Let
u(z) = 22 Z Uz,
n>0
v(z) = 2N v,
n>0

Bender, Richmond and Gao[9] showed that u(z) satisfies the ordinary differential
equation
2 1 "
u'—=u" = z.

6

Using the differential equation for u and Corollary 4.5.2 we can now prove Theo-
rem 4.1.1 (Conjecture 1 of Garoufalidis and Marino[41]).

Proof of Theorem 4.1.1. Let v, be the unique sequence of numbers such that the

generating series
v(z) = 2/ Z vz oA

n>0

satisfies the differential equation 2v’ — v? + 3u = 0 and with vy = —V/3. Let

B(z) = =36(u(z) +v'(2)).

Substituting this 3 into the differential equation in Corollary 4.5.2 and reducing
using the relations u? - u” = z and 2v" —v? + 3u = 0 we find that 3 is a solution.

Also, checking 3y and f; we see that this is the unique solution which determines
the map asymptotics constants. ]
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Chapter 5

Monotone Hurwitz Numbers

5.1 Introduction

Suppose f is a symmetric function of bounded degree and for any partition A let
A, be the multiset of contents of the cells in A (recall that the content of a cell is
the difference j —i where j is the column index and i is the row index of the cell).
We define the Plancherel average of f to be

&)= f(A,\)(dHn)\)2

AN

where dim A is the dimension of the irreducible representation of .S, indexed by .
Alternatively, dim A is the number of standard Young tableaux of shape A. As a
simple example, since Y ,_,(dim\)? = n! we see that ®,(1) = 1. In other words,
®,,(f) may be thought of as the expected value of f evaluated over the partitions

(d1m )2

of size n where the probability of a partition \ is given by . This measure is

called the Plancherel measure.

The problem of computing Plancherel averages of various symmetric functions
was considered by Stanley [106] where it was shown that ®,(f) is always a polyno-
mial in n. In addition, Stanley gave a closed form for the Plancherel average of one
and two part elementary symmetric functions. That is, suppose e are the elemen-
tary symmetric functions. Then Theorem 2.2 in [106] and the result immediately
following it are that,

)t

n 2 .2 ..
> 5 Balaleh o (-0,
120 k=0 n.
and o i
n m tn n—"1m n
I

n>0 k,m=0 n!
Also, Fujii et al [35] showed that if F,. =Y, H;;é (22 - 52) then

Pu(E) = (i?)uQ(n)m’
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where (n),41 =n(n-1)--(n-r). This formula implies the following identity for the
Plancherel average of power sum symmetric functions:

Do (pae) = zm Ne (2))

)'2(71)]+17

where T'(k,j) =2%7 & ikt

i=1 W
The topic of this chapter is the study of the Plancherel average of complete
symmetric functions. In particular, we consider the exponential generating series

H=2 0. —

n>0 k>0

thon

® n(hr),

and show that the related series, v = g—ilog”l—[ satisfies the non-linear differential
equation
22?y" + oy -y - AtPyy + 6t (7)) + 1 =0,

where ’ denotes differentiation with respect to x. Using this equation we are able to
derive closed form expressions for some of the coefficients in the generating series
v as well as for Plancherel averages ®,,(hox) for small values of k. In addition, we
determine the asymptotics of coefficients in . Specifically, we show that

59—3 59-7
p ML o7\n
(209D 5]y o g, V3 "__(_7) ,
3\ 2 P(*%52)\ 2

where a, is a constant depending only on g. We also show that a4 is a rescaling of
the map asymptotics constant studied by Richmond, Bender and Gao [9] and also
appearing in the asymptotics of Hurwitz numbers [99]. As applications of these
results, we give a combinatorial interpretation of the generating series v, relating
its coefficients to a restricted permutation factorization problem. Also, we discuss

some applications to random matrix theory, specifically the identity correlators in
U(N) and the HCIZ integral.

The remainder of this chapter is organized as follows. In Section 5.2 we give some
background results which we will use throughout. In particular, we describe the
more general class expansion problem associated to complete symmetric functions,
as studied by Lassalle [76] and Feray [32] and the monotone Hurwitz problem
studied by Goulden, Guay-Paquet and Novak [44, 45].

In Section 5.3 we prove the differential equation for v, making use of the results
of Lassale and Feray. We then apply this differential equation to the structural
results of Goulden, Guay-Paquet and Novak to obtain a recursive method for con-
structing the graded components, v, of v in Section 5.4. In Section 5.5 we then
derive the asymptotics of the coefficients in v and describe some applications in
Section 5.6.
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5.2 Background

We begin by defining some special elements in the group algebra C[S,]. For k =
2,--,n, let

k-1
Je=> (i k),
i=1
where (i k) is the transposition that swaps i and & and leaves everything else fixed.

The problem of evaluating symmetric functions at the elements J, was studied
independently by Jucys [65] and Murphy [83, 84] in relation to representation theory
of the symmetric group and as such the elements J; are referred to as Jucys-Murphy
elements. Jucys and Murphy showed that

ek(JQa”'v‘]n)z Z C)n
A-n
L(N)=n-k
where C), is the sum of all permutations (in .S,,) with cycle type A. In particular, if
o appears in the sum C) then ¢(\) is the number of cycles in o.

Farahat and Higman [31] showed that the set of class sums, denoted C, gen-
erate a subalgebra of the center of C[S, ] and, in particular, generate the center of
C[S,]. Thus, the result of Jucys and Murphy implies that any symmetric function
evaluated at Jy, -+, J,, lies in the center of C[S,].

Thus, we may consider the class of problems of the form: given a symmetric
function F' and a partition A + n, what is the coefficient of Cy in F(Js, -, J,)?
Such a problem is known as a class expansion problem and arises in many areas
such as algebraic geometry[89], physics[35], random matrix theory[44, 22, 79] and
various other enumerative contexts.

The particular problem we consider here is a specialization of the class expan-
sion problem corresponding to complete symmetric functions. That is, we wish
to determine the coefficient of Cy» in hy(Ja,--, J,) (the equivalence between this
problem and the one stated in the introduction will be made clear in the follow-
ing section). More generally, we define the generating series for all of the class
expansion coefficients

|CH|
=> 3 Z _l [Cx]hi(J2, -+, Jn)paz"
n20k>0 Arn 1V

where [C)]hg(Jo, -, J,) denotes the coefficient of Cy in hg(Js,-, J,). We also
define the related series N
=logH.

The problem of computing the coefficients of ?—{) was considered by Lassale [76]
(using the algebra of shifted symmetric functions) and Feray [32] (using combina-
torics of Jucys-Murphy elements) where it was shown that the generating series I'
satisfied the following partial differential equations.
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Proposition 5.2.1. The generating series I' satisfies the following partial differ-
ential equations,

or
=1+t (2+1)p2 , 5.1
a ; p7,+1 ( )
and
or 0T
1+ 1)p; =t 1 PDiyi1 5.2
;( ) Opis1 i]zé:l ’ lapz'apj (5:2)
. or or or
+1 Z Z]pm—l@ 8 +1 Z(Z+j+1)plp38
1,j>1 i 7 3,521 Pi+j+1

The problem of determining the coefficients of I' was also studied by Goulden,
Guay-Paquet and Novak [45] where it was called the monotone Hurwitz problem.
One of the main results in [45] was that there is an alternate grading of I' in which
the components of I exhibit uniform structural properties. In particular, making

—i—-1

the substitutions p; = p;w ™= , t = w2 allows us to write

wl' = Z wIl'y.

g0

Thus
[prz" )Ty = [p,\tkz"]f‘

where 2g = k+2—-n—{¢()\). The parameter g is called the genus.

Theorem 5.2.2. (Theorem 0.5 in [45]) Let s be the unique formal power series
solution of the functional equation

s=z(1-w)™?

in the ring Q[[z,p1,pe, ]], where w = Y1 (Qkk)pksk. Also, define n = ¥, (2k +
1)(2kk)pksk. Then the genus one monotone Hurwitz series is

1 1 1 1
r=—1 -=1
170408 g 1L
and for g > 2 we have
39-3 Co.al]
Ly=-c,)+ L= (5.3)
=0 T L@

where

Zkﬂ(zml)( )pksk, Jj>1,

k>1

N = [1; Ma; and the cg o are rational constants.
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5.3 The Differential Equation for -y
So far we have been discussing the generating series

C
H = DA s %] A' [Ca]hi(J2, -, Jn)pa2"

n>0 k>0 A1

for the class expansion coefficients of the complete symmetric functions. For con-

—
venience in what follows we stop writing the indeterminate z which appears in H.
This indeterminate may be recovered by making the substitution p, = ppz*. To

—
relate the series ‘H and the generating series

H=2 0 —

n>0 k>0

th”
@, (hy),

we use the fact that the Jucys-Murphy elements act diagonally (as operators with
respect to multiplication) on the orthogonal idempotent basis in the center of the
symmetric group. In particular, the eigenvalue of any symmetric function F' in
Jucys-Murphy elements corresponding to the orthogonal idempotent labelled by
the partition A\ is given by F'(A,).

Using this it is straightforward to show that

— dim \ 1 dim A
H = hk(A,\)tkS)\ = - ~— S\
Py 2 L TG T

(5.4)

For more details see [79] or the last section in [44]. Equation (5.4) tells us that in
addition to the linear differential equations satisfied by I' given in Theorem 5.2.1,
' also satisfies the nonlinear differential equations arising from the KP hierarchy.

Proposition 5.3.1. The series

— 1 dim A
H = ——— 5\ ,
/\;D (i,Ij—[)e/\ 1-(j-i)t = [Al

satisfies the KP hierarchy. In particular, if ' = logi[) then the series I' satisfies the
partial differential equation

4 2 2 21\ 2
1 oA 9 92T 1(ar):O (5.5)

12 0p}  Op1Ops  Op3 2\ Op?

Proof. Suppose
1
Q= ——5(P)sa(q).
)é;(i,lj_)[e)\ 1-(j-i)
Then € is a content-type series and so Corollary 2.4.11 tells us that §2 satisfies the
KP hierarchy. Recall that
Al _ dim A
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so that
N
H = Q|Qi:5i,1 )

Thus, 7_-2 also satisfies the KP hierarchy. Lastly, that I' satisfies the KP equation
(Equation (5.5)) follows from Example 2.2.5. O

To make the connection from H to H we again use the fact that [p |’\‘] SX = AT
so that

g (dimA)?
Hlp.- az(iu =20 h(A)the NE

A k>0
=22
n>0 k>0

Using this we can prove one of the main results in this chapter.

thyn

> hu( AA)QEElﬁl- H.

n! AN

Theorem 5.3.2. If

d d — d
Vg OB 08 P, = P Vet
then
22y + 2y — 4 = 4ty + 6t 2y? + 1 =0, (5.6)

where ' denotes differentiation with respect to x.

Proof. First, recall Equation (5.1) in Proposition 5.2.1,

g_F —1+t2(z+1)pl . (5.7)

D1 i>1 Pi+1

Setting z = 1, p; = and p; = 0 for ¢ > 1 (abbreviated p; = 2d; 1) in Equation (5.7)
gives

dr or
— =1+2ter — (5.8)
dx |pi=2diq Opo |pi=2di 1
zZ= z=1
Using the fact that v == % pi=zs;, then gives
z=1
Y1y T ,
xr apQ Di= 1'61 1
or,
or -
= 17 (5.9)
8p2 Pi=xd;i,1 2tr?
z=1

Differentiating Equation (5.1) in Proposition 5.2.1 (Equation (5.7) above) gives

0T 0T
= 3t— +ty (i+1)p——m
Op10p2 Ops ; ( Opo 8]7“1

(5.10)

90



Setting z = 1 and p; = 6,1 in equation (5.10) gives

d o~ =3t or + 2t i
— | — — T — .
dx 3p2 pizxii,l 8p3 Di= 375z 1 8p§ pi=x8;1
z= z=1
Using Equation (5.9) in Equation (5.11) gives
_ 7\ 2
(7 x):%a_l“ vt L .
2tx? Opslpies O3 |pi=edis
z= z=1
Similarly, recall Equation (5.2) in Proposition 5.2.1,
or 0T or or
(Z + 1)p1 =1 jpz 15—+t jpz 15
; 2 1+1 1j2>:1 e a a 1]2;1 7 a ap]
or
+t Y (Z+]+1)pzpja
i,5>1 z+]+1
Setting z = 1 and p; = xd; 1 in Equation (5.13) gives
2
or d’T dr or
20 — =tr — +tx| — + 3ta? — ,
Opa Ipi= x5z 1 dx? Pizﬂiii,l dx Pz':ffii,l Ops Ipi= xéz 1
or,
r ! r
Qxa— :tx(z) +tx(7) +3zf28 .
8p2 Pi:ffii,l i X 8p3 pi= I5z 1
Using Equation (5.9) in Equation (5.14) gives
_ 1 I
T72 e (1)+tx(7) vataz 2L ,
tx x x Ops |pi= 1611
or,
or 1 - ! 2
- R — i x—tx(z) —tx(z) .
Ops lpi=28;1  3ta? tx x x
z=1
Using Equation (5.15) in Equation (5.12) gives
_ / 1 _ ! 2 QF
(7 I) S x—t:c(z) —tx(z) +2twa— ,
2t x? 2\ tx x T Op3 |pi=ws:.

z=1
or,
0°T
ap2

; (7_33)/ =5 (7), (7)2
= o - —tr|\—| -tz =] |-
pi=asiy 2tz \ 2tx? 23\ tx x x
z=1

Lastly, recall Equation (5.5) in Proposition 5.3.1

190 @r o 1(erY
120p!  Opiops  oOpz 2\ op?)
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Setting z = 1 and p; = 26,1 in Equation (5.17) as before gives
1 " 1 _ ! 2 !
LY (2 () ) o1
12\z tx? \ tx x x

() () ()2
_ - —txl L) =t 2L i Y A
+2tx(2tx2 2tx3( tx . x v x +2 T

After simplification, Equation (5.18) becomes

22?y" + Py -y - APy + 612y + 1 =0,

as required. O

If we make the substitutions z ~ zw™, t = w'/2 and v = w17y then, as men-
tioned in Section 5.2, we may write

v = Z w9y,
g>0

In particular, this allows us to rewrite the partial differential equation (5.6) in
Theorem 5.3.2 as a partial differential equation involving w instead of ¢. Using this
we can extract coefficients which will allow us, in the following section, to compute
the v, recursively.

Corollary 5.3.3. After making the variable substitutions x — zw™, t = w/? and
~v > wty, v satisfies the following differential equation,

2 1

wa?y" + wry" - —4yy +62y% +1=0. (5.19)

Additionally, if v, = [w9]y and s = s(x) is the unique formal power series solution
of the functional equation s = x(1-2s)2 with s(0) =0 then v = s(1 - 3s) and for
g1,

g-1

! 4 n 7 ! !/
-(1-2s)(1-6s)7, - T w2y ayy g+ Yy {6y — Ay = 0. (5.20)
k=1

Proof. Equation (5.19) follows immediately after making the variable substitutions
in Equation (5.6).

Extracting the constant term in Equation (5.19) gives
62752 — 4707 — 76+ 1 = 0. (5.21)

This equation has a unique power series solution with vy(0) = 0 (the coefficients are
determined recursively) and it is straightforward to check that vy = s(1—-3s) solves
equation (5.21).

92



Lastly, taking the coefficient of w9 in Equation (5.19) for g > 1 gives

g-1
Vo(1227 = 4y = 1) = dygye + 22y,0y + ayyy + ) {62y, - 4}y, = 0. (5.22)
k=1

After making the substitution 7o = s(1 — 3s) and simplifying, Equation (5.22) be-
comes
4 i
~(1-28)(1=65)7; = 7% + 29y + 2y + kZl{Gx% — 4y} = 0,

as required. O

5.4 A Recursion for v,

We begin by giving a recursive method of computing the series 7, as rational func-
tions in s. This method essentially uses the fact that the differential equation
relating the various v, (Equation (5.20) in Corollary 5.3.3) is a linear differential
equation in ,. The method given in Theorem 5.4.1 below is efficient for comput-
ing 7, for small g but does not seem very useful for determining the asymptotic
behaviour of the coefficients.

Theorem 5.4.1. For g > 1,

Kg(5) d

= (1-25)2
Yo = (1-25) (1-25)2""

where

k-1
Ky(s) = {xgvgfl + 2 =2 ) (27 - 396‘%()%;—1}
=1

z=5(1-25)2

Proof. Recall from Corollary 5.3.3 that if s is given by s = z(1-2s)~2 and s(0) =0

then
4

dg
—(1 - 25)(1 - 68)% - 1_—23’}/9

+Kgy(s) = 0. (5.23)
Making the variable substitution z = s(1 - 2s)? we see that

Dy _ ds dyg ! all

dr  dr ds (1-2s)(1-6s) ds’
so that equation (5.23) becomes

dyg, 4
ds 1-2s

a first order, linear differential equation in s whose solution is given by

792(1—23)2{ Kg—(s)ds+0}

Yo = —/ig(s),

(1-2s5)2
for some constant C. Since 7,(0) =0, s(0) =0 and x,(0) = 0 we see that C =0. [
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Example 5.4.2. Using Theorem 5.4.1 we may compute (using Maple or otherwise)
the series vy, for small values of g explicitly as rational functions in the series s as
in Table 5.1 below.

Table 5.1: Series 7y, for small g.

Yo | s(1-3s)
S2

M| [T-65)2

52(1-25)(1+365)
V2| T aes)T

52(1-25) (1+2625+678852+149045> -38880s%)
’73 (1—65)12
- 52(1-25) (1+12565+14622452 +35698725% +17017680s* —292533125° - 7833542455+9797760057 )

(1-6s)17

Theorem 5.2.2 gives structural information about the genus g series I'; for g > 1.
Using the fact that v, = %Fg we can thus derive structural information about the
series 7,. In particular, we get the following corollary.

Lemma 5.4.3. Suppose we have a series M of the form

39—3 a
pe(s)(65)%b,
M= —_
L (oo

where pe(s) is a polynomial in s and ag, by and ¢y are positive integers. Then

OM P83 pi(s)(65) 2 by

a5~ 0L

= (1-6s)ert

where
Pe(s) = s(1 = 65)py(s) + (ae(1 - 6s) + 6ces)pe(s).
Proof. Computing, we have
OM P (pils)(G5) e Gpi()(6)* taby | Gp) (6)vcaby
s &\ (1-6s) (1-6s)c (1-6s)cert )7
9 i) (63" b

:62

= (L=6s)ert

]

Corollary 5.4.4. (To Theorem 5.2.2) Let s be the unique formal power series
solution of the functional equation

s=x(1-2s)72
with s(0) =0. Then vy =s(1-3s), 11 = ﬁ and for g > 2,

23 b, (65)
_ _Z9\P2)
pi=2di1 = ~Dg0 + Z (1- 68)2g+€’

z=1 =0

r

: (5.24)
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and
_ 39-3 bg’g(GS)g

"= 2 - os)

=0

(1-2s)(12s(g-1) + 1), (5.25)
where the by, are rational constants.

Proof. First, note that v, was determined in Corollary 5.3.3 and v; was determined
in Example 5.4.2.

For Equation (5.24), recall Equation (5.3) from Theorem 5.2.2 that for g > 2,

3g-3
1 g Cg.ala

L,=—Coo)+ ————— —galde
97 O T ()22 2 (1 - ) @)

where

= Y kI(2k + 1)( )pkgk, j>0,

k>1

and S is the unique solution to the functional equation s = z(1-w)=2? with 5(0) =0

and
ot

k>1

We see that w| z=¢ =273| 2=z so that 3| - =z(1- 2s| zx)2 or in other words,
05,1

bi= 57, 1 Di _5 ,1
5| z=¢ =s. Also, n; = 6s, 7> 0. Thus,
Pi=0;,1
3g-3 c (GS)K(Q) 3g-3 b g(GS)Z
T s = I'| 222 =—-¢ + 9.« =-b ,+ g,—,
g pzz:(iz,l g|pi=6i,l 9,(0) dZ(:) az}_:d (1 _ 63)2g+g(a)_2 9,0 Z(:) (1 _ 63)29‘*(—2
where
39-3
bg,Z = Z Z Cq,a
d=0 ard

()=t
proving Equation (5.24).

To see why Equation (5.25) holds, making the substitution z = s(1-2s)? we see

that y (1-25) d
x s(1-2s

Yo = ZZ; I

g pi;i‘ii,l = m% g pi;i?i,l .
Thus, applying Lemma 5.4.3 with a; = £,b; = by ¢, co = 2g + £ -2 and p,(s) = 1 gives
the result. O

Remark. The constants by, are sums of the constants c,, appearing in Theo-

rem 5.2.2. That is,
39-3

by, = Z Z Cg,a-

d=0 ard
L(a)=¢
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In particular,
39-3

g393_z cha_c 139-3,
d=0 ard
L(a)=¢
and B
b70:6,0 :_#7
PO g (g-1)

where By, is a Bernoulli number and where the last equality follows from [45,
Theorem 0.5].

As a straightforward consequence we may write down formulas for the coeffi-

cients in the series I'g|y,-zs,,
z=1

Lemma 5.4.5. Let s = s(x) be the series determined by the functional equation
s=x(1-2s)"2 and s(0) = 0. Then for any polynomial p(s) and positive integer k,

g5 )

n 52" 550 J

where the constants ¢; are the coefficients in the following polynomial
d ] d
Yoes'=(1- 65)M +6kp(s).
i=0 ds

Proof. This follows from an application of Lagrange’s implicit function theorem [53].
O

Theorem 5.4.6. For g =0,1, the coefficients of ™, n > 0 in the exponential series
Lylpi=zs; . are given by

z=1
[x_'] Lolp=26:, = 2"(3n=3)--(2n + 1), (5.26)
n: z=1
and (n—-1)! 2\ (30— j -3
" n-1)_ _ (7 + n-—7-
Tilpi=es, , = ~——2771 33( )( ) 5.27
I:n:I lpzz_621 n ]222) j 2n_1 ( )
For g > 2 the coefficients are given by
" 3973 20+ 0+j-2\(3n-(—-j-3
Uylpszzs; = 2"(n—1)! 3f+ﬂ( )( ) 5.28
[n'] pz 57.1 (7’L ) ZZ(:)Z(:) ] 277,—1 ( )
6(g—1)(2n-1
(6(9—1)+€+ (9= 1)( .n ))bgg.
n-¢-j-1 ’

(5.29)
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Proof. Using Lagrange’s implicit function theorem [53], we have

= (n-1)![z"]s(1 - 3s)

o) ()
= 27(3n - 3)-+(2n + 1).

Next, we have

5 P = - D = (- D)

Letting p(s) = s? and k = 2 we have

2

d
(1- 63)M +6kp(s) =2s
ds
and so, applying Lemma 5.4.5,

" (n-1)_ _ (]+2\(3n-7-3
Ty lproas,, = ) gnet 31( )( )
[n] 1|pl 5'1 n Z ' 2n -1

320 J

From Corollary 5.4.4 for g > 2 we have

" 33 by.e(6s)"
[ oo =t R T

For fixed g, we let p(s) = by ¢(6s)" and k = 2g + ¢ so that
dp(s)
1-6
(1-6s)—-
Applying Lemma 5.4.5 then gives

b, ¢(65)" an-1 2
("] g,f( s) _ Z3J(39+€ +J)61zb
(1-6s)29+¢ 550

+6kp(s) = 6%, ,(12(g - 1)s* + £s°71).

X{é(% D (3n-0-j- 2)+L(3n—€—j—3)}

2n -1 20-1 2n -1
2n (2g+ 0+ 72
ZEZZSM( g )bg,e
320 J
_9 i
><{12(g—1) == )+2£(3" 6-J 3)}
2n -1 2n -1
_2_”Z3€+j(29+€+j—2)(3n—€—j—3)
n & j 2n -1

x (6(9 -1)+/0+ 6%:2)_%”_—11) ) by.e

from which the result follows. OJ
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Corollary 5.4.4 tells us that the series v, are completely determined by the
constants by,. Using the form of the series v, and the differential equation in
Corollary 5.3.3 relating the various 7, we can derive a polynomial identity which
depends on the b, ,. We can then extract coefficients to find a system of equations
which determine the b,, (See the following Corollary 5.4.8). We shall see in the
following section how this polynomial identity can also be used to determine the
asymptotics of the coefficients in the series ,.

Theorem 5.4.7. For g > 3 the following polynomial identity in s holds:

39-3 39-6

Y (65) (1= 68)* 3Ty 4 o(8)bge+ Y. (65) (1= 68)% 5Ty 4 o(5)by-1,
¢=0 =0

g-23k-33(g-k)-3
+ Z Z Z (6S)e+m(1 - 68)39_6_€_mT37g7k7g7m(S)bk’zbg_hm =0

k=2 £=0 m=0

where the polynomials Ty 44(5), T2 40(s) and Ts 4 5em(s) are given below:

T140(s) = (1-25)(216gs* — 725 + 105l — 12gs + 125 — 288gs® — 12s*¢
—144¢%s? — 24gsl + 2887 s> + 4895l — (% + 2s(?),

To.4.0(8) = — 48s + 3648s? + 84sgl — 6120s%gl + 663365 g/ — 2712965 g¢ + 216052 g*¢
~380165%g%¢ + 1085g(* — 23045%gl* + 18316851 g + 1180853 g/>
+8985605° g — 4053 + 2325203 — 23800325° g% — 78672051 g — 36408s3¢
+ 120965 g3 + 16725202 — 7184530% + 27250565° g + 1320485*¢
—1935365%¢3 + 6071045 g% + 2459 — 47045%g — 148s¢ + 102000s3¢g
+14405%g% — 6134452 g — 13850% — 553925° + 3615365 — 11278085°
— 165888055¢% — 48053¢3 + 40642565° g2 — 42888965%g — 21168055/

+ 129605102 + 107827257 g% + 3365103 — 252979257 g + 248832057 g
+24883255¢* + 207365% ¢* — 1244165°g* — 650* + 125%0* + 1610496°
+4752005° gf — 3456005° g2 — 230405 g% — 3006725 g¢ + 22809655 g*¢
+691253¢30 — 4147251 g3 0 + 8645%g*(? — 518453 g?(? + 8294455 ¢3¢
+155525° g2 + 103685 g% — 2885% g3 + 57653 g3 + 485¢¢>

—8530% - 8294405" — 5529655¢3¢ — 691255 %% — 3845 g/3

—83525%0? — 165888s" g* + 42805%¢ + 1226885%¢ + £3 + ¢*,

Tsghem(8) =2(1 = 25)(12ks — 57695k + 24ksm + 288gs°k + 48¢gs*m — 24gsm
— 48ks*m — 120s% - 576gs> — 144¢%s? + 288¢%s% — 12¢s
+2885% + 125 — 264ks? + 14sm + 576ks> — 365°m.
— 144k*s* + 288k?s® — m? + 2sm? + 264gs”)
(504ks* — 725 + 185 — 12ks + 125 — 864ks> — 3652 — 432k s*
— T2ksl + 864k*s + 144ks*0 — 30* + 6s0* + 2().
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Proof. First, recall that Corollary 5.4.4 says that for g > 2

393 5(68)6

=0

where poge(s) = (1-2s)(12s(g —1) +¢). Applying Lemma 5.4.3 we have

!

1 dy = by,e(65)!
Vg = =

(1-29)(1-65) ds ;) (1 - 6s)2rezProc(s)

with pl,g,ﬁ(s) = 1_L23(S(1 - 63)]?679’[(3) + (1298 + g)po,g,€)7

A SR SV GO el
19 T (1=25)(1-6s) ds 2 (1- 6s)2ertral2all?

with pg g (s) = l_i%(s(l - 6s)p'17g/(s) +(12(g+1)s+)p140) and

1 dvyl P83 b, (65)3
%IJ” - - = Z . 2 +£+6p3’97€(8)
(1-2s)(1-6s) ds 7 (1-65)%

with psg(s) = %23(5(1 - 63)27'279,@(3) +(12(g +2)s + )p2ge)-
Computing the polynomials p; 4 ¢(s), p24.6(s) and ps 4 ¢(s) explicitly we see that

39-3 gZ 65)

(1 2s ) Z (1 6s 294_[(]09@( )7
6 39 > by (6s)1
(1-25) £ (1-6s)%t

6 39-3 bg7g(68)£_2

"o_
Y9 = (1 —28)3 Zz(:) (1 —6s )29+g+4Q2,g,2(5),

" 6 3g } b (68)

Y9 = (1= 2s) ,;) (1-6s )2g+e+6Q3gf(5)’

/

Vg =

2 ql,g,f(s)a
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where

Goge(s) =125(g - 1) +,

Q14.0(8) = =264gs® + 120s% - 14sl + 12gs — 125 + 57695 — 2885% + 365%(
+144¢°s* + 24gsl — 288¢%s® — 4852 + (* — 2s(*,

q2..0(8) = —8928gs* — 2645°( + 14400g%s* + 6912g5s° + 1445*¢ — 13824¢%s°
+1728¢%s% — 6912¢°s% + 16520% — 4503 + 691293 s° — 24530* + 45203
+1392¢s30 — 1440gs*0 + 432520 — 1728¢°s3( + 36g5s(>
+1728¢%s*0 + 1449530% + 1440s* + 12gs — 600gs% + 168s% — 265/
+3696gs> + 132520 + 432¢°%s* — 460892 s> — 25(* — 8165> — 125
—1449s*0? + 03 + 36gs( — 408¢gs*¢,

43.9.0(8) = 8640gs* + 17765%( + 62784g%s* — 88128¢s” — 58565 — 72576 s
—82944¢3s* + 172520 + 24503 + 24883243 s° — 2325302 — 1445203
+297695%0 + 4416gs*( + 17289 5% — 10368¢2s>( + 72gs(>
+ 20736925 — 1728¢53(* — 31104g5°¢ — 138249%s°( + 46085 (>
+3456095°¢ — 2885203 + 57695303 + 6912¢° 530 — 41472¢3 s
+864¢25%0% — 518495302 + 8294443550 + 10368g%s1(? + 48¢gs/®
— 3456gs°0? — 384gs*03 — 552969550 — 6912¢%s° (% - 92165*
+362885° + 86452 — 165888¢g*s” — 85%¢* + 217728¢s5 + 95045°¢
—82944¢%s°% - 331776455 + 2885303 — 432510 — 165888¢s”
+165888¢%5" + 165888¢°s” — 192543 + 207369 s* — 124416¢*s°
— 6s0* +125%0* - 518405°% + ¢* + 12gs — 1080gs? + 725 — 38s/
~ 11650 + 1008¢°%s* — 152649°s> — 28502 + 7685> — 125 + 48gs/
+10368¢°%s3 — 518455¢ + 248832¢%s® + 4128¢5s> — 960g5>/.

We also compute (using Example 5.4.2)

. 2s
A2 25) (1 - 6s)
and 852(1 + 65)(1 — 35)
, s2(1+6s)(1-3s
6zv) -4 =

(1-6s)4
For g > 3, Equation (5.20) from Corollary 5.3.3 becomes

4
~(1-28)(1-65)7, — T—-% + Byl + aygq + {627 =471}

g-2

+ 41 {62,y = dygr} + D {6y — Ay, = 0.
k=2
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Substituting the expressions above then gives

0= 5 ) )-8 5 A9
- 128 352(:)6 (19 162()2;)“4 @3,9-1,0(5) + : _128 326 (1[)9__162()25322 G2.9-1.0(5)
, 8521 +16_S;S - 3s) 3;206 (19_22()253;4 G1g-1.0(5)
v2 (65 O )1 3 9]
+ 92;2 ( 3%:3 %% ke(s) = 43%:3 %%,k,z(s))

. 3(g-k)-3 g-k,e(6$)
pari (1 _ 68)2(g—k)+£+2

Ch,g—k,e(s)) .

Multiplying by (1 -2s)(1 - 6s)?972 and simplify gives

39-3 39-6
Y (65)(1=65)% 3T g o(8)bge+ Y. (65)°(1=65)* 5Ty g (5)bg1.
/=0 /=0

9-23k-33(9-k)-3

+ Z Z Z (68)£+m(1 - 65)39_6_é_mT37g7k757m(S)bkfbg_k,m =0

k=2 ¢=0 m=0

where

Thge(s) = (1=2s)(=quge(s) —4s(1 - 65)qog.(s)),
T2,0,6(8) = @3.g-1,0(8) + (1 = 65)2q2,6-1,(5)
+85%(1+65)(1-38)q1g-1.0(8) +125*(1 = 28)q1 y-1.4(5)
—85%(1-25)(1-65)%qo4-1.4(5),
T3 g0 (5) = 2(1 = 28)q1,g-k,m () (31 k,e(5) = 2(1 = 65)%go 1.0(5))-

Explicitly, the polynomials T} ; ¢(s), T5,4.¢(s) and T3 4 .r.m(5) are those given in the
statement of the theorem. O

Corollary 5.4.8. For g > 3 and n > 1, the constants by, satisfy the following
recurrence:

LR —l—ipn—i i -{- O net—ign—igi (39 —(—0
ZZ(_l)n 6 Qgp ( e ) g0+ ZZ(_D 6 ﬁg,f( / .)bg—l,e
£=01=0 =0 i=0 n—+£—1
9-23k-33(9-k)-3 7 A o 3 /_ 6
n—L£—m-tLn—1 7 g m —
* Z Z Z Z( 1) ‘ 6 wg,k‘,ﬁ,m( n—>0—m—i )bk Ebg kom = 07

k=2 (=0 m=0 =0

where 04;,4 = [Si]Tl,g,e(S)yﬁé,g [s']T2g.6(s) and Wg klm = [8"]T5,g.km ().
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Proof. This follows by taking the coefficient of s in the polynomial identity in
Theorem 5.4.7. O

Remark. The recursion given in Corollary 5.4.8 is not sufficient to completely deter-
mine the constants b, ,. In particular, the initial conditions need to be determined

and in addition, so does b, (this is because 04215 = —{ and so a270 = 0). Using
Table 5.1 we see that

1 1 19 7
b b d byg=—.
2,1 2,2 an 2,3 180

b = — = —-— = -
207 9407 1200 % 720’

Also, as mentioned in the remark following Corollary 5.4.4,

By,

b=
P07 T4g(g-1)

where By, is a Bernoulli number.

5.5 Asymptotics

We now turn to the asymptotic behaviour of the coefficients in ~,, g > 1. From
the structure of the v, (Corollary 5.4.4) we expect the asymptotic behaviour of
the v, to be related to the asymptotics of the algebraic series s(z). Fortunately,
s(x) is rather straightforward to analyze and, in fact, arose in the enumeration of
2-connected maps on the projective plane [36]. In paticular, by considering the
Newton-Puiseux expansion of the algebraic series s(x), the asymptotic behaviour
can be determined.

Lemma 5.5.1. (Lemma 4 in [36]) Let s = s(x) be the solution to s = x(1 - 2s)72
with s(0) = 0. Then s(z) is analytic at 0, and has a unique singularity at x = 2/27.
Moreover, as x - 2/27,

We now combine the asymptotic behaviour of the series s(x) with the structural
results of Corollary 5.4.4 to determine the asymptotics of the series v,(z) as z —
2/27. Tt is then a simple matter to apply Darbouz’s theorem [5, Theorem 4] to find
the asymptotic behaviour of [2"]vy, as n — .

Theorem 5.5.2. For g>1, asn — oo

59-3 59-5
2 3 27\"
[2" |7 ~ ag v8 n52—3 ( ) ’
3\ 2 r( g ) 2

2

where ay = 3 and ag = (59 = 5)by34-3 for g > 2.
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Proof. From Example 5.4.2 we have

52

= 1-6s)2

Using Lemma 5.5.1 we see that 77 has a unique singularity at = = 2/27 and, since
s(2/27) = 1/6 we see that, as x — 2/27,

1 (V3 27\t 2(v3\ [ 27 \!
i~ —|—= (1——:6) ~ap- | —=— (1——:6) ,
36\ 2 2 3|\ 2 2

with a; = 1/24. Similarly, for g > 2 from Corollary 5.4.4 we see that

B 3g-3 bg7g(63)5

g = Z(:) (1-6s)29+¢

(1-2s)(12s(g-1)+¢)

so that, as © — 2/27,

59-3 _59-3 59-3 _5g-3
2 (V3 27 > 2 (V3 27 2
SETRSANR] () M TR R ) R TR

Thus, for g > 1 as x — 2/27,

2 (V3\ 7 o1
’yg~ag§ — 1-—z .

By Darboux’s theorem [5, Theorem 4], this gives the asymptotic expansion of the
coefficients in 7, given in the statement of the theorem. O]

Remark. Provided the Newton-Puiseux expansion for s(z) could be determined to
higher order, Theorem 5.5.2 can be extended to determine lower order asymptotic
behaviour of the coefficients in v,. Doing so would likely involve the constants b,
for £ <39 - 3.

Theorem 5.5.2 tells us that the asymptotic behaviour of [z"]y, as n - oo is
determined by the constants a, = (59 — 5)b,34-3 (and a; = 1/24). We now use the
polynomial identity in Theorem 5.4.7 to determine a recursive method for comput-
ing the constants a,.

Theorem 5.5.3. The constants a, appearing in Theorem 5.5.2 satisfy the following
quadratic recursion for g > 2:

(59 - 3)a, = = (59 - 8) (39 - 6) (59 ~ A)ay 1 + 42(% ~3)(5(g - k) - 3)arag .

Proof. From Example 5.4.2 or by comparing our results with those from [45, Equa-
tion (A.1)] we see that by 3 = 7/180 so that ay = 7/36. It is then easily checked that
the recurrence above gives the same value for as with a; = 1/24.
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For g > 3 recall that Theorem 5.4.7 states the following polynomial identity in
s is satisfied:
39-3 39-6

Z (65)4(1 - 63)39—3_KT1’975(3)I)97@ + Z (6s)4(1 - 68)3g_6_zT2’975(8)bg_175
£=0 £=0
9-23k-33(g-k)-3

+3 Y (68)H(1=65)2 T ke (8)bkebg-km =0, (5.30)

k=2 (=0 m=0

where the polynomials T} ; (), % 4.(s) and T3 4 5 0m(s) are as in the statement of
Theorem 5.4.7. In particular, setting s = 1/6 in Equation (5.30) gives

T1,9.39-3(1/6)bg 393 + T2,9,39-6(1/6)bg-1,35-6
g-2

+ ];2T3,g,k,3k—3,3(g—k)—3(1/6)bk,3k—3bg—k,3(g—k)—3 =0. (5.31)
Evaluating 71 43-3(5), T2,9,39-6(5) and T g  3k-33(g-k)-3(5) at s = 1/6 gives
Tipi0-5(1/6) = =5 (59 =) (59 - 5),
Ts-6(1/6) = (59 = 5) (39 ~ 6)(39 - 8)(59 -~ 10) + 5-(59 - 8)(59 - 10),
T3.g.k.3%-3,3(g-k)-3(1/6) = %(5(9 —k)-3)(5(g9-k)-5)(5k-3)(5k - 5).
Thus, equation (5.31) becomes
559~ 3)(59~5)by 5
= (59~ 1)(59 - 6) (5 = 8)(59 ~ 10)by 135+ 5=(59 8) (39 ~ 100 135
16 &2
+ 9 ];(5(9 ~k)-3)(5(g - k) -5)(5k - 3)(5k - 5)bk,3k—3bg—kz,3(g—k)—3-
Or, after dividing by 4/9 and setting a, = (59 — 5)by.34-3,
(59 - 3)a, = = (59 - 4)(59 - 6)(59 - 8)ay 1 + = (39 - 8)ay
+ 42(5/% -3)(5(g9 - k) - 3)aray_y

= %(59 ~8)(59 - 6)(5g - 4)ag1 + 4‘221(% -3)(5(g — k) - 3)axag s,

with a; = 1/24. O

-1
Remark. Let f, = 292_3 (@)g agy. Then the recursion in Theorem 5.5.3 becomes

V6

Jo= 355 (59 = 150 -0 fy + 66 2 oy
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and f1 = ﬁ Comparing the recursion for the f, and f; to the f,’s appearing in
the paper of Bender, Gao and Richmond on the map asymptotics constant [9], we
see that they are in fact the same so that f, = 24732692 (221) ¢, where ¢, is the
map asymptotics constant. In other words, the constants a, are a rescaling of the
map asymptotics constants.

5.6 Applications

5.6.1 Simple Monotone Hurwitz Numbers

As an initial application, we describe a combinatorial interpretation of the preceding
results.

R
For g,n >0 let h,(n) be the number of r-tuples of transpositions, 7y, -, 7, € S,
such that

e 7---7. =1 (the identity in S,),
e r=2(n+g-1),
o if 7, =(a; b;) with a; < b; then by <--- <b,, and
e the transpositions 7; generate a transitive subgroup of S,,.
—
We call h,(n) the simple monotone Hurwitz numbers (these are the monotone

Hurwitz number [44, 45] analog of the simple Hurwitz numbers [97, 104, 51]). It
follows from Section 5.2 (see also [45]) that for g fixed,

pi:$5i,1 .
z=1

— x"
Z hg(n)m =T,

n>0

In particular, this implies the following interpretation of the coefficients of ~,:

n!

[In] Yo = nﬁg(n).

Thus, each of the results in Sections 5.3 and 5.4 can be interpreted as statements
about the number of simple monotone Hurwitz numbers. Of particular interest
is Theorem 5.5.2 which implies that the asymptotic behaviour of the fixed genus
simple monotone Hurwitz numbers are governed by the map asymptotics constant
studied by Bender, Gao and Richmond [9]. For additional results concerning the
asymptotic behaviour of Hurwitz numbers and their relation to the map asymptotics
constant, see [99)].
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5.6.2 Plancherel Averaged Complete Symmetric Functions

Recall from Section 5.2, the exponential generating series for the Plancherel aver-
aged complete symmetric functions is given by

H=H(tz)=> >

S0ks0 ™!

thoan

(Dn(hk)7

and is related to the series I' by

[lp;=zs,, = logH.

z=1

After making the variable substitutions z ~ zw=! and ¢ = w'/2 this gives

,H(U)I/Q, xw_l) = exp (Z wg_l Fg pi=xtii,1 (.I)) :
920 z=

in an effort

For the remainder of this subsection we will use I'y to mean I'y|p,-zs, ,,
z=1
to reduce notation. Thus,
W) = esp 0 0). (5.32)
g20

dr,

Note also that v, = 2.

Since (dim A)? = (dim A*)? where A! is the conjugate partition to A,

)k hp(Ay)(dim \)?2
H(-tr) =y, CO 5 IAIUERAT
n,k>0 . AN .
=2 T X i
n,k>0 LI n.
tham  hi(Axe)(dim \)?2
=2 T X

n,k>0 n! A1y n!

Y

=H(t,x),
where we have used the fact that h, is homogeneous of degree k and Ay: = —A,

(here —A, is the multiset given by {-c:ce€ A,}). This implies that for all n, k>0,

t2k+1£€n

®, (hogs1) = [ o ]H(t,x) = 0.

Thus H(t'/2,z) is a power series in t. If we now make the substitutions w + ¢ and
x ~ tx in equation (5.32) we see that

H(tY?,2) = exp (Z tgng(tx)) :

g>0
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and in particular, for n,k >0,

B,y (hay) = [tki—T] exp (Ztg—lrg(m)).

g>0

Now, since I'y(0) = 0 for all g > 0 and [z][;(x) = 0 for g > 0 (these facts and that
[]To(z) =1 follow from the combinatorial description) we see that

—
ho(i+2) . ,
tg_lrg(tl’) = x(sg’o + Z MIZ+22€9+2+1.

= (i+2)!
Thus,
Y 97Ty (tx) = x+Z€Z( )t’
g>0 >1
where

Gi(@) =i[t'] Y 77Ty (),

g>0

tl ZZ g(] 2) j+2tg+]+]_

g>035>0 (j +2)'

—ZlZ% hg(z_j+1)xz—g+l
(i-j+1)! '

Thus, we arrive at the followmg Theorem.

Theorem 5.6.1. Let ¢ : A - C[x] be the map from the ring of symmetric functions
to the ring of polynomials in x given by

o(pr) = &k(2),

extended as an algebra homomorphism. Then for n,k >0,
P, (hoy) = [ ]@(hk)e
Proof. We have
D, (hax) = [+ H(t'/?, x)

_ tkﬁ exp (Z tg‘ng(tx))

920

= th—n exp (x + &( )t")

i>1

[ 2" ] Di ,;
=|th— ex —t'))e”
o @(Zhiti)ex

120

_xn
L 7!
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]

Example 5.6.2. It may be determined using the results in Sections 5.3 and 5./
- T0(2) =1, To(3) =8, Tho(4) = 144, T o(5) = 4224,
71(2) =1, h1(3) =40, 7 1(4) = 1944,
Ta(2) =1, ha(3) = 168, h4(2) = 1.
Thus,

1
gl(x) = 5‘7:27
8 5. o
&(x) = gx +x°,
3
&(x) = 18z* + 2027 + 53:2,
704
54(1') = ?$5 + 324I4 + 1121’3 + 2132,
so that
1

Qp(hl) = 533'2,

1 4 1
o(hg) = §x4 + ga:?’ + 51:2,

1 1 697 598 163 1
plha) = gt s gule gt gy e s e

This allows us to give closed form expressions for ®,(hay) for small k. In partic-
ular, the Plancherel averages ®,(hoy) for small k have the following closed form
ETPTESSIONS:

P, (he) = (Z);
&, (hy) = 3(2) " 8(7;) " (Z)
O, (hg) = 15(2‘) + 80(7;) ¥ 150(2) ¥ 40(2) ¥ (Z)

®,,(hg) = 105(;‘) + 840(7;) + 3485(2) + 4784(5) n 1956(2) T 168(7;) + (Z)

5.6.3 Identity Correlators

S

Let U(N) denote the group of N x N unitary matrices, and let du be the normalized
Haar measure on U(N). The problem of computing group integrals of the form

Sy @0,
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where f and g are polynomial functions on U(N) arises often in physics and prob-
ability theory ([22, 23, 82] and the references therein). In [22, 23] it was shown that
the group integrals above could be reduced to those of the form

In(m) =/l;(N) U1 Uy Ut (1) U (r) Al

called the permutation correlators, where m € S, and w;; is the ¢,j entry in the
unitary matrices over which the integration is performed. Furthermore, the permu-
tation correlators, Iy(7) were expressed as certain character sums of S,. In [8§]
it was observed that the character sum expression for Iy () was equivalent to the
expression

Y

where N >n and 7 has cycle type p. In particular, using the results of Section 5.2,
we see that if id,, is the identity permutation in S,, then

Inid,) = 1 (-1 2e),

k>0
" 1 =z
=|—|H|[=,—]).
[n!] (N "N )
Example 5.6.2 thus allows us to give higher order approximations to Iy (id,). For

example,
(3) 300 +8(5)+() 1
Nfz+2 + : Nni4 : +0 (Nn+6) ’

1
[N(Zdn) = m +

5.6.4 HCIZ Integral

The Harish-Chandra Itzykson Zuber (HCIZ) integral is a Unitary group integral
given by
Incrz(N) = éNtr(AUBU*)d,Ua
U(N)

where A and B are matrices and arises in a number of physics models (see [82]
and the references therein). In [44], the coefficients appearing in the asymptotic
expansion of the free energy of Iycrz(N), N — oo was given a combinatorial
interpretation. In particular, the formal expansion of the free energy of the HCIZ
integral is given by

1 Hy(a, B)pags
F =—log I N) = A
N(2) vz 108 meorz(N) ;};a%&d N2o gl )

where pj, = 5tr(A*), pa = [1iso Pa; and similarly for gs and B. Note that this expan-
sion is formal and we refer to [44] for results pertaining to the analytic expansion.
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The formal expansion of Fy(z) and its relation to the 2-Toda hierarchy was
considered in [112] (for a symmetric function approach see [14]). In particular, in
[112] the degeneration of Fy(z) occuring when py = qx = 01 was considered. In
this case, using the preceding results, we have

ﬁ

h 4(d)z4

FN(Z)|pk=Qk:5k,1 - ;}; N29(]!

1
= gzz;] WFQ(Z)
In particular, this gives
zd
7|w:%,x:z = E FN(Z)'pk:Qk:5k,1 ’

Thus, Corollary 5.3.3 gives a nonlinear differential equation satisfied by the free
energy of the HCIZ integral in the case that py = g = 05 1.
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Chapter 6

Future Work

In Chapter 2 we gave a development of the KP and BKP hieraries in a way which
was most suitable for enumerative applications. As a result we were able to apply
these hierarchies to the problems of enumerating orientable bipartite quadrangu-
lations in Chapter 3, non-orientable triangulations in Chapter 4 and monotone
Hurwitz numbers / Plancherel averaged complete symmetric functions in Chap-
ter 5. This collection of applications is, of course, not exhaustive and many other
possible applications have yet to be worked out. As possible avenues of future
research we mention a few examples of other possible enumerative applications of
integrable hierarchies.

6.1 Mixed Hurwitz Numbers

In Section 1.1.1 in the introduction we discussed the Hurwitz enumeration problem.
That is, counting the number of factorizations of a permutation into transpositions.
Further, in Chapter 5, we discussed the monotone Hurwitz problem. That is, the
problem of counting factorizations into transpositions where an additional mono-
tonicity constraint is present. In [46] Goulden, Guay-Paquet and Novak studied a
more general problem that interpolated between the normal Hurwitz problem and
the monotone Hurwitz problem.

Suppose that k,l > 0 are integers and that o, € P with |a| = |5| = d. Let
Wk(a, 8) be the number of (k+1+2)-tuples (o, p,T1,- ., Tk, Thil, - - - s Tket) Of per-
mutations in Sy for which

1. o has cycle type a and p has cycle type 3,
2. each 7; is a transposition of the form (a;b;),
3. by <. <y,

4. the identity o = p7y ... 7Ty holds in Sy.
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The numbers W*!(a, ) are called the mixed double Hurwitz numbers.

In [46] the authors consider the generating series

24 ul
W(z,t,u,p,q) =1+ Z E Z tkﬂ Z Wk’l(aaﬁ)pa%@?
d>1 " k,l>0 ©a,B-d

which encodes the mixed double Hurwitz numbers. Similar to the methods used in
Section 5.2 for the monotone Hurwitz problem, Goulden, Guay-Paquet and Novak
used Jucys-Murphy elements and the center of the group algebra of Sy to show that
W can be written as

W(z,t,u,p,q) = Z H

XeP (i,5)er 1- (] - Z)t

ze(j—i)u
sx(pP)sr(q)-

In particular, this shows that the generating series W is a content-type series like
those considered in Section 2.4.2. Thus, using Theorem 2.4.11 we know that the
series W satisfies the KP hierarchy in the variables p. The second component that
we need in order to analyze the series W in a manner similar to the monotone
Hurwitz problem is some sort of linear differential equation like the ones in Propo-
sition 5.2.1. A combinatorial derivation of this sort of relationship seems difficult,
however, as we shall see in Section 6.4, it should be possible to construct a family
of linear differential equations algebraically.

6.2 Truncated Random Matrices

A number of enumerative problems to which integrable hierarchies are applicable
arise in mathematical physics. In particular, many problems which arise in the
study of random matrices have combinatorial interpretations. One such problem is
the calculation of moments for truncated random matrices.

Let U(d) be the unitary group of d x d matrices and let du be the normalized
Haar measure on U(d). We may think of the space U(d) as being a probability
space. Given a matrix U € U(d) and k an integer such that 1 < k < d, let Uy denote
the upper left k x k corner of U. We call U, a truncated unitary matrix. Let

xQn

()2’

be the generating series for the moments of the trace of truncated unitary matrices.
In [86] Novak showed that the generating series G4(z; k) could be written as

Gd(l’;k})= Z k+(J_Z) (f/\)Q .%‘2|>\|-

s e d+ (1) (JAID)?
e(N<k

Calw)= 3 [ [T (U dp

n>0

In particular, this means that G4(x;k) can be written as an evaluation of a gen-
erating series which is a solution to the KP hierarchy. The way of doing this is
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very similar to the method used in Chapter 5 where we encoded the generating
series for simple monotone Hurwitz numbers as an evaluation of the more general
generating series for all monotone Hurwitz numbers. In both cases we construct a
generating series which depends on the indeterminates p and then we evaluate at
p=(1,0,0,...) to get the specialized series.

In [87] Novak gave a combinatorial description of the generating series Gy(x; k)
as the generating series for a vicious walker model on the integer lattice. In doing
so he also showed that the special case of G4(z;d) is related to the generating series
for permutations of length n with maximal increasing subsequence bounded by d.

Similar to the mixed Hurwitz problem, there doesn’t seem to be any combi-
natorially derived linear differential equations available for the truncated matrices
problem. In the special case of Gy4(x;d) the matrix integral interpretation can be
used to find linear differential equations called the Virasoro equations and this was
used by Adler and van Moerbeke in [2] to derive a differential equation for G4(z;d)
which could be used to analyze its coefficients. The tools discussed in Section 6.4
could be used to perform a similar analysis on the more general series G4(z; k).

6.3 m-Hypermap Numbers

Let bg%’”’“') be the number of tuples of permutations (o,~,m,7ms,...) in S, such
that

1. o has cycle type a, v has cycle type [,
2. each m; has n —a; cycles,

3. oymmy...=11in S, where 1 is the identity,

4. the subgroup generated by o,~,m, e, ... acts transitively on {1,...,n}.
The numbers bglé’”"“) were considered in the proof of Proposition 3.2.1 where it

was shown that the series

1
B = Z —b((la;’@"")paqgu‘flug? e
jof=[Bl=n21 ¥
ai,as,...,20

could be written as B = log(B) where

B=STI T (1 +utk-))sa(p)sa(a).

AP i21 (j,k)e

In particular, B is a content-type series and so by Theorem 2.4.11 is a solution to
the KP hierarchy.
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That B satisfies the KP hierarchy was used in Chapter 3 because the generating
series for bipartite maps is a specialization of the generating series B.

More generally, we may consider the numbers c*i?g defined by

(g m) _ (a1,a2,...)
7/8 Z ba’ﬁ ’

where the sum is over all (a1, as,...) with a; =0 for ¢ >m and

ap+ag+ ...+ a, =La)+0(B)+2g-2.

If we let NV (9 ™ he a rescaling of the c(g ™) g0 that

Né{gﬁm) ol |Aut af|Aut 6|C(g ™)

then we call the N (gﬁm) the m-hypermap numbers. The reason for this is that in
the case that m =1 we get rooted hypermaps, or rooted bipartite maps.

If we now consider the generating series for m-hypermap numbers,

(g;m)
N = Y B ———— OO
ol fTeas1, AUt of[Aut S “
g>0
then it is not too difficult to see that
N(m) = B|u1:...=um=t,uj:0,j>m :

In particular, this tells us that exp(/N(™)) satisfies the KP hierarchy. This fact was
initially proven in [50].

The m-hypermap numbers were studied by Bousquet-Mélou and Schaeffer in
[12] where they showed that

O _ g (m=1)d-1)! fﬁ(mai—l)‘
o (1) ((m-1Dd-l(a)+2)! i3\«

Further combinatorial analysis of the m-hypermap numbers seems very difficult,
however, an algebraic approach may be possible using the fact that the series N (™)
satisfies the KP hierarchy coupled with the algebraically derived linear differential
equations mentioned in Section 6.4. Currently the m-hypermap numbers have
resisted algebraic attemps at their determination and the only approach which has
shown results has been the combinatorial one.
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6.4 Linear Differential Equations

In the three applications of integrable hierarchies studied in this thesis some sort of
linear differential equation or equations was necessary in addition to an integrable
hierarchy. In each of the cases presented the linear differential equations could be
derived using combinatorial means, however, the additional problems mentioned
in this chapter seem resistant to the type of combinatorial analysis necessary to
derive similar linear differential equations. Fortunately there appears to be a way
to derive the auxiliary result algebraically, something which we will briefly present
here. A precise and complete description of this method along with any possible
applications seems to be a very fruitful area of future research.

Consider the differential operator given by

A= % 2. DiDPig + % 2. PisPiD;-
1,721 1,721

This is called the join-cut operator and is the differential operator alluded to in
Section 6.1 above in relation to the Hurwitz enumeration problem. Combinatorially
the join-cut operator corresponds to the operation of multiplying a permutation by
a transposition. If the two non-fixed points of the transposition are in different
cycles to begin with, then after multiplying those two cycles are joined together,
a ‘join’. If the two non-fixed points of the transposition are in the same cycle to
begin with, then after multiplying those two cycles will appear in different cycles
in the resulting permutation, a ‘cut’.

Using the combinatorial description of the join-cut operator (or similarly us-
ing Jucys-Murphy elements and the center of the S,, group algebra) Goulden [43]
showed that A acts diagonally on Schur polynomials as follows,

AS)\=( Z (]—Z))S/\

(,5)eA

Similar to the approach used by Lassalle [76], we may construct the related opera-
tors given by,

Up = 1, U = [A,Uy—1] for k>0,

and
Dy = py, Dy, = [Dy_1,A] for k>0,

where here [A, B] = AB - BA is the commutator of the operators A and B. As an
example, U; = [AJH] =D ksl Pk+1pi and Dy = Y51 pkptﬂ-
Now, recall the Murnaghan-Nakayama rule (see [78] for example) that

Pi1sSx = Z Sus
[N
and dually,
phor= Y s
<A
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where here 1 > A means that p/) is a single cell and p < A means that A\/u is a
single cell. The Murnaghan-Nakayama rule then allows us to describe the action
of the U, and D, operators on Schur polynomials. First, a bit of notation, if A > u
are partitions so that A/u is a single cell then we write ¢(A/u) for the content of
the single cell in A which is not in u. In other words,

pea(i-1)
H(i,j)Eu(j - 7’)

Proposition 6.4.1. The operators Uy, and Dy for k >0 act on the Schur polyno-
mials as,

(M)

Upsy = 3 (/A sy,

>\
and
Disy= . c(Mp)Fs,.

H=<A

Proof. We will begin with the action of U;. The Murnaghan-Nakayama rule shows
that this is true when k = 0. Suppose it is true up to k-1, then

Upsy = [AU-1]8x = AUy-15) — Up-1As),
AT ) S (o

A (.)€
=2 (/N Y0 (G=i)su= D0 e/ YD (G =i)su,
p=A (i,5)ep P> (i,5)eA
=2 clp/N)* ( > G-1)- X U —i)) su= D, c(p/A)*sp.
A (if)en (7)€ =
The proof for Dy, is essentially the same. O]

We will now consider a family of generating series which are a specialization of
the content-type series appearing in Section 2.4.2. Suppose that p(z) and ¢(x) are
polynomials. We say that the series 74 of the form

@p,q — p(] B Z) f_)\
AP (i,7)€A q(j =) |A!

S)\(p)v

are called rational content-type series. It is easily seen that the series ®»:¢ are a
specialization of the content-type series studied in Section 2.4.2 and, as a result,
are solutions to the KP hierarchy in the variables p.

Using the results of Proposition 6.4.1 we may compute the action of U), and Dy
on rational content-type series. To make the formulas more compact we introduce
the umbral composition operator o which we define in the following way. If p(z) =
ks axr® and q(x) = Y0 bex® are polynomials then,

(pold) =), alhy, (qoD) = byDy,

k>0 k>0
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and we extend this definition similarly for any family of operators A = (Ao, Ay, . ..).
Then, using Proposition 6.4.1 we see that

(polt)d = Z{ 1 2- }(Z a(Mn )W )ﬁ;‘sﬁ

AEP \ (4,7)er Q(] - Z) 729

and that a similar result holds for (q o D)®r4.

Now, suppose that there exist operators Cy for k > 0 which act diagonally on
Schur polynomials as,

Cosn = {z c(A/mk' i }

and that similarly for k£ > 0 there exist operators 7 which act as

Sy = C k f” S
Trsx {Z; (/) |M|f’\} A

Then we may arrive at the following theorem.

Theorem 6.4.2. Given operators Cp and Ty for k > 0 as described above and an
integer 1 > 0,
(#'poU)PP = (x'q 0 C) PP,

and
(2'qoD)®P1 = (z'po T )PP,

In particular, Theorem 6.4.2 gives a method of computing a countable number
of linear differential equations for rational content-type series, provided the opera-
tors Cj, and Ty exist. Fortunately, it is essentially a result of Okounkov [90, 91, 94|
that the operators C;, and 7}, exist and are differential operators. In fact, Okounkov
showed that these operators are part of a commuting algebra of differential opera-
tors which act diagonally on Schur functions and are called the Sekiguchi-Debiard
operators (see also [75, 76]). The first few operators are given by

To=1, Ti=0, To=E  T=2A, C=FE, (5 =2A,

where here
E = szpzly

i>1
is the Eulerian operator which acts on Schur polynomials as Esy = |A|sy.

Using Theorem 6.4.2 we can now construct families of linear differential equa-
tions which are satisfied by rational content-type series. For example, the linear
differential equations appearing in Proposition 5.2.1 can be derived in this way
as well as the monotone join-cut equation studied by Goulden, Guay-Paquet and
Novak in [44, 45, 47]. This method is also applicable to the mixed Hurwitz prob-
lem and the m-hypermap problem described above. Note that the mixed Hurwitz
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generating series is not a rational content-type series, however, the proof of The-
orem 6.4.2 and the generalized version in Theorem 6.4.3 does not depend on p(x)
and ¢(x) being polynomials. Unfortunately, the linear differential equations that
are generated with this method grow in complexity with p(x) and ¢(x). This dif-
ficulty also appears in the m-hypermap case as the degree of the polynomials p(x)
and ¢(z) can be arbitrarily large.

In order to apply this method to the truncated random matrix problem we
will need to extend Theorem 6.4.2 to include bounded rational content-type series.
That is, rational content-type series where the sum is over all partitions where
the length of the partitions are bounded (or equivalently the size of the first part
is bounded). Fortunately we can prove a generalization of Theorem 6.4.2. For
A={(k,iy): k,ix > 1} define

P(A) = {)\ eP: )\k < V(k,lk) S A}

In particular, if we let A= (n+1,0) then P(A) ={\ e P :4(\) <n} and similarly
if A=(1,n) then P(A) ={AeP: )\ <n}. We may define the bounded rational
content-type series to be series of the form

- Y {H p(J—Z)}W .

AeP(A) | (i,5)er q(j —1)
Then it is straightforward to prove the following generalization of Theorem 6.4.2.

Theorem 6.4.3. Suppose r(z) is a formal power series such that r(ix—k+1)q(ix -
k+1) =0 for all (k,iy) € A. Then the series ®%? satisfies the linear differential
equation,

(rpolU)®h = (rqoC)DH.
Similarly, if r is chosen so that r(ix —k+ 1)p(ix —k+1) =0 for all (k,ix) € A, then

(rqo D)OL" = (rpo T) Py

Proof. For a pair (k, i) with k, i, > 1 let
P.(k,ik) = {)\ eP: )\k = ik + 1}.

Also, for any k > 1 we let e, be the vector with 1 in the kth position and zero
elsewhere. We compute,

ooy - > UL (z r(umpm/A)su)

AeP(A) Used w>A
- ;()Z{Hzéi} |M|,su('“'f r(u/A)q(um)

_ p(s) i
A 5 i (Z )
DID) { p(s)}w s (P2 = exdatul - ).

(k.in)eA peP* (kyix) q(s) I
pu—epeP(A)
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Now, since c(pu/p—ex) = p — k and p € P*(k,ix), c(p/p —ex) = ix — k + 1. Thus,
r(pfp—ex)q(p/p - er) = 0 and so

(rpoth)ai = Y {n’;ﬁs)}m', u(z'“’f r(u/A)Q(u/A))

pep(A) sen A<p

> {2 Lae s, = Gaocrwy

ueP(A) q(s)

The proof for (rqoD)®%? = (rpo T)P%? proceeds similarly. O
If we consider the special case of Theorem 6.4.3 when A = @ then the trun-

cated rational content-type series ®7 is just ®P¢ and if we take r(z) = 2% then
Theorem 6.4.2 follows.

6.4.1 Plancherel Averaged Hall-Littlewood Polynomials
Recall from Chapter 5 that given a symmetric function f the Plancherel average of

] is
A)\ dlm/\ 2

AN

®,(f) =

where dim A is the dimension of the irreducible representation of .S,, indexed by
the partition X\ and Ay = {j —i:(4,7) € A\} is the multiset of contents of the cells
in A. In Chapter 5 we consider the problem of computing the Plancherel average
of complete symmetric functions. However, given Theorem 6.4.3 we may consider
the more general problem of determining properties of the Plancherel average for
a more general class of symmetric function, the Hall-Littlewood polynomials. This
problem was also considered by Lassalle in [76].

The Hall-Littlewood symmetric functions indexed by a single integer (the one-
part Hall-Littlewood polynomials) can be written as Py(t) = (1 —t)gx(t) for k>0
and go(t) = 1 where the polynomials gx(t) have generating series

> ge(t)ut =] Lot

k>0 1 1w

In particular, this means that the problem of computing the Plancherel average of

Hall-Littlewood polynomials is related to computing the coefficients of the series
(I)HL _ (I)l—tux,l—ux
= o, .

Applying Theorem 6.4.3 to & gives the following differential equations:

pi®ur—u) pipio Pur = Pur,

i>1

Y 0iPia®PaL —u Y, pijpipiPuL —u Y, pipipi P = —tuE®yy,

i>1 1,721 4,721
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P1®ur —tu ) pinpi®ur = E®pr—u Y. pipipi;@ur—u Y, pivjpipjPur-
i>1 ij>1 ij>1
The first two equations are equivalent to those found by Lassalle analytically while
the last equation appears to be new and may play the role of the monotone join
cut equation in [45] for the series @ .

6.4.2 Truncated Random Matrices

If we modify the series @y, slightly and add a restriction on the partitions appearing
as summation indices we arrive at a series which contains the problem discussed
carlier in Section 6.2. Namely, consider the series ®'% (k) = (IDI{CZE ff(f)}. As mentioned
earlier, the condition Ay < 0 is equivalent to ¢(\) < k. Using the hook-content
formula, ( )
k+(j—1

sxak(l) = _

k(1) (};[M )
where sy ;(1) is the result of evaluating sy at 1 = - = 2 = 1, 2441 = --- = 0 and
hx(i,7) is the hook length of the cell (¢,7). That is, hy(7,7) is the number of cells
to the right of (4,7) in A plus the number of cells below (7,7) in A plus one (to
account for the cell (7,7) itself). Thus, we have

D p

pW(py= v )

T L m
o(N)<k

In particular, if we set p; = 229, then the series @gﬁj)(k;) is equal to Gg(x; k).

Theorem 6.4.3 can now be applied to q)(Td) (k) and combined with the fact that

q)grd )(k) satisfies the KP hierarchy (since it is a content-type series). One hopes
that this will lead to some interesting results about the series Gy(x; k).
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Appendix

In Chapter 4 the structure theorem for the generating series for triangulations on
all surfaces (orientable and non-orientable) as well as the asymptotic behaviour of
the number of such triangulations relied on a technical lemma whose proof involves
a lengthy computation. It is the goal of this chapter to provide the details of
this computation. First, we recall some of the notation used in Chapter 4. For
our purposes, z will be an indeterminate and s = s(z) is the unique power series
solution to z = 25(1 - s)(1 - 2s) with s(0) = 0. We will also write = 1 - 6s + 65>

and define, for 7 > 0,
(1-2s)
141 )

vy

%4—1’

if 7 is even,

if 7 is odd.

Furthermore, if Lg?’)(z) is the generating series for triangulations on a surface with
Euler characteristic g then we define

1
7,(2) = 159(2) + 30+ (1= 52 ) e

For convenience we will also write D = 620,. We wish to prove the following lemma.

Lemma 4.4.4. Suppose for g > 3,
4 4
Ry(s) = {507 ~A(gva + o~ D - 5204+ 99(3 - g} + 120 - 32)} 1,

and that
) 5k-8 .
Lk = Z Nk:(z),lvblv
i=0
for2<k<g. Then
59
Rg(s) = ng(i)Q/Jh
i=0
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for some constants r4(i). Furthermore,

rg(5g)—@(5g 8)(5g - 12)(5g — 6)wy s
365,(59 6)(59 — 10)(5g - 14) (59 — 18)(5g - 22)w,_4
59 — 6
(954 )Zx(zg DWWy
59 — 6
. 5336 )5 Zx(z g —1)(5i - 8)(5i — 12)w;_sw,;
=2
LS 5~ D) (isg - (g -~ )
5i = 2)x(i,9 = 1)x(J, 9 =i — j)wsw;wy_;_;,
92165 & jWo-i-j

where wy, = (5k — 6) g (5k - 8).

To prove Lemma 4.4.4 we will require Corollary 4.3.2 and Theorem 4.4.1. In an
effort to make this proof more readable we will reproduce the statements of these
results here.

Corollary 4.3.2. For g >0,
42*(D+12)*(D +8)(D +4)T, o - (D + 6) DT,

L 12:2(D + 12) (i{(D+4)Ti}{(D+4>Tg_Z-})

1=0

-3 2D+ 1D+ D+ )Ty
—%(D +6)T,p + 622 (gzo ((D+4)T} {(D+ 4)Tg,“-})} ,

where

YA bty A 2-t 2 i (3
V= 32802(1 4 (-1) )Z( SR ET OIS
t=0 i \k—-t- i!

1+ 2

Theorem 4.4.1. The generating series L((]?’)(z) and ng)(z) are given in terms of
s by

(3) 25(1 - 4s + 2s?)

(2) = (1-5)(1-2s)2

(1-25)(1-5+52) - (1-65+6s2)2
s(1-s)(1-2s)

L¥Y(2) =

Our first step will be to rewrite Corollary 4.3.2 so that R,(s) appears. In order
to break up the calculations which follow we will begin by defining the following
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series. Let

A(k) = 22(D +12)(D + 8)(D + )T,

B(k) = 223 (D + )T} {(D + 4)T},

BUR) = 2 (D + )T} (D + i),
BUR) = 5 (s + 200) BR)
Ck) = (D+0)T;,

k—t+2 _ s 3
w®=3 (, | 0, ,) 5.

S \k—t-7+2)]
k-2

Vi =Y (1+ (-1)"")2 "2, (1), and

=
Vi = zk:(l + (=1)F )220 (1).
Proposition 6.4.4. For g ztzzozet
Ry(s) = {§D2 —4( gy + b —4)D - %(zw +9g(3 = g)ths + 120 — 32)} LY.
Then
Ry(s) = 5 (4 + 200) DA(g ~2) + 4t + 200) DB()

—§(w2+2wo)(w0—1)(2A(g—2)+63(g))_3¢2vg (6.1)
_92 Vi (%(% +200)Ag —i-2) - é(% +200)C (g~ ) + 63@?’)) _

Proof. From Corollary 4.3.2 we have
42*(D+12)*(D +8)(D +4)T, 5 - (D +6) DT,

2D 12) (S D+ DT (D 0T,

Sy, {222(1) F2)(D+8)(D+ )Ty o= 5 (D+ 6T, (62)

g-k
+622 (Z {(D+D)T;}{(D + 4)Tgki})} )
=0
with
k k—t+2 2_¢ Zz' )
Vi = 2k—t+2 1 -1 k-t ( )_ ZL(3)

= (D)LY (2) + W,
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and
(D) =4(k - 1)(k-2) + 2B p I

?.
If we let 1
re(D) =122*{(D +4)T}H(D +4) - §(D +6),
and Uy, = (D +4)T}, then (6.2) becomes (note that T}, = Lf’) for g > 2),
po(D)LY) = 422(D +12)(D + 8)(D + 4)U,_, (6.3)

g-1
+122%(D +12) > UiUy; = Vo(22°(D + 12) (D + 8)Uy-»

i=1

g-1 . 1
+622 Y U;U,-;) = V(622U - §(D +6)Ty) (6.4)
j=1
g-1 1 g—i
— > Vi(222(D +12)(D + 8)Uy-;o — 5(D +6)T,_; + 62 2% UjUyoi-j),
=1 j=

where

po(D) = (63 = 5(D+ 6)Ty)ay(D) = Vory(D) - 2D, (D).

Using Gao’s formula for L(()?’) in terms of s (Theorem 4.4.1) we may compute

1 3
2r72 _ D T - -
62 UO 2( +6) 0 (1_25)2’
and D2 .
V0=(8+2D+?)L83)=8(6—1)=8(¢0—1).
Similarly,
1
(D) =(5-n) D+ (1- 1)
and
1 , (2 8
Dr,(D)=\=z-n]|D*+|-+3-8n|D+|—-+8-167].
2 n n
So,
3 D2 2
pg(D):m(?+§(3—29)D+4(9—1)(9—2))

(E)((3-)o-0-0)
—2((%—77)D2+(%+3—877)D+(%+8—16n)).

In particular, we have

— 2
(1 —nzs)_pg(D) - %DQ —4(gs + o —4)D - §(2¢4 +99(3 = g)tbs + 1205  32).
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5)2 . . (1-25)2
z— on both sides, using the formula for “—5"p,(D) above

Multiplying (6.4) by
and the fact that

(1-2
n

(1-25)2 1 ( 1 2) 1
—_— = — —_ = — 2
772 3 772 + n 3(¢2 + 77Z)0)7
then gives the desired result. O]

The proof of Lemma 4.4.4 will proceed in two parts. The first will be to show
that R,(s) = Y%7 r,(i)¢i. Then, we will show that 7,(5g +2) = 7,(5g + 1) = 0
and that r,(5g) has the description given in Lemma 4.4.4. In order to do this we
will need to show that each of the series appearing in the right hand side of (6.1)
in Proposition 6.4.4 can be expanded in terms of the v; basis and work out the
first few terms in this expansion. Before we continue, first recall some fundamental
properties of the v; basis. Proposition 4.4.3 tells us that the ); basis satisfies the
multiplicative identity

i)y = X(iaj)wnﬁz +(1- X(iaj))¢i+ja

where
o 1, if either 7 or j is even,
x(i,5) =

%, if both i and j are odd.

Suppose F' =Y. fityi and G = Y;50 g:; are series which can be written in the 1,
basis. Using the multiplicative property of the v; basis we may define

m(F,Gir)= Y x(i,0) figi+ Y. (1-x(i,9)) fig;,

i+j=r-2 i+j=r

so that
FG=> n(F,G;r)Y,.

r>0
In particular, if F =YX, fi; and G = ¥, g;1;, then
M+N+2

FG: Z W(F,G,’i)wi,

i=0
where the first few terms can be determined explicitly as,

7.‘-(F’?CTY;J\J'i']\]-l_Q) :X(MvN)fMgNa
W(F,G;M-l-N-f— ].) = X(M,N— 1)FMgN—1 +X(M— 17N)fM—lgN7 and
T(F,G;M+N)= " > x(i,5) figj + (1= x(M,N)) fugn-

i+j=M+N-2

When working out the top terms of the expansion of (6.1) it will often be the
case that we have two series, say F' and F, which agree at the top few terms but
which may differ afterward. It will be useful to know that the products of F' and
F with an additional series G also agree at the top few terms. In particular, if we
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suppose that F = Y2 Fip; with far_j = farj, 5= 0,1,2 then F—F = SM53(fi— f)bs

so that
M+N-1

(F-F)G= Y w(F-F,G;i).

i=0
Thus, 7(F,G;M +N +2-i)=7(F,G,M + N +2-1) for i =0,1,2.

In addition to making use of the multiplicative properties of the v; basis we will
also make use of the operator D on the ;. Again, recall from Proposition 4.4.3
that

(i + 2) g + ithisg — 2(i + 1)1y, if 7 is odd.
So, if F'=3,5 fit; is a series in the v; then we may define §(F';i) by

Di; = {(Z + 2)ipa + (0 +2) g = 2(0+2)¢;,  if 7 is even,

(i1=2)fica+ifio—2(1+2)f;, if ¢ is even,

6(Li) = {(i—z)fi—4 +(i-2)fio—2(i+1)f;, ifiisodd,

so that
DF = 25(F;i)¢i~
i0
In particular, if F' = Zf\fo fii, then
M+4

=0

where the top few terms may be computed explicitly as,

O(F; M +4)=(M+2)fu,
O(F;M+3)=(M+1)fy_, and
S(F: M +2) = M frro+ (M +2)Fyy, %f M ?s even,

M frro + M Fyy, if M is odd.
As in the multiplication case, it is easy to check (using the above formulas for
example) that if F' = Zf\fo fiviand F' = Zf\fo fith; are two series in the 1; which agree
on the top few terms so that fu—; = fu-; for j =0,1,2 then so do DF and DF i.e.,
S(FEM+4-5)=0(F,M+4-j) for j=0,1,2.

As a notational convenience we will write §*(F’;i) to mean [¢;]D*F, which is
the same as
§F(F;i) = 6 Y(DF;i) = (D1 F;4).
In particular, §*( F;4) can be computed recursively. Also, for k > 2 we will write,
5k—4

Un=(D+)LE = Y u iy

1=0
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where ug(i) = (5(L,(€3);i) + 4p1(7). The top few terms of U, may be worked out
explicitly as,

ur(5k - 4) = 6(LY; 5k — 4) = (5k - 6)ux (5K - 8) and

ur(5k - 5) = 6(LY; 5k = 5) = (5k = 7)ux(5k - 9).

In addition, the bottom few terms may be worked out. In this case,
ur(0) = 6(LY; 0) + 4414(0) = 0 and
up(1) = 6(LP; 1) + 440, (1) = 0.

so that
5k—4

U = Z g (1)1

i2
More generally, we may work out the bottom few terms of §( ;i) for a series F' in

the 1;. Since we will have need of this in the lemmas that follow we will record this
here.

Lemma 6.4.5. If F =Y ,.,; it is a series in the 1; then 6(F;i) =0 fori< M,

-2(M +2)Fy, if M is even,

S(F: M) =
(F3.0M) {—2(M+1)FM, if M is odd,

and
S(F;M+1) = —2(M +3) Faga, Z:fM Z:S even,
=2(M +2)Fy41,  if M s odd.
Proof. This follows via straightforward computation. []

Along with the definition of Uy for k > 2 above we will also let Uy = 181 — 121/
and Uy = 12¢)y. Note that this U; and Uy are not the same as (D+4)T} and (D+4)Ty
as was used in the proof of Corollary 6.4.4.

We now proceed by determining the structure of each of the summands on the
right hand side of (6.1) in Proposition 6.4.4.

Lemma 6.4.6. Let k >0 be a non-negative integer and if k > 1 further suppose that

3) 5k—8
Ly =37 ().
1=0

Then
5k+4

A(k) = > an(i)ey,

1=0
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where

52(Uk, 5k + 4)
432 ’
52(Uy, 5k + 3) and
432
52(Uk, S5k + 2)
432 '

ak(5k + 4) =
ak(5k + 3) =

ak(5k: + 2) =
Proof. Recall that
A(k) = 22(D +12)(D +8)(D + 4)Ty.
For k > 1, T}, = L,(f) = Y258 11, (1)1; by assumption. Using Lemma 6.4.5 we may

determine that
5k+d

(D+12)(D+8)(D+4)L® = Z v ()

for some constants 7, (i). Also recall that z = 3s(1 - s)(1 - 2s) so that
22 1 1 1
— ===+ —14]).
3 (216 1120 432%)

Thus, for k> 1,

A(k) = 22(D +12)(D + 8)(D + 4)Ty,
5k+4
= 2? Z ’Yk(i)wi,
22 5k 2

= 77 Z f)/k(ll+6)¢l7

1=0

1 5k-2 .
= (2_16 - m% @1@4) i:ZO Y@ +6)v

Extracting the first few coefficients then gives the desired results. For k£ = 0,1 we
compute

A(0) = 22(D +12)(D +8)(D + 4)Ty = _§¢0 s %wz . %%
and
A(1) = z2(D + 12)(D + 8)(D +4)T1,
= Sy + ot 2= s+ o= s = S+ S - 2+ Lt

In both cases A(k) has the same form as when k > 2 and after checking the top
three terms of A(1) and A(0) we see that the result follows. O
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Lemma 6.4.7. Let k >2 and suppose that for all 2 <1<k,
5i-8

LY = 3 ().
5=0

Then
5k-6

B(/f) = ; bk(i)¢i,

where
k-1

1
bk(5k—6):@ W(Ui,Uk_i;5k—6),
i=1

1 k-1

bp(5k =T7) = 132 (Ui, Uy—i; 5k = 7), and
i-1
k-1

1
bk(5k—8)=@ 7T(Ui7Uk_i;5k—8).
i=1

Proof. Recall that
k-1
B(k) =22 Y {(D+4)T}H(D +4)T)-}.
i=1
For k > 2 we have

k-2
B(k) = 22 Z UZkaz + 222{(D + 4)T1}Uk,1.

i=2
Now,
1 1 1 1 1
2 T e A Sl il
AHD+ )T =n (18% YT 241/’5)’
so that
2{(D+4)T1 Uy = 2(i¢ _i¢ —iw — ey +i¢ )Skigu (1)
14Uk-1=1 18 0 94 1 36 2 36 4 o4 5 Z k-1 is
5k—2
= 772 Z ’Vk(z)d}i?
i=d
5k-6
= > (i +4);,
i=0
where

) 1 1 1 1 1 ]
VkU)::W(Igﬁb“Ezﬂh"ggﬂb—'§6¢u4'§Z¢%,C@-n2)

In particular, it is straightforward to check that

1
’}/k(5k’— 2) = 4—327T(U1,Uk_1;5/€ - 6),

1
")/k(5k'—3) = 4—?)27T(U1,Uk_1;5]€ - 7),

1
’yk(5]€—4) = 4—327T(U1,Uk,1;5]{3 - 8),
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where U = 1811 — 12¢)9. We also see that

k-2 5k-6
QZUUki—Z Z ZT‘-(UMUk m])l/}p
=2 j=6
52 k=25k=12
== W(Uz‘,Uk—i§j+6)1/}ja
" =2 j=0
1 1 1 k-2 5k-12
=(=-— — Ui, Uk-i;5 +6)1;.
(216 144w°+432w4); ]2;) (s Ui + 6)¢5

Putting this together we have for k£ > 2,
5k=6

B(k) = Z:O bi (1),

where

b (i) = Q’yk(z+4)+7r( ! !

1 2 :
- — Ul il
TRETVALA TIPS ’”’2)

In particular, the top three terms are given by the expressions in the statement of
the lemma.

For k =2,

BE) = 2{(D+ TP = Tt =t + 2o =ty + 0

and it can be checked that the top terms coincide with the formulas given in the
statement of the lemma. m

Lemma 6.4.8. Let k >2 and suppose that for all 2<i <k,

51—-8

LY = Z 10 (7).

Then

5k—4
Z (1),
where
Bk 1) = Gui(5k - 4).
b(5k - 5) = éuk(5k -5), and

— 1 1
bk(5/€ - 6) = auk(Sk - 6) - guk(E)k: - 4) + bk(5k} - 6)
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Proof. Recall that for k > 2,

B(k) = 2* ;{(D +)TH(D +4)Th-i},

=222{(D + 4) Ty} Uy, + B(k).
Now,
2{(D+ )Ty} = 10(do - 1),
% . 5k-4 5k—6
B(k) = —(%— 1) Z up (1) + Z bi (1)1,
i=0
from which the result follows. O

Lemma 6.4.9. Let k> 1 and if suppose that for all 2<i <k,

LY = Z 10:(3)b;.

Then o
B(k) =Y b (i),
i=0
where
— ]
bk(5/€) = Euk(Sk - 4),
— 1
bp(bk-1) = Euk(f)k -5), and

—— 1 1 1

Proof. Recall that
— 1 -
BB = 5 (¢ +200) B(F)
so that for k£ > 2 the result follows immediately from Lemma 6.4.8.

For k =1, using the fact that

—(% +2¢) = M?
n?

we have

Erl) 2(1 28)2

{(D+D)To}{(D+4)T1},
4
= —ng + 13 - §¢4 + 5.

After checking we see that the top three terms of B(1) agree with the formulas
given in the statement of the lemma provided that U; = 18 — 12. O
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Lemma 6.4.10. Let k> 1 and suppose that for all 2<i <k,

51-8
LY = 3 ()
=0

Then
5k—4
C(k) = Z Ck(l)l/%a
i=0
where

Ck(5k’ - 4) = uk(5/€ - 4),
ck(bk = 5) = ur(bk - 5), and
Ck(5k’ - 6) = Uk(E)k‘ - 6)

Proof. Recall that C'(k) = (D +6)Ty. So, for k> 1
C(k) = Uy +2LP,
and the result follows. For k =1 we compute

C(l) = (D + 6)T1 = 18’¢1 - 12¢0

Lemma 6.4.11. Let k>1 and t > 0. Ift > 2 suppose that

@) 5(-8
L™ = Z Mt(l)wi-
i=0

Then
4k+t
ap(t) = > e (i)1,
i=0
where

St 1(U, 4k + t)
6ht+2(k -t +2)1’
Ot (U, 4k +t - 1)
6 t+2(k -t + 2)!
Ot (Uy, 4k + t - 2)
6ht+2(k -t +2)!

Oék7t(4k’ + t) =

apt(dk+t-1) = , and

Oék’t(4l{} +t- 2) =

Proof. Recall that

k—t+2 2_¢ t] )
(3)
Oék(t) = ( i )—agL .
jz:;) k-t—j+2)417%"

Let Ry, = 2*0% and let D = 1D = 20,. Then

ERk = kRk + Rk+1,
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so that Ry, = (D - k)Ry. Thus,

Rk:(E—l{:+1)(5—k+2)---5:(éD—l{:+1) (éD—l{:+2)---(éD).

So, for t > 2,

k—t+2 2_¢ R.
OE ( . )4L§3),

k-t-7+2) j!
_’“52( 2t )(E—j+1)(5—j+2)-~EL(3)
k—t—j+2 j! b
4k+t
= are(i),
i=0

since the highest power of D appearing is k — ¢ + 2 and so the highest index of v;
appearing is 5t — 8 + 4(k —t + 2) = 4k + t. The result then follows for ¢ > 2 since for
0<i<3,

LY dk + t - i) = P Y (DLP  dk + £ —0) = 5N Uy Ak + £ —4).

Fort=1,

R, Rpn (3) Ry, (D ) (3)
1 = —_— L = —_— 1 L .
(1) (k! +(k+1)!) U Genile TY)E

Also note that ag(1) = (% +1) LE?’) S0

Oék;( )_ (k 1) 010(1)
Now, ap(1) = (D + 6)L(3) £(18¢y — 124) = gUy. Since Ry, is a polynomial in D
with leading term ’gk we see that
4k+1

ap(1) = ; a1 (2);,

where the top three terms are given by the statement of the lemma.

For t =0,

(Br . 2Rpu Ry (3)
O"“(O)‘(m+(k+1)' (/Hz)l)L ’

f%k D? D (3)
(k+2)'( 3€+2)L0 s
2Ry,
T (k+1)! (0)-
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We can compute,

1(D5 D
0 =5 (555 +2) B =1
So, as before, for k> 1
2Ry, 2Ry, * :
=R (e =1) = —E ) = E: .

where the top three terms are given in the statement of the lemma.

Lemma 6.4.12. Let k > 2 and suppose that
3 U8
Li = Z Hz(])%,
=0

for2<i<k-2. Then
5k-2

m = Z Uk(z)wlv

=0

where

25
Uk(E)k‘ - 2) = —53(Uk_2, 5k — 2),

644!
e P
Uk(5]€—3) = @ (Uk_2,5]€—3), and
2 3 27 5
Uk(5]€—4) = @5 (Uk,2,5k —4) + @5 (Uk74,5k’ —4)

Proof. Recall that
k-2
Vie= ) (1+ (-1)F7)2M 2, (1),
=0

so that
_ Bk-2
Vie= > u(0),
i=0
where

k-2
op(i) = Do (1 + (-1)F 2820y, , (4).
=0
The result then follows from Lemma 6.4.11.

Lemma 6.4.13. Let k> 1 and suppose that
3 %8
Li = Z /’L’L(j)wja
=0

for2<i<k. Then
5k
V(k) =Y vp(i)y,
i=0
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where

0k(5k) = 8 (U, 5K).

622'

vp(bk = 1) = ==0(Ux,5k - 1), and

622'

Uk(5k—2) = 5(Uk,5]{5 2)+—(53(Uk_2,5]{7—2).

622' 644!

Proof. This follows in the same way as Lemma 6.4.12 by applying Lemma 6.4.11.
O

Now that we have worked out the structure of each of the summands appearing
on the right hand side of (6.1) in Proposition 6.4.4, we may complete the proof of
Lemma 4.4.4.

Proof of Lemma 4.4.4. Recall from Proposition 6.4.4 that
Ry(s) = 5 (4 + 200) DA(g ~2) + 4t + 200) DB(o)
- S+ 200) (o~ 1)(2A(g-2) + 6B(9)) - 307, (6

_i’;% (;(7/’2 +2tp9) A(g —i-2) - é(?/fz +219)C(g—1i) + 6B(g —z))

Using the lemmas above, this implies that R,(s) has an expansion in the 1; basis

of the form
5g+2

Rg(s) = Z Tg(i)wz

i=0
Again, using the lemmas above we see that the top term can be written out explicitly
as

1,59+ 2) = 55(A(g - 2);59 - 2) + 45(Bg):59 ~2) - 30,059 )
g-1
- (Vi 200)Alg =i 2) = (0 + 200)Cg ) + 6B(g — 1359 +2).
=1
Using Lemma 6.4.6 we see that

—(S(A(g 2) 5g 2) = @53([]9_2;59 - 2),

using Lemma 6.4.7 we have

1

45(B(9);59 = 2) = 753 (59 - 4)Zw(UZ,Ug 359 = 6),
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and using Lemma 6.4.12 we have

3v4(59 - 2) = 32—453(1]9—2; 59-2).

If we let

5(g—1)

—(% +200)A(g —i-2) - —(1#2 +20)C (g =) +6B(g—i) = Z tg-i(J),
then (note that we can do this using the lemmas above),

ta-s(5(9 - 1) = =059 =) ~4) + b, (55— 1)),

= _%Ug—i(g)(g —i)—4)+ %ug—i(5(9 —i) - 4),
1

= éug_i(5(g —i)—4).

Putting this together we have

re(5g +2) = —53(Ug_2; 5g-2)+—

324 ~(59-4) Z ©(Us, ug-s:59 — 6)

108

g-1 5(9 i)
3245 (Ug 2;59 = 2) - ZW(VH Z tg- 1(3)%759+2)

i=1 7=0

(5?084) ;X(z g —0)ui(5i = D)ug_;(5(g—1) - 4)

g-1

- Z x(i, g = 1)vi(51)u,_i(5(g — i) - 4),

(5£1]08 Z X (i, g = i)ui(5i = 4)ug-i(5(g — i) - 4)

=1
(5i—4)
54

g-1
- > x(i,g-1)
=1
- 0.

ui(5i = 4)ug(5(g —i) —4),

Using a very similar argument we can show that r4(5g + 1) = 0 as well. Thus, we
have shown that

5 = zw

What is left is to show that r,(5¢) has the form specified in the statement of the
lemma. Using (6.5) and the lemmas above we see that r,(5¢g) can be written as

r¢(5g) = ®1 + Py,

where
:—5(A(g 2):5g—4) - 6ag ,(50 - 6) + 6(A(g 2):59 - 2) - 30, (59 — 4),
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and

g-1 5(g-1)
P, =40(B(g);59-4)—16by(59-6) +85(B(g);59-2) - Z; ™ (V > tei(DYy; 59) :

=0
Since Lemma 6.4.6 shows that A(g —2) and Digg’Q agree on the top three terms,
we have

4 1
gé(A(g -2);5g-4) = —53(Ug_2; 5g—4).

324
Also,
B a6 = T2 2070)
;5(14(9 -2);59-2) = %53(Ug_2; 59 -2), and
30, (59— 1) = 510Uy 2359 = 4) 4 520°(Uy 359~ ).
So,

1 1 1
P, = @53(%72; 5g—-4)- g52(Ug72; 59-6)+ ﬁ&q’(Ung? 59 -2)

2 ) 2 '
_ 334'5 (Ug—2a5g_4)—¥6!5 (Uvg_4’5‘g_4)7
—1 1
" 162 (8*(Uyy; 59 = 2) +20°(Uy2; 59 = 6)) - 365!55(Ug—4; 59 —4).

We showed above that
ta-4(5(g = 1)) = zuy-4(5(g = 1) ~ ).
It can be similarly shown that
ta-s(3(g = 1) = 1) = sy i(3(g - 1) = 5).
We may also compute

ti(5(g—i)-2) = gag_i_2(5(g _i)-6)- %(cg_i(5(g —i)-6)

+2¢,-:(5(g— 1) —4)) + 6by_i(5(g — 1) - 2),

1 . 02(Uyg-i-2;5(g —1) - 6)
= gugfi(5(g—2) -6) + . o8

+2b,-i(5(g - 1) - 6).

This shows that Z?igfi) tg-i(j)¢j and 29Uy + 515 D?Uy_;_5 +2B(g—1) agree for the

first three terms. Also, Lemma 6.4.13 shows that V; and %DU,» + ﬁD?’Ui_Q agree
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on the first three terms. So,

5(g-4)
ZW(V;v Z lg- z(])¢]75g)

- 2 1 1 )
Z ( DU + MDsUl,Q, éwQUgﬂ' + @Dng,i,Q + 3B(g - Z), 5g) s

191

535 2 ZW(D Usi;5g—4)

+ 5 Z v(5i,5(g — i) - 2)8(Uy; 5i) (52(Ug_i_2;654(89 -i)-6)

£ 20,5051 -0)|
T3 2 Zx(5z—2 5(9 —1))8%(Ui—g; 50 — 2)uy—i(5(g — i) — 4).

Also, since Lemma 6.4.7 agrees with 512 Zf;ll U;U,-; for the top three terms,

15(B(g): 59 - 4) = mé ;UUQ iBg—4) = %EW(DUi,Ug_iﬂg—él).
So,
g-1 5(g-1)
Py = 46(B(g),59 — 4) — 16by(5g - 6) + 86(B(g); 59 - 2) - Z;W(V%, ZE) tg-i(3)¥5:59),
i Us,U,s: 59 —4) — 16b,(5g — 6) + 8(59 — 4)b, (5 - 6)
(iél z::ﬂ'(DUZ,Ug ihg—4)+ = Zx(z g—1)0(Uy; bi )52(Ug-¢_2;654(89—i) ~6)
+§gzl (i g = )3(Us, 5i)by 5(5(g — 1) - 6)
354' Zx(z g—1)0*(Ui_g;5i = 2)U,(5(g — i) - 4))
=8(59 — 6)by(59 —6) - (59 )%z_jx(z‘,g—z’)ui(m’—4)52(Ug_i_2;5(g—z')—6)

2436

=1

_ zgz X(Z g- Z)(S(UZ, 5Z)bg 1(5(9 - Z) 6)
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Putting this together we get

1
r,(59) = ) (63U, - 2;59 - 2) = 26%(Uy—2; 59 - 6))
1

- ﬁcSE’(Ug_LL; 5g-4) +8(59-6)by(59 —6)

5g-6)%2 |
- 29336 ) x (4,9 = 1) u;i(5i — 4)6*(Uy-i-2;5(g — i) — 6)
-1

1=

2972

-5 Z; X (i, 9= 1)8(Us, 5i)by-i(5(g — 1) - 6),

as required.
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