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Abstract

The study of the infinite (countable) family of partial differential equations
known as the Kadomtzev - Petviashvili (KP) hierarchy has received much interest in
the mathematical and theoretical physics community for over forty years. Recently
there has been a renewed interest in its application to enumerative combinatorics
inspired by Witten’s conjecture (now Kontsevich’s theorem).

In this thesis we provide a detailed development of the KP hierarchy and some of
its applications with an emphasis on the combinatorics involved. Up until now, most
of the material pertaining to the KP hierarchy has been fragmented throughout the
physics literature and any complete accounts have been for purposes much different
than ours.

We begin by describing a family of related Lie algebras along with a module
on which they act. We then construct a realization of this module in terms of
polynomials and determine the corresponding Lie algebra actions. By doing this
we are able to describe one of the Lie group orbits as a family of polynomials and the
equations that define them as a family of partial differential equations. This then
becomes the KP hierarchy and its solutions. We then interpret the KP hierarchy
as a pair of operators on the ring of symmetric functions and describe their action
combinatorially. We then conclude the thesis with some combinatorial applications.
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Chapter 1

Introduction and Background

The study of the infinite (countable) family of partial differential equations known
as the Kadomtzev - Petviashvili (KP) hierarchy has received much interest in the
mathematical and theoretical physics community for over forty years. Recently
there has been a renewed interest in its application to enumerative combinatorics
inspired by Witten’s conjecture [32] (now Kontsevich’s theorem [19]).

The purpose of this thesis is to provide a detailed development of the KP hier-
archy and some of its applications with an emphasis on the combinatorics involved.
Up until now, most of the material pertaining to the KP hierarchy has been frag-
mented throughout the physics literature and any complete accounts have been for
purposes much different than ours.

In the remainder of this section we give a very brief account of the KP hier-
archy, culminating in an overview of Witten’s conjecture and some of the more
recent applications of the KP hierarchy to enumerative algebraic combinatorics.
For additional material on the KP hierarchy and related items see [24], [23].

1.1 A Historical Introduction

The history of the KP hierarchy begins with the search for a certain class of solu-
tions to a (141)-dimensional nonlinear wave equation called the Korteweg-de Vries
(KdV) equation (see [23], [12] or [13]). Here we use (1+1)-dimensional to denote a
partial differential equation in two variables, one of which represents time and the
other a spatial variable.

Explicitly, the KdV equation is the following partial differential equation for
some complex function u = u(z,t) where we use subscripts to denote partial differ-
entiation with respect to the given variables:

uy + 6uUy + Upgr = 0. (1.1)

A particularly useful approach to solving nonlinear partial differential equations,
which is connected to the main topic of this thesis, is the Lax method. The idea is



to construct a linear problem in which the compatibility relations between a pair
of linear differential operators gives rise to the original nonlinear problem.

Let L be a linear ordinary differential operator in the spatial variable x. We
allow L to have coefficients that are functions in the spatial variable x and a time
variable t. We are interested in the spectral problem for L. That is, we wish to
find an eigenfunction w = w(x,t) and the associated eigenvalue A = A\(¢) such that

Lw = \w. (1.2)

In general, A will depend on the time variable . We will further restrict the problem
to the case where A has no time dependence (i.e. it is constant). We may write
this as

Ae = 0. (1.3)

The problem described in (1.2) and (1.3) is often called the isospectral problem.

In what follows we will use the notation L; to denote the linear ordinary differ-
ential operator obtained from L by differentiating each coefficient in L by ¢.

Equation (1.2) tells us something about how w behaves in the spatial coordinate,
but since \; = 0, it tells us nothing about the time evolution of w. We will assume
that w evolves in time with respect to a linear ordinary differential operator in the
spatial variable = called B. As in the case of L, we allow B to have coefficients that
are functions in both x and ¢. In other words, we assume that

w; = Bw. (1.4)
Differentiating (1.2) with respect to ¢ gives
Lyow + Lwy = Mw + hwy.
Using (1.3) and (1.4), this becomes

Lyw+ LBw = ABw
= BA\w
= BLw,

or in other words,
Lyw = [B, L|w, (1.5)
where here [B, L] = BL — LB is the standard commutator bracket.
It can also be shown that (1.5) implies

Li = [B, L], (1.6)

and so we have an equality of linear ordinary differential operators in z. Taking
coefficients on each side gives a set of equations for the coefficients of the L and B
operators. If the original nonlinear partial differential equation appears as one of



the equations for the coefficients of the L and B then we say that (1.6) is the Lax
form of the nonlinear partial differential equation.

For example, let
2

0
[ = — 1.
8x2+u (1.7)

be the Schrodinger operator with potential u where « is a function of x and t. By
a change of variable, we can always transform a linear differential operator of order
n to one that is monic and whose order (n — 1) component is zero.

The first case in which (1.6) is non-trivial for L given by (1.7) occurs when B
is a third order operator. In this case, for functions b; and by,

0 9]
+b1— + by.

B=gmthy,

Then (1.6) gives us the following set of equations that must be satisfied:

3
bl = §U,
3
bO - Zuxa
EEN
Uy = 2uux 4u:mm

After scaling « and ¢, the condition on w is that it satisfies the KdV equation (1.1).

In fact, for each positive 2n + 1 there is an operator B, that satisfies (1.6)
and it turns out that each of these operators gives rise to an integral of motion for
the KdV equation. Under (1.6) these become the so-called “higher KdV equations”
[21].

It is also known that the KdV equation (among some other nonlinear partial
differential equations such as the KP equation discussed below) admits a family
of special solutions called soliton solutions. These are solutions that for ¢ — +o0
look like superpositions of solitary wave solutions. As ¢ moves from +oo to —oo
(or —oo to 400) the solitary waves come together and interact with the special
property that after the interaction occurs, the original solitary waves are preserved
up to a phase change. Since these solutions have properties that are unexpected
such as having a type of superposition principle there is much interest in finding
and constructing them.

In [11, 12], Hirota introduced a method to find these soliton solutions. Hirota’s
method involves constructing a bilinear form of the partial differential equation in
question in order to test various soliton equation ansatze. In particular, Hirota
discovered that if you make the change of variables

52
u(t,z) = —2@ In f(t,x)



then the KdV equation becomes
ffzt - ftfa: + fmaca:wf - 4fxa:a:fa: + 3f§a; = 07

a homogeneous quadratic equation. A differential equation in this form is sometimes
called a bilinear differential equation. Hirota introduced a method that allowed
one to find exact solutions to bilinear differential equations using a perturbation
method. This allowed Hirota to construct N-soliton solutions for any N (these
solutions look like the superposition of N solitons).

After Hirota’s bilinear method was introduced there were a large number of
results published by a group of Japanese physicists at Kyoto University consisting
of M. Sato, T. Miwa, M. Jimbo, M. Kashiwara, E. Date and Y. Sato. This group
is sometimes referred to as the Sato school or the Kyoto school.

The Kyoto school found that not only are all the higher KdV equations part of
a single hierarchy of mutually commuting flows on a space of functions (the KdV
hierarchy) but that in fact they formed a sub-hierarchy of a family of equations
known as the KP hierarchy, so called because the simplest equation is the KP
equation
30%u 0 (8u 3 Ou 183u)

Za_y2 - % ————— (18)

ot 2"0r  402°

The method of constructing this hierarchy of related partial differential equa-
tions was found through the use of the Lax form applied to pseudo-differential
operators rather than just ordinary differential operators [5]. Also, it was discov-
ered that the Lax form was connected to Hirota’s bilinear form through the use of
a special function called the tau (or 7) function [23]. Tau functions were originally
used in the context of holonomic quantum field theory [29]. Afterwards it was
discovered that in the context of integrable systems, the tau functions completely
encoded solutions of the KP hierarchy. In addition, there exists a bilinear form

that each of these tau functions satisfy and that completely characterizes the KP
hierarchy [16].

In studying solutions to the KP hierarchy, M. Sato found that Schur functions
appeared as tau functions. This led him to consider a linear group action on the
space of tau functions, and thus led to the description of the space of tau functions
for the KP hierarchy as a connected cell in a particular infinite dimensional Hilbert
space Grassmannian [28]. In fact, each point in this cell can be characterized by
a single function which can be easily transformed into a tau function for the KP
hierarchy. For a complete mathematical description see Segal and Wilson [30, 27].

While considering representation theory using vertex operators, Miwa, Jimbo,
Date and Kashiwara noticed that the bilinear form of the KP hierarchy consisted of
the vertex operator representation of the infinite Lie group G L+, [4]. This prompted
them to construct the solutions to the KP hierarchy from a representation theory
point of view. This method is covered in their series of papers beginning with [16].
See also [23], [15] and [14]. In this thesis we will make use of the representation
theoretic description of the KP hierarchy through vertex operators.

4



We now turn our attention to some combinatorial geometric applications of the
KP hierarchy. One such application which has renewed interest in the KP hierarchy
from a combinatorial geometric perspective was Witten’s conjecture concerning the
generating function for certain intersection numbers on the moduli space of marked
curves. Witten’s conjecture has since been proven in a few ways, the first of which
was by Kontsevich [19].

Let Mg,n be the Deligne-Mumford compactification of the moduli space of genus
g curves with n marked points. If we let X = (C, z1, 22, ,x,) be a point in ﬂgm
where C is a genus ¢ curve and x,--- ,x, are the marked points then we can
associate with each marked point the line bundle £; on Mgm whose fiber at the
point X is the cotangent line to C at z;. Then we let ); be the first Chern class of
L; and we denote the intersection number by

(Tmy = Ton) = | O
Mgn

For complete details see Lando and Zvonkin [20].

If we now construct the generating function of intersection numbers

Flto,ty,--+) = <eXp (Zm)>

then Witten’s conjecture says that exp(F’) is a tau function for the KdV hierarchy.

An alternate form of Witten’s conjecture says that

82

V= _—"—
o2

F

is the partition function for the universal one matrix model. This has combinatorial
interest since it is known (see [2]) that matrix models can be thought of as certain
weighted sums of maps (graphs embedded on surfaces). This is in fact the way in
which Kontsevich originally proved Witten’s conjecture, by showing that V' could
be described as the evaluation of a certain operator over all metric fat-maps (see
[19]).

After Kontsevich proved Witten’s conjecture, T. Ekedahl, S. K. Lando, M.
Shapiro and A. Vainshtein published a formula known as the ELSV formula, which
related intersection numbers as described above and Hurwitz numbers. Briefly, Hur-
witz numbers enumerate ramified coverings of the sphere with arbitrary ramification
at a single point and simple ramification elsewhere. Combinatorially however, the
Hurwitz number H(k, o), for ¢ € S,, a permutation of n and k a positive integer,
is the number of ways of factoring ¢ into a product of k£ transpositions where the
k transpositions generate a transitive subgroup of S,,.

Shortly afterwards, Okounkov showed that the generating function for Hurwitz
numbers satisfied the KP hierarchy and, using some additional theory involving



matrix integrals and asymptotics, showed that this implied Witten’s conjecture [26].
More recently, Kazarian and Lando [18] have given a more direct proof of Witten’s
conjecture using only ELSV and the fact that the Hurwitz numbers satisfy the KP
hierarchy.

Since being a tau function for the KP hierarchy implies that the function sat-
isfies a family of partial differential equations, there is much interest in finding
other combinatorial generating functions which are also tau functions. Work in
this direction by Goulden and Jackson [9] has resulted in many interesting results
including an application (see Bender, Gao and Richmond [1]) to the asymptotics
of triangulations.

1.2 Partitions

In this section and the next we briefly review some facts about partitions and the
ring of symmetric functions. For the most part we follow Macdonald [22] and full
details and proofs can be found there or in Stanley [31].

A partition is any (finite or infinite) sequence
A= (A, Mg, o0)
of non-negative integers in non-increasing order
M> A >

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

Throughout this thesis we will use alternate interpretations of the above defi-
nition, sometimes viewing partitions as consisting of only the non-zero parts and
other times viewing them as countable sequences with finitely many non-zero en-
tries. Both descriptions are equivalent and which version we are using will be clear
from the context.

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, |A|, is the sum of the parts

A=A+ X+

If X\ is a partition of size n then we write A = n. Sometimes it is convenient to use
the following notation for a partition \:

A= (1m2me ),

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 as a connected collection of unit squares on
the integer lattice. For a partition A = (A1, Ao, - - - ) 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.

Figure 1.1: Young Diagram Example

Example 1.2.1. Consider the partition A = (3,3,2,1,1) = 1223% = 32212, This
partition has the Young diagram in Figure 1.1 and is such that |\ = 10, which is
the number of squares in Figure 1.1, and £(\) = 5, which is the number of rows in
Figure 1.1.

We will often use A to denote both the partition and its diagram with the usage
clear from the context.

For a partition A\ we form its conjugate, denoted by X, 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
N are the lengths of the columns of A, or in other words

Xo= (A =}l

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

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

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



Figure 1.2: Skew Diagram Example

Example 1.2.2. Let A = 32212 and let p = 23. Then pn C X and we can form the
skew diagram 6 = X\/u. This can be seen in Figure 1.2 where the partition formed
by the black and white squares is X\, the partition formed by just the black squares
is v and the skew diagram 0 is the set of squares that are white. Also, notice that
A is a vertical 4-strip.

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[x1,- - , z,] be the ring of
polynomials in the n algebraically independent variables zy,--- ,x, with rational
coefficients. There is a natural action of S,, on Q[xy,--- ,x,] where o € S, takes
p(xy, - xy,) € Qay, -+, 5] to 0D = p(To(1), -+, To@m)). We say that a polynomial
p € Qlxy, -+, 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
k>0

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[-rlv o 7xm] — Q[xla o 73:11]
formed by taking x,1,--- , 2, to zero and all other z; to themselves restricts to a
homomorphism
k k
Ay — AL
and so we may form the inverse limit
AF =1lim AZ
<;
n



We call the ring

A:@A’“

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 an unadorned variable name to refer
to the vector consisting of all the variables. For example, we will write x to mean
x = (x1,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
Et)=>Y et =[] (1 +it) (1.9)

r>0 i>1

where ¢ is distinct from the z;.
Example 1.3.1. The first few elementary symmetric functions are

60:1,

€1 = § Ly
7
€y = E XTiZj,

1<j

€3 — E LTy

i<j<k

In general, the elementary symmetric functions have the form

€n = Z Ty Ty (1.10)

i< <in
Furthermore, for each partition A we define

€\ = €>\1€,\2 s
It is known that the e, are algebraically independent and that they generate A.
For each r > 0 the rth complete symmetric function h, is defined by the gener-

ating function
, 1
H(t) = E ht" = | | T 27 (1.11)

>0 i>1

and similarly to the elementary symmetric functions, we define

ha=hxhy, - .



Example 1.3.2. The first few complete symmetric functions are

ho =1,

hy = E T, = €y,
i
h2 = E Tily,

1<j
h3 = Z LiZj L.
1<j<k
In general, the complete symmetric functions have the form

hy= Y @, (1.12)

ilS"'Sin

From the generating functions (1.9) and (1.11) we have
H(t)E(—t) =1

or
n

> (1ehyr =0 VYn>1 (1.13)

r=0

Since the e, are algebraically independent we may define a homomorphism of
graded rings
w:A—=A

by
w(e.) = h,.

From (1.13) 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
br = Z l’:
i
and pp = 1. We can construct the corresponding generating function

P(t) =) pt"™!

r>1

DI

i>1 r>1

T

i>1

—ZQIO !
Tl BT gt

i>1

10



From this we get

0 1
P(t) = e log H
i>1

T log H(t) (1.14)
_H'(t)
- H(1)
and likewise 5 2
P(—t) = pr log E(t) = E((t)) (1.15)

From (1.14) and (1.15) we get

nhy, = iprhnr
r=1

n

ne, = Z(_ ]-)T_lpren—T

r=1
and so we see that the p, are algebraically independent and generate A. Further-
more, for any partition \ we define

DX = DxiPxrs
and all such p, form a linear basis for A.

Since w changes e, to h, it follows from (1.14) and (1.15) that

(_1)n_1pn

w(pn)

and hence for any partition A

w(pa) = expa
where

e = (—1)A=,

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

Zy = Himimi!
i>1
where m; = m;(\) is the number of parts of A equal to i. Then

H(t) =exp (Z pﬂf’“)

r
r>1

B(f) = exp (_Z (—1);"prtr> 1

r>1 H(_t)

11



or equivalently,

ho=Y_ 2 'pa (1.16)

[Al=n

E : -1
€n — EXZy) P

[Al=n

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

S\ = det (hAi_i‘f‘j)lgi,ng()\) (117)
= det (ex;—i; )1§i,j§f(A’)
where the second equality is a relatively routine calculation which can be found in
Macdonald [22]. Here we use the convention that h; =0 (or e; = 0) if i < 0.

From (1.17) we see that
(U(S)\) = Sy

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 \.

At this point we would like to introduce a different way of describing Schur
functions which is common in the physics literature. Since A = Q[py, po,- -] and
each of the p, are algebraically independent we may construct the isomorphism

q):A%Q[yhyz,-“]
D Pn 7 MYn

where the y; form a distinct set of indeterminates.

Under @ the resulting polynomials
Sy = P(sy)
are called the Schur polynomials and in particular, for n a positive integer, the
Sn = Sm) = P(sm) = P(hn)

are called the elementary Schur polynomials and have the generating function

Z Spt" = exp (Z y,,t’”) (1.18)
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which is simply the image of the generating function for the complete symmetric
functions under the isomorphism ®. Since the s, form a basis for A, the Sy form
a basis for Q[y] and so every polynomial can be written in terms of the Schur
polynomials (here we really do mean polynomials and not symmetric polynomials).
It will be useful for us to switch between these two points of view but it should be
clear from the context and language which point of view we are using.

Heading back to symmetric function theory, we define a bilinear form (-,-) on
A by
<p)\7pu> = ZAaA,u (119)
so that the power sum symmetric functions form an orthogonal basis for A. With
respect to this inner product, we have

<5)\7 S#> = 5%#

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

<w(p)\), W<pu>> = <p)\; pu>

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 (ftg,h) = (g, fh) for f,g,h € A). In the
case of the power sum symmetric function p, we see that

(PirDxs Du) = (D, PuDp)

:{z)\ if A=pU{n}

0 otherwise.

Hence p;py = 2xz,'py if n is a part of X and p is obtained from A by removing a
part of size n. Since zkzﬁjl = nm,,(\) where m, () is the number of parts of size n
in A\ we see that 9

1
= nNn—-.
Pn Opn

Since each f € A can be written as a polynomial in terms of power sums, f =
¢(p1ap27 e )7 we have

fiqu(i 20 30 )

Op1 Ops" Ops’

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 [22] or [31]. A
permutation o € §,, has cycle type \, where X is a partition of n, if o is comprised of
distinct cycles of length Aj, Ao, ---. We denote this by cyc(o) = A. The conjugacy
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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 X 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

Xo = (Sx, Dp)-

This allows us to write the Schur functions and the power sum symmetric functions
in terms of one another:
3= % P
p

Pp = Z X,);\SA-
A

Example 1.3.3. 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(l) = D1,
1, 1
S(12) = §P1 - 5]?27
1, 1
S(2) = 5101 + 51727
1, 1 1
S(18) = 6191 — gPip2 + gpsa
1, 1
S(2,1) = §p1 - gpsa
14 1 1
S(3) = gpl + SP1p2 + §p3,
by Lo 11, ]
S(14y = —P7 — — - —p5 — —
(14) 24]31 4p1p2 3p1p3 8p2 4294:
1, 1, 1, 1
S(212) = gpl — Pz gpz + 1P
1, 1, 1
S(92) = ﬁpl + Zpg — §P1p3,
1, 1, 1, 1
5(31) = gpl + Zp1p2 — §p2 - le47
1, i 1,5 n 1 n 1, L 1
S(q) = — - — = Za.
(4) 24]71 4p1p2 3291103 8p2 4p4

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

hesu =Y sx, (1.20)
A
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where the sum is over all partitions A such that A/ is a horizontal r-strip. Using
w we get
erS, = ZS)\ (1.21)
A

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

adjoints we see that
hisy=> s (1.22)
A

where the sum is over partitions A such that p/\ is a horizontal r-strip and
ers, = Zs,\ (1.23)
A

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

1.4 Thesis Outline

The remainder of this thesis is organized as follows: in Chapter 2 we construct the
fermionic Fock space F.We describe the basis of semi-infinite monomials in F and
the related combinatorial objects called Maya diagrams. We then introduce the
Lie algebra gf., of linear operators, which can be written as infinite matrices that
have only a finite number of non-zero entries. We also look at the Lie group G L
corresponding to gl.,. In preparation for chapter three we construct the algebra
oo which comprises infinite matrices with a finite number of non-zero diagonals
and relate the action of @, on F with the wedging and contracting operators on F.
Lastly, we find an equation which characterizes the GL, orbit of a distinguished
element, ¢y € F. This orbit will later become the set of solutions to the KP hierar-
chy and the equations which define it will become the family of partial differential
equations.

In Chapter 3 we begin by discussing representations of the oscillator algebra.
We show that under mild hypotheses there is a unique such representation, up
to isomorphism, which can be described in terms of differential and multiplicative
operators on the ring of polynomials. We use this to show that a subalgebra of
U acting on F is in fact a representation of the oscillator algebra. Using the
wedging and contracting operator description of @, on F we then show that there
is an isomorphism of representations between F and a direct sum of a countable
number of copies of the ring of polynomials. We use this isomorphism to describe
the equation characterizing one of the orbits of G L., on F as a family of differential
equations and to describe the orbit itself as a family of functions. This family of
differential equations is called the KP hierarchy and the functions in the orbit are
the solutions to the hierarchy. We then finish off the chapter by writing out some
of the differential equations in the hierarchy.
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In Chapter 4 we describe a symmetric function approach to the KP hierarchy.
We do this by beginning with the family of differential equations constructed in
Chapter 3 which form the KP hierarchy. We show that this family of differential
equations can be written in terms of some combinatorial operators on symmetric
functions. We describe explicitly the action of these combinatorial operators on
Schur functions and use this to prove the well known result that solutions of the
KP hierarchy are exactly those whose coefficients, when expanded in terms of Schur
functions, satisfy the Pliicker relations.

The final chapter is a brief account of some applications of the KP hierarchy to
combinatorial problems. We begin by describing the Hurwitz problem of enumer-
ating ramified coverings of the sphere. This leads naturally to the combinatorially
defined differential operator known as the Join-Cut operator. We show that the
Join-Cut operator acts as an element of GL., so that the generating function for
Hurwitz numbers is naturally a solution of the KP hierarchy. We then discuss a
related problem of Hodge integrals over the space of genus g curves with n marked
points. We show how the ELSV formula, which relates the Hurwitz numbers to
Hodge integrals, can be used to prove Witten’s conjecture concerning the gener-
ating function for Hodge integrals. Lastly, we show how the generating function
for the related problem of double Hurwitz numbers is also a solution of the KP
hierarchy.
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Chapter 2

Infinite Matrix Modules and the
Fermionic Fock Space

In this chapter we develop the fundamental objects involved in the representation
theoretic construction of the KP hierarchy and its solutions. To this end we in-
troduce a series of Lie algebras including and related to the infinite dimensional
analogue of the finite dimensional matrix algebras. We then describe the action
of these algebras on a subspace of the infinite wedge space. In doing so we also
describe the action of the infinite dimensional analogue of the general linear group,
G L, and we find a bilinear equation which characterizes one of the orbits of G L.
In the following chapter we will see how this bilinear equation can be interpreted
as a family of partial differential equations which comprise the KP hierarchy. The
elements in the orbit then correspond to the solutions of the KP hierarchy. For
the most part we follow [14] and a full description of the results which follow along
with many others can be found there (see also [15] and [23]).

2.1 Fermionic Fock Space

Let
V=@Cv; =C>
jEZ
be an infinite dimensional vector space over C with a fixed basis {v;};ez.We denote
by A the exterior (or wedge) product which is an associative antisymmetric product,
so that v; N\ V; = =0y N v;.

We will mostly concern ourselves with a space constructed from V' which is
sometimes called the (fermionic) Fock space and is denoted by F. This subspace
is constructed by taking formal linear combinations of one-way infinite exterior
products of elements from V' that, using antisymmetry and associativity of the
wedge product, can be written in the form

V=0, NV NVj_y N-+-
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where

(1) Z'0>?:,1>’i72>"',

(ii) ix = k + m for some integer m and k sufficiently small.

These one-way infinite wedge products are called semi-infinite monomials (or simply
monomials if no confusion will arise) and the integer m is called the charge of the
semi-infinite monomial ).

From the description of the basis for F' above, we can write the charge decom-

position
r- @

meZ

where F(™ is spanned by the semi-infinite monomials in F' with charge m. The
subspaces F™ are called the charge m (fermionic) Fock spaces. We will primarily
be interested in the charge zero Fock space, F©), although for now we will continue
to use the full generality.

Each charge m Fock space has a distinguished semi-infinite monomial, denoted
¥m, which is minimal with respect to condition (iz). By this we mean that

¢m:UiOAUi_1AUi_2A"'

where i, = m+k. These distinguished semi-infinite monomials are called the charge
m vacuum vectors. By condition (ii) above, every monomial in F(™) differs in at
most a finite number of places from ,,.

We can view any semi-infinite monomial ¢ = v;; Av; ; A--- as a two colouring
of the integers. We say that, with respect to a semi-infinite monomial ¢/, an integer
n is black if v, appears in ¢ and that it is white if v, does not appear in . We
call such a colouring a Maya diagram and often refer to the coloured integers as
stones. For example, if n is white then we say that there is a white stone at n.

Example 2.1.1. The Maya diagram representing the monomial 1) = vz A vy Avg A
Vo AV_3 ANv_5A--- 18 shown in Figure 2.1.

— 0000 00O 0 O 0 e O 0O
6 5 -4 3 2 -1 0 1 2 3 4 5

Figure 2.1: Maya Diagram Example

Since we know that every monomial in (™ differs from 1/, in at most a finite
number of places, this implies that the Maya diagram corresponding to a monomial
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in F™ can only differ from the Maya diagram corresponding to v, by a finite
number of exchanges of black and white stones. By this we mean that one starts
with the Maya diagram corresponding to ,,, and then chooses a white stone and
a black stone and swaps the two colours for each exchange.

We may view Maya diagrams as paths in the lower right quadrant of the integer
lattice where we interpret black stones as denoting ‘up’ steps and white stones as
denoting ‘right’” steps. Using this notation we see that 1, represents the portion
of the y-axis below the point m on the x-axis and the portion of the z-axis to the
right of the y-axis.

Example 2.1.2. If we use the monomial from example 2.1.1 then we get the dia-
gram in Figure 2.2.

1 2 3 4 5
_.—.—?—.—.
0 3
®
-1 2:
®--un °
- o: 1

LI N AR )

o
- ——— 0 — 00— 0 — 00— 0 —— @
1
N
—

Figure 2.2: Semi-Infinite Monomial Example

In Figure 2.2 the solid black line represents 1y and the dashed line represents
the monomial from the previous example. Also, the steps in the diagram have been
labeled so that the labels corresponding to up steps appear to the left and the labels
corresponding to right steps have been placed below. Note that this configuration
outlines the Young diagram of the partition 32212.

In general, if we construct a diagram as in Example 2.1.2 by first drawing the
path corresponding to 1, and superimposing the path corresponding to a semi-
infinite monomial ¢ € F™ then it is easy to see that the region between the two
paths corresponds to the Young diagram of a partition. If we have some basis
element 1 in F(™ then we can write it as

Y =0 ANV_, AN ANV AUy AU A+
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where 45,1 < 7, and we can relate it to the partition A formed above using the
formula
)\k-+1 :ka+k—m

for £ > 0. It is easy to see that this formula gives us the same partition as was
described above since this measures the number of right steps that occur before the
i-th up step, which is the size of the i-th part of the associated partition.

We sometimes refer to the semi-infinite monomial ¢ associated to the partition
A as vy, where

UN=Vip NVi_y ANV g NUnjeg AN U1 A+ o

with ¢_p = Ags1 — k+m. Note that there is some ambiguity in the notation for vy;
however this should not be an issue as the charge m of a semi-infinite monomial will
always be clear from the context. From this we see that if we define deg(v,) = ||
then for vy, € F(™

deg(vy) = Z(Lk +k—m).

This gives us the decomposition

k>0

where F; k(m) is spanned by all semi-infinite monomials with charge m and degree k.
This decomposition is sometimes called the energy decomposition and the degree
is called energy. One last thing to note is that the comments above imply the
dimension of the subspace F ,5’”) is equal to the number of partitions of .

2.2 The algebras g/, and a,

We now describe two related associative algebras gf., and . In the next section
we construct representations of gf., and a, on F' together with the representation
of a central extension of a.

Since our underlying vector space V is C* it is natural to consider the Lie
algebra analogous to the algebra of matrices on a finite dimensional vector space.
To that end we define

9l = {(aij)ijez| all but a finite number of a; ; = 0}.

We view g/, as a Lie algebra with juxtaposition corresponding to standard matrix

multiplication,
(ab)ij =Y aikbrj,
keZ

for a,b € gly, and the standard commutator bracket, [a, b] = ab — ba.
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Most of our computations will be done using a convenient linear basis of gf..
Let E; ; be the element of g/, with a 1 in its (7, j) entry and 0 elsewhere. It is clear
that this forms a linear basis of g/.

By construction we see that
E; jv, = 0; 10,
EiiEnn=20imEin.
From this we see that
(Eijy, Emnl = 0jmEin — 6niEm.,
from which we can construct all other Lie brackets (by linearity).

Since gl is a Lie algebra we can construct its associated group GL.,. This is
defined as

GLo = {A = (a;;)ijez|A is invertible and all but a finite number of a; ;—6; ; = 0},

where we take matrix multiplication as our group operation. In a moment we will

introduce the shift operators which will be important in the next chapter. Since the
shift operators are not members of g/, we will need to define a larger Lie algebra
of which g/, is a Lie subalgebra. We define the algebra

@ = {(ai7]~),~7jez|ai,j =0 fOI' |Z — ]| > 0}

In other words, the infinite matrices in @, are those which have a finite number
of non-zero diagonals. It is easy to check that matrix products are well defined in
U, and that gl is a Lie subalgebra of a.

Since we will need them later, we introduce the shift operators Ay. These are
defined as

Akvj = Vj—k-

From the description of the matrices F;; and their action on v; we see immediately

that
Ay = Z Eiitk.
i€Z
In other words, Ay is the matrix with 1 in each entry of the k-th diagonal and 0
elsewhere (here we view the principal diagonal as the 0-th diagonal and positive
diagonals are above the 0-th diagonal, etc.).

From the definition of A; we see that

[Aj7 Ak] = Z [Em,m—&-ja En,n+k]

m,ne”L

= Z (5m+j,jEm,n+k - 5n+k,mEn,m+j)

m,ne”L

= 0

and so the A, form a commutative subalgebra of a..
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2.3 Representations of GL,, and ¢/, in F
Using the action of g/, and GL, on V described in the previous section we can
construct representations R of GL., and r of gf,, on F' by
R(A)(viy Nvig N+ ++) = Avyy A Aviy A - -+ (2.1)
and
r(a)(Viy AVig AVig A+ ) = vy AUy ANVig A=+ 40 NV ANVg A w4+ (2.2)

Note that the sum above is finite since a has only a finite number of non-zero entries
(by definition), hence av; = 0 for all but finitely many v;.

Also, the representations r and R are related by
R(exp(a))v = exp(a)vi, Aexp(a)vi, A---
a? a?
= (1"‘@"‘?‘}‘"')1}@1/\ (1—1—@—1—5)%2/\---

= v+ (avy Avig A+ vy Aavy, ANvgg Ao +) + - -

r*(a)
2

= v+r(a)v+ VA
= exp(r(a))v,
for a € gl,, and any semi-infinite monomial v € F.
We see that
0if j & {ir,i0,---},

TEU/\U/\":
(Eug v A v {vil/\---/\vik_l/\vi/\vikﬂ/\---ifj:ik

It is clear that r(E;;)vy, Avi, A--- = 01if i € {i1,1s,---} as well, using the anti-
symmetric property of the wedge product. It is also clear that r(E; ;) maps F™
to itself for each m since its action is to replace one basis element in a semi-infinite
monomial with another.

In terms of Maya diagrams, the action of r(E; ;) on some semi-infinite monomial
1 is as follows: If j is black and ¢ is white then switch the colours on ¢ and j and
multiply by (—1)" where n is the number of black stones between i and j. Otherwise
the result is zero. Using this description it is again clear that (E; ;) does not change
the charge of a monomial.

Since each basis element ¢ € F™ can be written as
V=20, N ANV NUp_f_1 N\---
we can in fact write it as
Y=r(Ei,m) (B, m—k)Um- (2.3)

We think of F™ as being generated by v, since (2.3) allows us to describe any
charge m semi-infinite monomial as an element of the gf., orbit of ,,.
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Definition 2.3.1. We say that w is an anti-linear anti-involution if it is an R-linear
involution on a complex Lie algebra A such that

w(Az) = dw(z)
for X € C and x € A and such that
w(lz,y]) = w(y), w(z)]

forxz,y € A.

Definition 2.3.2. Let V' be a representation space of a complex Lie algebra A and
let (-|-) be a Hermitian form on V with an anti-linear anti-involution w. We say
that (-|-) is contravariant if

(z(u)|v) = (ulw(z)(v))
holds for all x € A and u,v € V.

If the Hermitian form in Definition 2.3.2 is non-degenerate then for any = € A
there exists a Hermitian adjoint z* such that (x(u)|v) = (u|z*(v)) for all u,v € V.
This implies that the anti-linear anti-involution w must in fact be the operator that
takes x to z*. In what follows we will often have a non-degenerate Hermitian form
and when this is the case we use z* to denote w(x) as it is more descriptive.

Definition 2.3.3. We further say that the representation is unitary if the Hermi-
tian form is contravariant and

(v[v) >0 for allv € Vv #0.

We may define a Hermitian form (-|-) on F' by requiring that semi-infinite mono-
mials determine an orthonormal basis for F. If we let a* denote the transposed
conjugate of a matrix a then we can see very quickly (by considering the basis E; ;)
that for any two semi-infinite monomials 1), 1),

(r(a)yly’) = (Wlr(a®)y).

This tells us that (:|-) is contravariant and that the representation r of gf., on F
is unitary. In fact, we can say more.

Proposition 2.3.4. The representation r of gls, on F s a direct sum of irreducible
unitary representations ro,, where r, is the restriction of r to F(™).

Proof. The fact that r is a direct sum of unitary representations r,, in £ follows

from the fact that the charge decomposition is orthogonal with respect to the
Hermitian form (-|-).
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To see that each r,, is irreducible note that we have an energy decomposition
of each charge m Fock space as

Fm =3 F™

k>0

and that this decomposition is also orthogonal.

Suppose U C F™) is an invariant subspace with respect to 7,,,. Then U must
also respect the energy decomposition (for details as to why this is true, see Lemma

.1 in (14)),
B U=> (UnF"™)

k>0

and so must its orthogonal complement U+. However, since v, spans all of Fo(m)
it must be contained in only one of U or U+ and we may assume without loss of
generality that it is contained in U.

From our comment earlier that each basis element in F™ can be written as the
image of 1, under g/, we see that in fact each of the fixed energy subspaces of F(™
must also be contained in U so that U+ = 0. Since this argument is independent
of m we see that each r,, must in fact be irreducible. O

Lastly, we record a formula for the action of R(A), A € G L on F™) which will
be denoted R,,(A). This formula can be proved easily using the standard calculus
of exterior algebra.

We have that
R (A) (v, Nvg, ( Nevv) = Z (det A;Z;:”;_i) v, ANV N (2.4)

jm>jm—1>"'

where Ail’"’i-m‘l’f; denotes the sub-matrix of the infinite matrix A with rows indexed

JmyJm—1,

by jm, Jm-1, - -+ and columns indexed by 4,,,%y,_1, . Here we view the determi-
nant of an infinite matrix as the product of its eigenvalues. This is well defined
since, by definition, each matrix in question is block diagonalizable consisting of a
finite matrix and an infinite identity matrix.

2.4 Representations of a,, in F

Let a; € G represent an infinite matrix of the form

a = E NEj ks

JEZL

so that a; has non-zero entries (A\; € C) only on its k-th diagonal. Then each
matrix in a., can be written as a finite sum of matrices of this form.
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Since we would like to construct a representation of @, on F' similar to the gl
representation r that we discussed in the previous section, it would seem natural
to simply apply (2.2) for 7 to .

For k # 0 we see that r(ax)ty, is a finite linear combination of semi-infinite
monomials in F(™). Since r(Eiitk)¥m = 0 when ¢ + k > m and when ¢ < m.
However, for k£ = 0 we see that

T(a0)1/Jm = ()‘m + Ao+ )%Dm,

which is potentially a divergent sum. Since each semi-infinite monomial in F™ is
generated by 1, via (2.3), the representation r is not well defined on G. In order
to fix this problem it will be easier to work with a slightly larger algebra than to
work with a directly.

First, we define the 2-cocycle o on @, by
lifn=i<0andm=j2>1,
a(Eij, Emn) =< —lifn=i>1and m=j <0,
0 otherwise
and extend linearly.

Now, consider the central extension
oo = Gog @ Cc
where c¢ is some new central element. We define the Lie bracket on a., by
[a,b] = ab — ba + a(a,b)c
where a,b € ao. We then extend linearly, keeping in mind that c¢ is central. It is

easy to see that this is a well defined Lie algebra and that @ = a./Cc.

We now define a representation of a., on F which we denote by 7,,. We also
use 7 to denote the direct sum of representations 7, on F', as we do with r and r,,.
Let

N rm(E; ) ifi#jori=j>0,
P (Eij) = ! e
rm(Ei ;) —1Tifi=7<0.
and
rm(c) = 1.

Proposition 2.4.1. The map #,, does in fact give a representation of a., on F™.
Furthermore, if we declare that ¢* = c then 7, is unitary and irreducible.

Proof. To see that 7, gives a representation of a., on F(™ we need only check that
it satisfies the Lie bracket. In fact, it suffices to check that r,, respects the Lie
bracket on the elementary matrices F; ;. To make this easier to see, we can rewrite
the commutation relations of the E; ; as a set of four relations as follows:
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(i) [Eij, Era] = 0 for j # k, 1 # 1,

(i) [Eij, Bl = By for 1 #1,

() [Boy, B = — By for j # &

(iv) [Bij, Bji] = Eig — Ejj + a(Eiy, Ejy)c.

For relations (i), (i¢) and (ii) we see that

[P (Eig), P (Er)] = [r(Ei g, ri(Eyy)] for j # k1 # 4,
[P Eij)s T (Ej1)] = [rm(Ei g, mm(Ej,)] for 1 #4,
[P Eig)s P (Eri)] = [rm(Bij, rm(Ey)] for j # k,

since I commutes with everything. Also,

( ;1) if 1 # i and
Ey ;) if j # k.

Since 1, respects the Lie bracket on gl.,, we see that 7, respects relations (i), (i7)
and (4ii).
For relation (iv) we have
P (Eig), P (Eji)] = P Eii) = P (Ej ) + (B, Eji)l
and so we see immediately that 7, respects relation (iv).

It is easy to see that when ¢* = ¢, 7, is unitary and irreducibility follows in
much the same way as in Proposition 2.3.4. O

Since a., is a central extension of @, 7, is in fact a projective representation
of G on F™ arising from the 2-cocycle a.

2.5 Wedging and Contracting

Recall that

V= @C’Uj.

JET.

For each v; we can construct the linear functional v on V' by
vj (vi) = 0y

for i, 5 € Z. We then construct the restricted dual of V' as

=P

JET
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Vectors in V and V* define operators on F as follows. Each v € V defines a wedging
operator v on F' by

V(v AUy Ao+ ) =0 Avy, ANy A+

Each f € V* defines a contraction operator f on F by

f(vil N Vi N+ ) - Z<_1)k+1f(vik>vi1 N Aoy N Vi1 ARE
k>1

When describing the actions of wedging and contraction it suffices to look at only
the basis elements and their duals. In doing so we can construct a combinatorial
rule for the action of wedging and contraction on Maya diagrams.

For the wedging operator ©;, we see that

@j(’l]il /\Uig/\"'> = ’Uj/\’Ui1 /\UZ'2/\"‘
= (=), Ao  Avig Avj A A
if 1, < J < ixy1 and is zero otherwise. In terms of Maya diagrams this corresponds
to looking at the stone at index j. If this stone is white then we change it to black

and multiply by (—1)* where k is the number of black stones to the left of j and
the result vanishes otherwise.

Example 2.5.1. If we start with the semi-infinite monomial 1 = vz A va A vy A
Vo Av_gAv_5A--- from the earlier examples then we see that

@:@_1¢:(—1)3U3/\U2/\U0/\U_1/\’U_Q/\’U_g/\v_5/\"' .

We can represent this operation visually as in Figure 2.35.

1 2 3 4 5 2 3 4 5
PR SN AL SR otetetee .
0} 3] 1i 3]
[ ] [ ) [ ) [ ]
EE 2| 0; 2|
o: o—e0 . °o—eo
2 0| 1 15 o] !
° °o—o ° °
3i 2|7 2% 4]
.I [ ) , [ ]
4i 3] 30 2
*—0 ? [ ]
5| 4} 3]
° o—eo
6 | 5|
’ [ ]
: -6 |
.

Figure 2.3: Wedging Example

In Figure 2.3 we have drawn the labeled partition corresponding to v on the
left and the one for ¢ on the right. This operation can be viewed as changing the
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horizontal line labeled with —1 to a vertical line and multiplying by (—1)* where
k is the number of vertical lines with labels greater than —1 in 1. Notice that the
label in the upper left corner has increased from 0 to 1 which represents the fact
that o € FO and ) € F©),

Similarly, for the contraction operator v}, we see that
U5 (Vi Ay Avov ) = 05 (04 )iy A Vg A - e — 05 (03,) Vi AV Avee e
= (=1)fvy Ao Avy A, Ao

where ;17 = j and is zero otherwise. In this case the interpretation on Maya
diagrams is that we look at index j and if it contains a black stone then we change
it into a white stone and multiply by (—1)* where k is the number of black stones
to the left of index j. If j does not contain a white stone then the result vanishes.

Example 2.5.2. If we start with the semi-infinite monomaial 1) = v3 A v9 N\ vy A
V_g ANV_3 ANv_5 A --- from the earlier examples then we see that

@zf)é@/}z(—1)21)3/\vg/\v_g/\v_g/\v_g,/\---.

We can represent this operation visually as in Figure 2.4.

1 2 3 4 5 0 1 2 3 4 5
? ‘0 ° Qg — —0 @----0@ 0= @ @—0—0
0 3 1 3
L [ [ ] [
] d
L ® —0 [ o—0— 0 —0
21 0|1 3t _2|-1 0 1
e o—o o o
3i 2| 4i 3]
? [ ] o—0
4} 3| 5|
*— 0 [}
5] o]
. .
6| .
°

Figure 2.4: Contracting Example

In Figure 2.4 we have drawn the labeled partition corresponding to v on the
left and the one for ¢ on the right. Similar to example 2.5.1, this operation can be
viewed as changing the vertical line labeled with 0 to a horizontal line and multiplying
by (—1)* where k is the number of vertical lines with labels greater than 0 in 1.
Notice that in this case the label in the upper left corner has decreased from 0 to -1
which represents the fact that ¢ € FY and ¢ € FO,

From the combinatorial description of 9; and ¢} (or from their algebraic descrip-
tions) we see that they are adjoint with respect to the Hermitian form (-|-). Also,
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any wedging operator maps F™ to F(*1D and any contraction operator maps
Fm+1) to F™) We also see immediately that

() 05 if i # jori=j >0,
L) = .
! bivr —Tifi=j<0.

Thus
P(Ax) =) 007, for k # 0,
1EZ
P(Ao) = ) o) — Y 070;.
i>0 i<0
The expression for 7(Ag) follows from the fact that 0,07 — I = —0}v;, which can be

seen immediately from the combinatorial description of the wedging and contracting
operators. In fact, this is just one of a family of relations that the wedging and
contracting operators satisfy.

Proposition 2.5.3. The algebra of wedging and contracting operators satisfy the
following anti-commutation relations (here |a,b|. = ab+ ba is the anti-commutator
bracket).

[03, 03]+ = 0, [0, 07]+ =0, [03,07]4+ = di. (2.5)

Proof. Let 7 and j be integers such that ¢ < j and let 9 be a semi-infinite monomial.

For the first relation if either ¢ or j are black with respect to ¢ then ;0,9 =
0;0;90 = 0. If both 7 and j are white with respect to ¢ then regardless of the order in
which we apply 9; and 9; we will arrive at the same Maya diagram. The only thing
that will change is the associated sign. Since applying ¢; increases the number of
black stones to the left of stone j by one we see easily that 0;0;9) = —0;0;4 which
completes the proof of the first relation.

The analysis for the second relation is almost exactly the same as the first with
white stones exchanged for black stones.

For the final relation, the case when ¢ # j follows in the same manner as the
first two relations described above. The case when ¢ = j is a little different so we
will now assume that this is the case. If the stone ¢ is white then ;01 = 0. Also,
¢ = 0;1 has stone i coloured black and has sign (—1)* times that of ¢ where k is
the number of black stones to the left of stone ¢. Thus, it is easy to see that in this
case ¥} 0;1) = 1p. The case when stone 7 is black follows by symmetry. O]

The algebra generated by the wedging and contracting operators is sometimes
referred to as a Clifford algebra.

Using the commutation relations in (2.5) we see that, for j # 0,

[F(A), 0] =) Onlyy 0k — Diin .
ne”L
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For k # n + j we have

P S
D0y, 4 ;0 = —0n 00y, 15 = OpOnT, 5.
Also, for k =n + j we have
A vk
VU,

P RN A
Uk = —UpUkUp + v, = UkUnUp + Uy,

Putting these together we have

and,

2.6 The orbit GL.

We will now describe the elements in the orbit G L.y which (as we shall see in the
following chapter) comprise the solutions of the KP hierarchy of partial differential
equations.

Theorem 2.6.1. If 7 € GLyy, then T is a solution of the equation

> ii(r) @ vi(r) = 0. (2.6)

Conversely, if T € FOO 1 £ 0 and 7 satisfies (2.6), then T € G Lot)o.

Proof. ©(1) = 0 for j <0 and v}(¢)9) = 0 for j > 0 so that

D (1) ® 0 (1) = 0. (2.7)
JEZ
Suppose T € G Loy is of the form
T = RO(A)¢O7

where A € GL.

Using the definition of the wedging and contracting operators along with the
definition of the representation Ry we see that

Ro(A)dRy(A)™! =, where w = Av, and
Ro(A)fRo(A)™" =g, where g = (A)"/.

Here AT is the transpose of A.
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We will denote the entries in A and A~ with respect to the basis {v;} by a;
and @, ; respectively. Explicitly, we have that

AUj = Z Qj;Us, (28)

_1)Tv; = ar o, (2.9)

Zmam = 6k,i~ (210)
J
If we apply the operator Ry(A) to (2.7) and then use the fact that 7 = Ry(A)y
we get that

ZRO )0;Ro(A) ™! (1) ® Ro(A)d;Ro(A)"}(7) = 0.

Using the relations (2.8), (2.9) and (2.10) we see that this becomes
D ayiti(7) © @50 (r) = 0,
ik

which we can rewrite as

Z (Zamaﬂ) 0;(T) @ U5(T) =0,

ik
which is equal to (2.6) after applying (2. 10)
To see the other direction, let 7 € F(O), 7 # 0 and 7 satisfy (2.6). We can write

N
T = E CkTk,

k=1

a linear combination with non-zero coefficients ¢, of some semi-infinite monomials
Tk, such that 7 is one of the semi-infinite monomials with greatest charge; we
may assume that ¢; = 1. If among the 7; with ¢ > 1 there exists a semi-infinite
monomial, say 7y, of the form

TO<Ei,j)7_1 with ¢ < 7 (211)

then
7" = Ro(exp(—c2E;i j))T

does not contain the semi-infinite monomial 75 and satisfies (2.6) since 7 € G' L1
and Ro(exp(—c2F;j)) € GLs. We can continue this procedure a finite number of
times to arrive at an element of the form 71 + ¢, where none of the semi-infinite
monomials in ¢ are of the form (2.11). The finiteness follows from the fact that

To(E; j)to = 0 when i < j
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and (2.3).
Since 11 + ¢ satisfies (2.6) we see that
0="> i(n+¢)@T(r+0) =Y 0;(n) @7 (¢)

JEZ JEL

£ 3 0y(6) @ 7 (n) (2.12)

JEZ
+3 " 05(¢) ® 03(9).
JEZ

We may rewrite the right hand side of (2.12) as

> i (m)@T(9)+ Y 05(@) @0 (1) + Y bi(@)@5(0) = Y ti(m)@Ti+ Y @I
jET. jEz jEz i€z jEZ.
where the set {0;(71),7;}ijez is linearly independent and Iy, fj are elements in F'.

Suppose 0;(11) # 0 for some i € Z. Since
@i(Tl) ® FZ = 0

we know that I'; = 0. If I'; # 0/ (¢) then it follows from (2.12) that there must be
some semi-infinite monomial ¢ in ¢ for which

0i(11) = £0;().

Also, since ¢ has at most the same energy and is not equal to 71, we know that
1 < 7. We also see that

p = U50i(p)
= Fro(Eij)m,
where ¢ < j. This is a contradiction and so it must be true that I'; = 0/ (¢). This,
however, implies that 0} (¢) = 0 since v;(11) # 0. Since 0;(7) is non-zero for an
infinite number of positive integers, ¢ must be zero (i.e., there are no semi-infinite

monomials p with the property that v (p) = 0 for an infinite number of positive
integers).

Finally, since 71 is a semi-infinite monomial, by (2.3) 7 € GLy, and so

T € GLOO@ZJQ
[l
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Chapter 3

Realizing The G Ly Orbit

The purpose of this chapter is to construct a realization of the Fock space described
in the previous chapter. That is, we will construct an isomorphism from F' to some
polynomial algebra under which the representations r, R and 7 map to differential
operators. This will allow us to describe the G L1y orbit as a family of polynomials
which simultaneously satisfy a family of partial differential equations. As in the
previous chapter, we will mostly be following [14] and more information can be
found in [15] and [23].

3.1 The Oscillator Algebra A

Let A be the complex Lie algebra with basis {a,,n € Z;h} and commutation
relations
[h,a,] =0 (n€Z), (3.1)
[am, @p) = MOy _nh (M, n € Z).
Note that [ag, a,] = 0 for all n € Z and so ag is a central element in A. This algebra
is often called the oscillator or Heisenberg algebra.

Much as in the last chapter, where we introduced the fermionic Fock space F
for the purpose of constructing representations of the gl a. and as algebras,
we now introduce the (bosonic) Fock space B = Clxy, 9, ;2,27 ], the space of
polynomials in infinitely many variables 1, 29, - - - along with z and 271

We also define the charge m bosonic Fock space to be the subspace
B = Clzy, x,---]2™.

It is easy to see that each of the charge m bosonic Fock spaces are isomorphic.
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We construct the representation 72 of A on B(™) for fixed m as follows. For all
n>1:

ffz(“ﬂ) = 0/0xy,
B (a_p) = nay, (3.2)
75 (ag) = ml,
P(h) =1,

N

where I is the identity operator on B(™.

Lemma 3.1.1. The representation (3.2) of A is irreducible.

Proof. Any polynomial in B can be reduced to a multiple of 2™ by successive
application of the a,, with n > 0 (these are sometimes called annihilation operators).
Then successive application of the a_,, with n > 0 can give any other monomial in
B™) (this is why the a_,, with n > 0 are sometimes called creation operators). [J

We call the constant polynomial v = 2™ the vacuum vector of B and we see
immediately that it enjoys the following properties:

an(v) =0 (n > 0),
ap(v) = mu, (3.3)

Proposition 3.1.2. Let V' be a representation of A which admits a non-zero vector
v such that equations (3.3) are satisfied. Then the monomials a™, - - - a*" (v) with

ki € Z. are linearly independent. If these monomials span V then V is equivalent
to the representation of A on B given by (3.2), for any fized charge m. In
particular, this is the case if V is irreducible.

Proof. We have a mapping ¢ from B to V defined by

It is clear that if Pz™ is an element of B then a,(¢(Pz™)) = ¢(a,(Pz™)) so
that ¢ is an intertwining operator. Since B is irreducible, ker ¢ = 0 and so ¢ is
an isomorphism if ¢ is onto. O

We may also define an anti-linear anti-involution on A by

w(a,) =a_,, w(h)=nh. (3.4)
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Proposition 3.1.3. Let V' be as in Proposition 3.1.2. Then V' carries a unique
Hermitian form (-|-) which is contravariant with respect to w and such that (v|jv) = 1
for the vacuum vector v. The distinct monomaials a’ill cowa™ v with k; € Zy form an
orthogonal basis with respect to the Hermitian form. These monomials have norms
given by

n
(a]ill e a’i’;lv|alill e a’i’;tv> = H k;!. (3.5)
j=1

Proof. Tf (-]} is a contravariant Hermitian form, then both the orthogonality and
(3.5) are proved by induction on ky + --- + k,, proving uniqueness. One checks
directly that the Hermitian form, for which monomials are orthogonal and have
norms given by (3.5), is contravariant, proving existence. ]

Corollary 3.1.4. The Hermitian form on V' of Proposition 3.1.3 is positive defi-
nite.

Definition 3.1.5. Let Pz™ be an arbitrary element in B . The vacuum expecta-
tion value of P, denoted by (P), is defined as the constant term in P.

We can see very quickly that

(w(P)) = (P).
Proposition 3.1.6. For P,Q € B™ the Hermitian form

—(6 0 0

(PIQ) = (@(P)Q) = P (i g+ ) Qo) (3.6)

r1=r9="--=

is equivalent to the Hermitian form given by (3.5).

Proof. 1t is easily checked that this is a Hermitian form which is contravariant and
for which (1|/1) = 1. Hence, by Proposition 3.1.3, formulas (3.6) and (3.5) are
equivalent. O

3.2 The Boson - Fermion Correspondence (I)

Recall from the previous chapter that the shift operators A, generate a commutative
subalgebra of @o,. The subalgebra of a,, generated by the shift operators and the
central element ¢ can be identified with the oscillator algebra A. This can be seen
by noticing that in a..,

[An7 Ak] = Oé(An, Ak)C

It is then straightforward to compute

Oé(An, Ak) = N(Sn,—lm
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so that
[An, Ay] = nd, ke

Comparing this with (3.1), we see that this can indeed be identified with A. Note
that the anti-linear anti-involution w of A is consistent with conjugate transpose
ON (-

We will simultaneously view A as being the subalgebra of a., generated by the
shift operators and ¢, as well as the abstract algebra defined in (3.1). We will do
this by making use of the identification a,, <+ A,, and h < c.

Since 7, is a unitary irreducible representation of a.,, the restriction to the
subalgebra generated by the shift operators and ¢ gives us a representation of A
on F(™ . Explicitly, this representation is given by 7,(a,) = #m(Ay,) and 7, (h) =
Tm(C).

Proposition 3.2.1. The representation 7, of A on F is irreducible and is iso-

morphic to the representation +2 of A on B given by (3.2). This isomorphism is
denoted o,,.

Proof. First, we see immediately that
Pm(ak)Um = T (M) = 0 for k > 0,
Pin(@0)Um = P (Ao)Um = Mty
and that 7,,(h) = 7,(c) = 1.
If we consider all semi-infinite monomials in F(™ of the form

P (Ao )+ Prn (A V(0 < ky < kg < -+ < k) (3.7)

then by Proposition 3.1.2 these vectors are all linearly independent.

Since 7., (E; ;) replaces v; by v; or gives 0 we see that it changes the energy of a
semi-infinite monomial by j — i. Hence, each monomial of the form given in (3.7)
with >, k; = k lie in F, k(m) and they form a basis since there are exactly p(k) of
them, where p(k) is the number of partitions of size k. The rest now follows from
Proposition 3.1.2. O

Explicitly, Proposition 3.2.1 tells us that

0
~B o
Tm(Ak) - axkﬂ

To the energy decomposition of F(™ by subspaces F,fm) of energy k, there
corresponds the principal gradation of B™:

B = @ B

keZy
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defined by
deg(z;) = j.
Consider the contravariant Hermitian form on B(™) defined by
(PIQ) = (0, Plo,' Q)
for P,Q € B™). 1t is easily seen that this Hermitian form has the properties
(1) =1 and 7p(A)" =75 (Ay) =7 (AD),
following from (3.4) and the fact that o, is an isomorphism. Hence, by Proposi-
tion 3.1.6 and Proposition 3.1.3, we know that
—( 0 0 0
(PIQ) = P (6m1’ 20y’ 3013 ) Q)

The remainder of this section will be concerned with determining the polyno-
mials in B that correspond to the semi-infinite monomials v;, Awv;,, , A--- of
F™) under a,,.

First, let

xr1=x9="-=0

GLo = {A=(ai;)|i,j € Z, A is invertible and all but a finite number
of the a; ; — 0; ; with ¢ > j are 0}.
Thus matrices in GL, have only a finite number of nonzero elements above the

principal diagonal. It is easily seen that matrix multiplication in GLo is well
defined since the sums involved are finite. The Lie algebra of G L, is:

gl = {(a;;)|i,j € Z, all but a finite number of the a, ; with i > j are 0}.

The group GL, and its Lie algebra g/, act not on V, but on a completion V of

V defined as
V= {chvj]cj =0 for j > O} :

J

It is easy to see that the representations R and r extend to representations of G Lo
and g/ on the same space F' constructed from V. In particular, the formulas for
7 and R,, hold as before. The exponential map is defined on the whole of g/_
and we have

expr(a) = R(expa) for a € gl . (3.9)

Theorem 3.2.2. For any m € 7Z,
O—m<v7fm A ’U'L'Tn—l A ) = Simfmyim—lfm‘i’l,"'(x)’

where iy, > i1 > -+, im—t, = m—k fork sufficiently large and S;,, —mi,, —m+1.-(T)
is the Schur polynomial corresponding to the partition (i, — m, iy, 1 —m—+1,---).

This is the same partition obtained from the semi-infinite monomial via its Maya

diagram.
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Proof. We will prove this for m = 0 as the proof for arbitrary m is essentially the
same.

Let
P(Jf) = O'o(?)io /\Ui_1 AN )

We will compute
R(Jf(exp(yll\l + oy + -+ ))P(x) = oo(Ro(exp(y1 A1 + ya Ao + -+ ))vg Avi_, A--+)
(3.10)

and then compare the coefficient of the vacuum on the two sides of (3.10).

First we compute the left hand side of (3.10). Notice that in the bosonic picture,
ro(Ax) is represented by 0/0xy for k > 0 so that

Rf(exp(ylAl + YNy +--+)) =exp Z Yj

j>1

9
al‘j.

Now, let F(y) denote the coefficient of 1 when this operator is applied to P(zx).
Then

F(y) = exp (Z yja%) P(x)

j=21
= P@+y)l,ug = P(y)
and so the coefficient of the vacuum on the left hand side of (3.10) is P(x).

We now compute the right hand side of (3.10). It is clear that if a = y1A; +
Yoo + -+, then a € gf__ and expa € GLy. Hence, from the discussion preceding
(3.9), it follows (see also equation (2.4)) that

=0

Ry (A) (s, ANy, ANev) = Z (det A;:?T"nj) v, A AN, (3.11)

jm>jm71>'”

Tyt —1,""

where here A" denotes the sub-matrix of the infinite matrix A with rows
indexed by jm, Jm—1,- -+ and columns indexed by %,,,%m_1,--. In particular, we
can apply the above formula to R(exp a).

Now, using (1.18),

exp (Z Akyk> = exp (Z A’fyk>

k>1 k>1

=Y AiSi(y) (312

k>0

=D MSily)

k>0
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where the Si(y) are the elementary Schur polynomials. The right hand side of
(3.12) can be viewed as a matrix A with matrix elements

Apn = Sn-m(y), (m,n€Z).

Since Si(y) = 0 for k < 0 we see that A € GL.. Hence the right hand side of
(3.10) becomes
oo(R(A)(vig Aviy A-+-)).

Using (3.11) we then see that the required coefficient is
det (Agff;}ji%f") .
From (1.17) we see that this is simply S;,; ,+1,..(z) and so
P(x) = Sipi 41, (),
as required. O

Theorem 3.2.2 tells us that each semi-infinite monomial ¢ € F is mapped,
under o,,, to the Schur polynomial indexed by the partition corresponding to the
monomial, that is, the partition formed by comparing the Maya diagram of ¢ with
the Maya diagram of v,,.

Corollary 3.2.3.

p1t+m,pa+m—1,-

RE(4)Sy = 3 det (Aimz iy s,
m

where the sum is over partitions p.

Proof. This result is an immediate consequence of Theorem 3.2.2 applied to (3.11).
O

Corollary 3.2.4. The Schur polynomials form an orthonormal basis in B with
respect to the contravariant Hermitian form (-|-), i.e.

<S/\|Su> = 5/\#-

Proof. This follows since o is an isomorphism and the corresponding semi-infinite
monomials are orthonormal. ]

Corollary 3.2.4 tells us that the Hermitian form on B coincides with the standard
inner product on Schur polynomials.
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3.3 The Boson-Fermion Correspondence (II)

In the previous section we looked at the isomorphism

Om : F™ — B™),
which gives us a representation of the subalgebra A of as on B™). We now extend
this representation to the whole Lie algebra a.

First, we prefer to work with F rather than each F(™ and so we define the
direct sum of maps
o= Dom

so that

o:F=@F"™ - B=B". (3.13)

meZ meZ

Similar to the definition of 72, we define 72 (a) = o7 (a)o ™! for a € ae,.

We now turn to the problem of describing explicitly the action of 0; and v} on
B. First we introduce the generating functions

X(u) = Zuj”&j, X*(u) = Zu‘jﬁ;‘,
jEZ JET

where u is an indeterminate which can be thought of as a nonzero complex number.
It turns out that computing the transformation of both X and X* under o is easier
to do than computing each of the wedging and contracting operators individually.

Something to note, however, is that X (u) as an operator acting on F™ does
not map into F(™+Y) but rather into the formal completion Fm+D) where formal
infinite sums of semi-infinite monomials are allowed Similarly, X*(u) maps F™
into "1 We define

P @F,

MEZ

The transported operators 0 X (u)o~! and 0 X*(u)o~! map B into B, where B is

the space of formal power series in x1, xs, - - - with coefficients which are polynomial

in z,z 1.

Recall from the previous chapter that

from which we obtain

F(A)), X (u)] = qu(U), (3.14)



These equations hold in F and under the isomorphism o : =3B they hold in B as
well. We already know the transform of A;. In particular, if 7 > 0, then

PP (A)) = of(Aj)o™t = —, (3.15)

We now define the operators I'(u) and I'*(u) by

[(u) =

X(u)o™ (3.16)

o
oX*(u)o~ 1,

so that our goal is now to determine an explicit description of the operators I'(u)
and I'*(u). The operators I'(u), [*(u), X (u) and X*(u) are sometimes called vertex
operators for reasons which will not be discussed here.

Using (3.14), (3.15) and (3.16) we see that

[0/0, T'(w)] = qu( );
[, D(w)] = TF< w),

along with the related relations for I'*(u). These commutation relations are enough
to determine I'(u) and I'*(u) as is shown in the following proposition.

Proposition 3.3.1. The operators T'(u) and T*(u) have the following form on B™ :

; u 0
L(u)| gom) = u™ 2 exp (Z u]a?j> exp (— Z T%) 7
j

i>1 i>1
. w0
I (u)| gomy = “lexp ( Zu%@) exp (Z ; 89@-) :
7>1 7>1

Proof. We only prove the result for I'(u) since the proof for I'*(u) is almost exactly
the same.

First notice that the z factor needs to be present on the right hand side since
I'(u) maps B into B Let T, be the operator on B defined by

w9

Jjz1
Using Taylor’s formula it can be seen that for any f € B

U72 uij
(Tuf)<x17x27'“):f(xl—i_u_lalé—i_?a'” 7'Tj+77> .
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Since

we see that

[l’j, Tu] = ] Tu
Using this and the relation
u_j
[z, T'(u)] = TF(U),
we see that
ufj
;)T = T'(w)z,; T, + —TI'(w)T,,
J
- —j
= D) Toz; + ()T, — “T(u)T,,
J J
= F(u)Tuxj,
and so
[z, T'(u)T,] = 0.

From this we can conclude that I'(u)T;, contains no differential operators and so is
a power series. This tells us that

D(u) = zf(x1, 29, -+ ) exp <— ﬂi) ,
>1

Jj Ox;

where f(xy,zs,---) still needs to be determined. Using the relations

{%,F(u)] — (),

[_ o ( Z)] e (— z) |
e (e

from which we conclude that

['(u) = ep(u)zexp (Z ujx]) exp (— Z ?%) :

j=21 Jj=21

we see that

Lastly, to determine c,,(u), we note that the coefficient of the vacuum vector
VYma1 of F"D in the expansion of X (1), is . This completes the proof. [
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Definition 3.3.2. The operator R(u) : B — B is defined by
R(u)f(z; 2) = uz f(z;uz).
We see that if f(z;2) = 2™g(x1,xa, -+ ) then
R(u) f(x; 2) = w2 g (2, 9, ).

Using this we can write down the general form of I'(u) and I (u).

Theorem 3.3.3. We can write I'(u) and I'*(u) as

I'(u) = R(u)exp (Z ujxj> exp (— Z ?%) )

i>1 i>1
I(u) = “lexp Z wz; | exp Z “ 9 |
i>1 i>1 J Oz

In the literature Theorem 3.2.2 and Theorem 3.3.3 together are referred to as
the Boson-Fermion correspondence.

3.4 Realizing the G L. orbit

Recall that in Theorem 2.6.1 we characterized elements in F' which are in the
G Loy orbit. Now we would like to make use of Theorem 2.6.1 to give a character-
ization of the elements in B(®) which correspond to elements in G Lotg. We do this
by making use of the Boson-Fermion correspondence developed in the first portion
of this chapter. The functions in B® which correspond to elements in G Lyt are
called tau functions of the KP hierarchy.

Consider the expression

X(u)T @ X*(u)T. (3.17)
Upon expanding (3.17) we get

> u () @ U (7),
,J

and it follows from Theorem 2.6.1 that 7 € 0o (GL0) if and only if the term
independent of u in (3.17) vanishes.

The isomorphism
0o : FOSC[2y, 29, - -]
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extends to an isomorphism between F(© @ F©) and C[a), 2%, --- ;2% 24, - - -], which
is the polynomial ring in two infinite sets of variables, z7, x5, -, and =7, 27, - -
We can transform (3.17) to the bosonic representation using the identification

X (u) — T'(u) —uzexp<zuﬂ )exp( Z?@i’-)’

X*(u) = T*(u) = 27 tex g wall | ex E w9
7>1 7>1 J

So, (3.17) becomes

uexp (Z u! (2, — 2)) > exp ( Z UT_] (8(3:; - ai,)) ()T (2").  (3.18)

7>1 7>1

Defining new variables x;, y; by
r "o
Ty =T = Yi, Ty = T+ Yi,

so that 9 5 P
/ /!
. — . = —2 i _— = — ,

(2

we deduce the following result from Theorem 2.6.1.

Proposition 3.4.1. A nonzero element T of Clxy, za, - - - | is contained in oo (G'Looty)
if and only if the coefficient of u® vanishes in the expression

u exp ( ZQU%) exp ( v o ) T(z —y)T(T + ). (3.19)

7>1 ‘] ay‘j

It can be seen that the above formula gives rise to a countable number of partial
differential equations which must be satisfied by 7. In the next section we will look
at this in detail and write out some of the equations that arise in this way.

3.5 Hirota’s bilinear equations

Definition 3.5.1. Given a polynomial P(xy,z5,---) and two functions f and g,
we denote by Pf - g the expression

o 0
P(a_,ulaa_/uz7'-.) (f(xl_u17I2_U27-..)g(1‘1+U1,I2—|—u27...))

u=0 .
The equation Pf - g = 0 is called a Hirota bilinear equation.
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Example 3.5.2. Let P = x,. Then

0

2 %
8u1

81’1

of

Pf-g= flzy —w)g(wy + 1)) = 9(1‘1)—+f( e

u1=0
Example 3.5.3. Let P = z7. Then from Leibniz’s formula we get

n akfan—kg
Pfog=3 (~1)" "My JSI 9
fr9=2 =) <k> Ot Oa "

k=0

Note that Pf - f = 0 if P(xq,29,-+-) = —P(—x1,—xa,---). In other words,
Pf-f=0if P is odd. Since the Hirota bilinear equations that arise in the KP
hierarchy are of the form Pf - f = 0 and are linear in P, this implies that we need
only consider the even terms in P.

Expanding (3.19) using the generating function for elementary Schur polynomi-
als we get

o(Sosi) (Ses@) e

>0 >0

5_(9 90 9
Y\ Oy 20yy” 30ys’ '

Setting the term independent of u equal to zero, we get the following system of
equations:

where

> 8i(=2y)8j41(9y)T(x — y)7(2 +y) = 0.

7>0

Notice that

Si+1(0,)7(x = y)7(x +y) = 81 (0u)7(x —y —w)T(x +y + u)

— Sj+1(5u) exp (Z ys%) T(z —u)T(T + u)

s>1

Y

u=0

using Taylor’s formula. However, the last part can be written as a family of Hirota
bilinear equations (each equation corresponding to a coefficient of some monomial

in the y;’s):
j+1 exp (Z ys$s> ( )a
s>1

where

N 1 1

T =21, =29, —x3, -

1 9 29 3 39

Thus we get:

45



Theorem 3.5.4. A nonzero polynomial T is contained in oo (G Lsoty) if and only
if T is a solution of the following system of Hirota bilinear equations:

Z Sj(—2y)S;j41(Z) exp (Z ysx5> 7(z) - 7(x) =0, (3.20)

s>1

where Y1, 1y, - -+ are free parameters.

We can now use Theorem 3.5.4 to construct a countable number of partial
differential equations which have the property that a polynomial satisfies them all
simultaneously if and only if the polynomial is contained in o (GLxty). Each
of these partial differential equations is obtained by extracting the coefficient of
some monomial in the y;’s. As an example, we can construct the partial differential
equations related to the monomials ¥, for some small values of r.

Expanding the exponential in (3.20) in Theorem 3.5.4 we see that y, appears
exactly once with coefficient z,. In the expansion of the S;(—2y), y, appears only
in S,.(—2y) with coefficient —2. Thus we get the Hirota bilinear equation

(l’r$1 — QST+1(§7))T -7 =0.

Using the expansion of S, for some small values of 7 (see Example 1.3.3) we see
that

11 — 282(5/’) = — X9,
3 2z
—928.(7) = — L =72
ToZ1 3($) 3 3

3 2 4 12 2

Since we know that odd polynomials give us trivial Hirota equations, we see that
for r = 1,2 the above equations are trivial and for r = 3 the even terms give us the
Hirota equation

r3xr, — 2S4<i’> =

(z] 4 323 — 4ay23)7 - 7 = 0.
This then becomes
ot 0? 0?
4 _
(8u‘11 + ?)aug 8u18u3> T(x 4+ u)T(r — u)

If we then put x1 = z, 29 = y, x3 = t and introduce a new function
2

0
U(Jﬁ, Y, t) = 2@(10g T)7

—0. (3.21)

u=0

then equation (3.21) becomes
30%u 0 (8u 3 Ou 1@)

Za—yz — % ————— (322)

ot 2u8x 4 0x3

Equation (3.22) is classically known as the Kadomtzev - Petviashvili (KP) equation.
Since this is the simplest equation in the hierarchy of partial differential equations
given in Theorem 3.5.4 the entire hierarchy is called the Kadomtzev - Petviashvili
(or KP) hierarchy.
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Chapter 4

A Symmetric Function Approach

In this chapter we take an alternate approach to the bilinear form (3.18) of the KP
hierarchy by reinterpreting the equations in the context of symmetric functions.
For the most part we will be presenting a new combinatorial proof of a classical
result for the KP hierarchy which is described in [3].

4.1 Codes of partitions

Before we begin looking at the KP hierarchy in terms of symmetric functions we
need to describe an alternate way of encoding partitions which is based on the Maya
diagrams for semi-infinite monomials described in chapter two.

We can represent any semi-infinite monomial ¢ as a two-colouring (white and
black) of the integers with the property that for some positive integer N all integers
k > N are white and all integers £ < —N are black. When compared to a unique
vacuum vector t,,, (where m is the charge of 1) we can represent this colouring
uniquely with a partition. In other words, semi-infinite monomials are completely
specified by a partition and a charge.

Since solutions of the KP hierarchy are elements in G' L1, we need only con-
sider elements with charge 0, and every semi-infinite monomial of charge 0 is
uniquely specified by a partition. In terms of Maya diagrams, fixing the charge
corresponds to considering two-colourings of the integers up to arbitrary shifts.

Rather than viewing a partition in terms of its Maya diagram, we view it as
a two-way infinite binary string in two symbols, say U and R, where the string
is infinitely U to the left and infinitely R to the right. In this case we can view
the string as a set of instructions detailing how to reconstruct the partition. The
symbol U denotes moving one unit upwards and R denotes moving one unit to
the right. The resulting path then marks the outline of the Young diagram of the
partition in question. Note that this is different from the Maya diagram in that we
only view the two-colouring up to arbitrary shifts.
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If X\ is a partition and o is the binary string corresponding to A then we say that
o is the code of \. (see, e.g., [31, p. 467] for more on codes; in [31], the symbols in
the code are 0, 1, but we prefer U, R since they are more mnemonic.)

.
N
w
n
(3}

4 5 6 7 8

o

'
—
N w
[ )
[ ]
o |
[ )
[ )
[ )

o
-
-—

]
]
w
-

o & A W N

o—o—0o—0o—0—0—0—0
1
N
—
' ' '
w N o
G —— @ @ @ @ —— @ —— O —— @
—
N

Figure 4.1: Semi-Infinite Monomials With Different Charges

Example 4.1.1. Consider the semi-infinite monomial 1) = v3 Ava Avg Av_g AV_3 A
v_s A ---. When we compare it to 1y we arrive at the diagram on the left in Fig-
ure 4.1. Likewise, the semi-infinite monomial v = vg Avs AvsAvy AvgAv_gA- -+ when
compared to Y3 gives rise to the diagram on the right in Figure 4.1. Both of these
diagrams outline the same partition, 3°212, the only difference being the charge (the
label on the up step in the upper left corner of the diagram). Since we only want to
record the shape of the partition we remove the integer labeling and simply record the
string of up and down steps that outline the partition. In the example of 32212 above
we are left with the two-way infinite binary string --- UUU RUURURUURRR - - -
which is shown in Figure 4.2.

@====:Q P Ly ——y
Ul R R

? [ )

5 vl

é o—eo

5 u| R

é o—o

: Ul R

[ ] [ ]

P v

o0

u| R

[ ]

ul

°

Figure 4.2: The Code Of 32212
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Figure 4.3: 32212 and (3221%)®

We let A i > 1, be the partition whose code is obtained from the code of the
partition A\ by switching the ith R (from the left) to U. If A = (Ay, Ao, - -+, A,), then
we immediately have

AD = (A =1, N = 1= 1, A, ), (4.1)

where j is chosen (uniquely) from 0, --- ,n so that A\; > > A;;; (with the conven-
tions that A\,11 = 0 and Ay = 00). Now, define u;(\) to be the number of up-steps
U that follow the ith right-step R from the left in the code of A\. Then note that
u;(\) = 7, and that we have |\?| = |\| —j +i — 1 from (4.1), so we can determine
u;(\) = j in terms of i via

wi(A) = [N = AP i — 1, (4.2)
Also note that u;(\) weakly decreases as ¢ increases, so we also obtain
A —IN) =XV <A@ <o DN = A +i—1,i> N (4.3)

Example 4.1.2. Consider the partition 3*21? whose code is

-+ UURUURURUURR:--- (pictured on the left in Figure 4.3). Computing the
code corresponding to (32212)® we get ---UURUUUURUURR - -- which is pic-
tured on the right in Figure 4.3.

Alternatively, from equation (4.1), we see that (3221%)? is constructed by adding
a part of size 1 and decreasing all parts larger than the new part. This tells us that
(32212)®) = 221* as we computed earlier and which is shown in Figure 4.3.

We also let (=9, i > 1, be the partition whose code is obtained from the code
of the partition A by switching the ith U (from the right) to R. If A = (A, Ag, -+ +),
with Ay > Ay > --- > 0 (i.e., A has finitely many positive parts and an infinite
number of trailing 0’s), then we immediately have

AT = (41 A+ L A, ). (4.4)
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Figure 4.4: 32212 and (3221%)(=9)
Thus we have |A\(7)| = |\| = \; +-i — 1. Since \; weakly decreases as i increases, we
obtain
A=A =A< XD <o MO = N +i—1, i>1(\).  (4.5)

Example 4.1.3. As before we begin with the partition 32212 pictured on the left
i Figure 4.4 and which has the code ---UURUURURUURR---. We compute
(3221%)=%) which has the code --- UURUURRRUURR - - -, and is pictured on the
right in Figure 4.4.

Alternatively, from equation (4.4), we see that (3*212)=3) corresponds to remov-
ing the part of size 2 and increasing the size of each part above it. In other words,
(32212)(=3) = 4222 which is shown in Figure 4.4.

Recall that given a partition A, its conjugate X' is formed by flipping its diagram

along the main diagonal. In terms of the code of A\ this corresponds to reversing
the order of the code and swapping the U’s and R’s. It is easy to see that

wAD) = w(\) D

where w is the fundamental involution (with action w(A) = X).

4.2 The Bernstein Operator

First, recall from (3.18) that the bilinear form of the KP hierarchy tells us that
a polynomial 7 is a solution to the KP hierarchy (or is a tau function of the KP
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hierarchy) if and only if

[u™"] exp (Z wx ) exp < Z u]J ai ) 7(x)

>1

exp

Equivalently, let

—Jj
O(2';u —exp(ZuJ >exp< ZUT@?{;’)’
J

Jjz1 j>1
O+ (2" u) = exp E W | exp E u—_j 0 .
— j Ox!
>1 j>1 j

Then 7 is a solution to the KP hierarchy if and only if
[ (@ (2", w)r (")) (@ (2", w)r(2")) = 0.

Recall that the power sum symmetric functions p, form a set of algebraically
independent generators for the ring of symmetric functions A. We can make the
change of variables

ry Bi 0 ] i
j ox’; Ip;
In what follows we always write symmetric functions without specifying the vari-
ables in which they are written. Under this convention we assume that the sym-
metric functions written unadorned (i.e., ey, hy, Sx, pr, etc.) are in terms of the
indeterminates z; and that marked symmetric functions (ék,fzk,éA,ﬁk, etc.) are
written in terms of the indeterminates z.

(4.6)

Under the change of variables (4.6), the operators ® and ®* become

®(z';u) — B(p;u) = exp (Z u?,jp]) exp ( Zu J >

j>1 >1
O+ (2" u) = BH(p;u) = exp | — Z —p] exp Zu J )
j>1 J j>1

The operator B(p;u) was originally introduced by Bernstein [33, p. 69] in the
study of modular representations of the symmetric group. See also Macdonald [22,
p. 95]. We call B(p;u) the Bernstein operator and B*(p;u) the adjoint Bernstein
operator for reasons given below.

Recall that

Zhiti = epo%tk, Zeiti = epo%(—l)k_ltk, (4.7)

i>0 E>1 i>0 E>1
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where the h; are the complete symmetric functions and the e; are the elementary
symmetric functions. Also recall that

0
b=k 4.8

where pi- is the adjoint of multiplication by py with respect to the standard inner
product. Using (4.7) and (4.8) we can rewrite the operators B and B* as

B(p;u) = ZBnu” = Z (=)™ hyet (4.9)

nez k,m>0
and,
B(pu) = Bru" = Y (=1)™u"Fe (4.10)
neZ k,m>0

This gives us immediately that B+ = (—1)"wB_,w and so B*(p;u) = wB(p; —u)w
where w acts on a series in u by acting on its coefficients (which are symmetric
functions). Thus, for much of what follows we only consider B(p; u) since analogous
statements may be made for B+ (p;u).

Our goal will be to understand the action of the operator B on Schur functions
and to this end we first look at the following set of combinatorial objects. For
partitions A and p, let Ry, be the set of partitions v such that A — v is a vertical
strip, and p — v is a horizontal strip. Also, let

Ryu= Y (=P, (4.11)

I/ER)\”u
which is 0 when R, , is empty.

Proposition 4.2.1. For any partition A\, we have
B(p;u)sy = Z Ry ult s,
HEP

where P is the set of partitions.

Proof. Recall that
hpsy = Z Sy (4.12)

I

where the sum is over partitions p such that u — A is a horizontal n-strip and
ersy = Z Su (4.13)
w

where the sum is over partitions p such that A — p is a vertical n-strip.

Putting formulas (4.12) and (4.13) together with the formula for the B(p;u)
operator (4.9) immediately gives us the result. O
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We can view the operator B(p;u) as acting in two steps. The first is to apply
the operator e and the second is to multiply by hy. Since we wish to consider
the action of B(p;u) on the Schur function s, this corresponds to first removing
a vertical strip (of size m) and adding a horizontal strip (of size k) to the result.
The coefficient for some s, in the resulting series will contain u*~™, which has its
exponent equal to the net difference in size from A to u, and the sum over all possible
ways of getting to p from A in the way described weighted by (—1)™. From the
definition of Ry, we see that R, , is the appropriately weighted sum of partitions.

There are three classes of squares in the union of the diagrams for A and p that
we shall consider when R, is nonempty:

e The squares of p that are not contained in A\. These squares are necessarily
bottommost in their column of u. None of these is contained in any v in
R, Such squares are contained in the horizontal strip that is added in the
multiplication by an h,. In other words, these are squares which are added
by B(p;u) but which could not have first been removed.

e The squares of A\ that are not contained in u. These squares are necessarily
rightmost in their row of A\. None of these squares is contained in any v in
Ry Such squares are contained in the vertical strip that is deleted in the
application of e. In other words, these squares are removed by B(p;u) but
must not be added afterwards.

e The squares that are contained in both A and p, that are both rightmost
in their row of A, and bottommost in their column of u. Fach of these is
contained in some of the v in R, ,, but not others. Such squares may have
been contained in both a deleted vertical strip and an added horizontal strip
or neither. We call the squares in p with this property A-ambiguous.

Figure 4.5: The Partition 221 in R2212 493

Example 4.2.2. The partition 21 in Raz912 495 s shown in Figure 4.5. The black
squares are those that have been removed and the grey squares are those that have
been added. Also, the leftmost partition is A, the rightmost partition is p and the
middle partition with the black squares removed is v.

We can write this sequence of operations in a slightly more compact way as in
Figure 4.6.
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Figure 4.6: The Partition 221 in Rs2012 493, Alternate Presentation

Here the squares with an X in them have been removed and the squares with
an O in them have been added. Note that squares which contain only an O are
of the first type above and those that contain only an X are of the second type.
The square which contains both an O and an X is a A-ambiguous square. Notice,
however, that A\-ambiguous squares need not contain both an X and an O in this
type of presentation but could also contain no marking. An example of this is the
first square in the fourth row.

To make the notion of A-ambiguous more clear, consider the alternate sequence
of operations on 32212. In Figure 4.7 the square in the upper row which was added

BN

Figure 4.7: The Partition 3221 in Rj2q12 493

and removed in the previous action has now been left untouched. The initial and
resulting partitions are still the same, however, which is why we say that such a
square is A-ambiguous. This corresponds to the following alternate presentation.
Note that Figure 4.8 has one fewer X than Figure 4.6 and so produces the opposite

Figure 4.8: The Partition 3221 in Rs2912 423, Alternate Presentation

sign in (4.11) for Ry . The lemma that follows tells us that this sign change occurs
because of the A-ambiguous square.
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Lemma 4.2.3. If u has any A-ambiguous squares, then

Ry, =0.

Proof. We will proceed by constructing a sign reversing involution on the set R,
which depends on the Ad-ambiguous squares in .

If 1 has any A\-ambiguous squares then let ¢ be the rightmost of these (there is
at most one A\-ambiguous square in any column of y, since it can only occur as the
bottommost element of a column). Define the mapping

d:Ray— Ray:vi— v/

as follows: if v contains ¢, then v/ is obtained by removing ¢ from v; if v does not
contain ¢, then v/ is obtained by adding ¢ to v.

We see that the mapping ¢ is well-defined as follows. Since c is rightmost in its
row of A and bottommost in its column of i, every square of A in the same column
as ¢ and below ¢ must belong to the vertical strip A — v and no other squares in
this column can belong to this vertical strip, so A — 1/ is a vertical strip whether
v contains ¢ or not. Also, every square of y in the same row as ¢ and to the right
of ¢ must belong to the horizontal strip u — v and no other squares in this row can
belong to this horizontal strip, so p — v/ is a horizontal strip whether v contains ¢
or not.

Clearly ¢ is an involution on R ,, so it is a bijection, and thus we have

Ry = Z (P = — Z (T = — R (4.14)

VGR)\,,U, V/ER)MM

where, for the second equality, we have changed the summation variable to ¢(v) =
V. The result follows immediately. O

If Ry, is nonempty and p has no Ad-ambiguous squares, we call 1 a A-survivor.
In this case there is a unique v in R, and so R), = 1. The terminology is
chosen since p “survives” the involution in Lemma 4.2.3.

Proposition 4.2.4. In a \-survivor p:

(a) if the rightmost square of row i of A is not contained in i, then the rightmost
square of row i — 1 of X is not contained in p;

(b) if the bottommost square of column i of p is not contained in X, then the
bottommost square of column i — 1 of pu is not contained in A.

Proof. For part (a), if the rightmost square of row 7 of A is not contained in p and
the rightmost square of row ¢ — 1 of A is contained in pu, then the latter must be
bottommost in its column of . But that makes it a A-ambiguous square, impossible
in a A-survivor. For (b), if the bottommost square of column ¢ of x is not contained
in A and the bottommost square of column ¢ — 1 of p is contained in A, then the
latter is by definition a A-ambiguous square, impossible in a A-survivor. O
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Now we are able to determine explicitly the action of B(p;u) on a single Schur
function s,.

Theorem 4.2.5. For any partition \, we have

NG | 4i— (4) | —
B<p7u) S)‘:Z(_]')‘M [AC) |44 1u|>\ ‘ |)\|S>\(i).

i>1
Proof. From Proposition 4.2.1 and Lemma 4.2.3, we have

B(p;u) sy = ZR’W ult=Ms (4.15)

0

where the summation is over all A-survivors . Now we characterize the A-survivors.
Suppose A = (Ag,..., \,), where Ay > ... >\, > 1, and we let \yg = 00, A\,11 = 0.
Then in a A-survivor p, from Proposition 4.2.4(a), the rightmost cells in rows
1,...,7 of XA are not contained in p, and the rightmost cells of rows j +1,...,n
are contained in p, for some j = 0,...,n with A\; > A;4;. But, in order to avoid
the bottommost cell of column Aj;;; in p being A-ambiguous, then the bottom-
most cell of column Aj;; in g cannot be contained in A. Thus we conclude from
Proposition 4.2.4(b) that the bottommost cells in columns 1, ..., \;4; of p are not
contained in A. Also, the bottommost squares in columns Aj.q,...,7 —1 of y are
not contained in A for some \;1; < ¢ < A;. Finally, for each ¢ > 1, there exists a
choice of j = 0,...,n for which ;{1 < ¢ < )j, so the A-survivor u described above
exists for each ¢ > 1. This partition u is obtained from A by deleting the column
strip consisting of the rightmost squares in rows 1, ..., j, and adding the horizontal
strip consisting of the bottommost cells in columns 1,...,72 — 1. This gives

p= =1, N = L= 1 A, ) = A9,

where the last equality comes from the description of A) and where j = u;()\). But
we have Ry & = (—1)7, and the result follows from the fact that

wi(N) = A = [AD| +i—1
and (4.15). O

Note that the right hand side of the above result is a Laurent series in u for

each A\, with minimum power of u given by PV = =),

The following pair of dual corollaries to Theorem 4.2.5 will be particularly con-
venient for dealing with the KP hierarchy.

Corollary 4.2.6. For scalars ay, A € P where P s the set of partitions, we have

_ —|p(=k)
B(p;u) Za,\s,\ = Zsﬂ Z(—l)k LylAI=1Be |a6(_k>.

AEP BeP k>1
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Proof. From Theorem 4.2.5 and the equation for u;(\), we immediately obtain

B(p;u) Za)\sA = Za)\ Z(—l)“i(’\)up‘(i)‘*WS,\@). (4.16)

AEP AeP >l
Now from the code description, it is immediate that 8 = A® is equivalent to
A = B where k = u;(\) + 1. The result follows immediately by changing
summation variables in (4.16) from A€ P, i > 1to S € P, k > 1. ]

Corollary 4.2.7. For scalars ay, A € P, we have

o™ [+m—1_|a]—|al™
u) E aysy = g Sa E (—1)lal=lat™Fm=Ly lal=lat™ g ).

AeP acP m>1
Proof. From Theorem 4.2.5 and the fact that
w(sy) = sy and B*(p;u) = wB(p; —u)w,

we obtain

Bt (p;u) ZGASA = ZawB( ) sy = ZGAZ = L OOV SOy

AEP AeP AeP i>1

But, from the code description, it is immediate that (A')® = (A9). Since |u/| =
|p| for any partition p, we can simplify the double summation above to obtain

Bl(p; u) Z a)s) = Z ay Z(_1)i_lu‘>\(7i>|_|>\‘3)\(—i). (4.17)

AeP AEP i>1

As in the proof of Corollary 4.2.6, we have that a = A= is equivalent to A = o™,
where i = u,,(«) + 1. The result now follows immediately by changing summation
variables in (4.16) from A € P, i > 1 to o € P, m > 1, and applying

wi(N) = A = AP +i—1

to evaluate u,, () (which is the exponent of (—1) when the summation is expressed
in terms of «, m). O

Among the results in [22] and [33] for Bernstein’s operators is
B/\1 B/\nl = Sy,

where A = (Ay,...,A,). This result follows immediately from Theorem 4.2.5; to-
gether with the fact that [A®| < |[A(+1|. To compose B; when they are not ordered
as in this result, one simply uses the result that B, B; = —B;_; B;;1, which follows
routinely from Theorem 4.2.5 and considering what happens when two right-steps
are switched to up-steps in the two possible orders.
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4.3 Plucker Relations and Partition Codes

We consider a set ap = {ay : A € P} of scalars indexed by the set P of partitions.
The Plicker relations for ap are the following system of simultaneous quadratic
equations: for all m > 1 and o = (ay,...,@n-1),8 = (B1,--.,Bms1) € P with
l(a) <m —1,1(B) <m+1 (which means that a; = 0 for ¢ > I(«), and 3; = 0 for
i>1(3)). We have

k=146 —
E :(_1> Aar—1,....,a0—1,Bp 11— k+l+1,004 1, 0m—1) ~ Y(B1+1,...,85+1,Bk42,,Bms1) — 0,

k=0
(4.18)
where - denotes multiplication, ¢ = £(k) is chosen so that 0 < ¢ <m — 1 and

ag—lzﬁk+]_—k+€+1 20&[+1, (419)

with the convention that ay = oo, «,, = —oo and so that By —k+/(+1 >0
(if there is no such choice of ¢, then the term in the summation indexed by k is
identically 0). Note that, for each choice of k, ¢ (if it exists) is unique.

In this presentation, each equation is a quadratic alternating summation corre-
sponding to an ordered pair of partitions. Each term in the alternating summation
arises from removing a single part from the second partition, and inserting it into
the first partition, with some appropriate shift in the remaining parts of both par-
titions. In our next result we give a different presentation of the Pliicker relations,
which is more symmetrical in its form, using the notation developed earlier for
codes of partitions.

Theorem 4.3.1. The Plicker relations for ap are given by the following system of
simultaneous quadratic equations: for all o, B € P, we have

a|—|a®|4i+j
Z (1)l ~ag-» = 0.
1,521
@489 |=|af+8]+1

Proof. In the Pliicker relations, equation (4.18) is satisfied for each (m,a, ) for
m > 1and a, € P with I(a) < m —1, I(8) < m + 1. Now multiply (4.18)
by (—1)™! to get equation (4.18)” and consider equation (4.18)" for (m + 1, «, 8),
where we have a,,, = ;12 = 0. Then, on the left hand side, the term indexed by
k = m 4+ 1 in the latter equation is identically 0 since there is no possible choice of
¢ (to see this, we must have B4 —k+¢+1>0,s0 ¢ > m and since 0 < ¢ < m, we
must uniquely have £ = m; but then we have oy — 1 = -1 < 0= 1 — k+(+1,
contradicting equation (4.19)).

Thus equation (4.18)" for (m,a, 3) is identical to equation (4.18)" for (m +
1,a, ), so there is the following single equation for each o = (ay,an,...),8 =
(b1, B2, ...) € P (which means that a; = 0 for i > l(«), and §; = 0 for i > [(3)):

k+¢ _
Z<_1) Alay—1,..,0p—1,8k11—k++ 1000 1,0) * C(B14+1,,Be+1,Bkr2,) — 07 (420)
k>0
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where ¢ = ¢(k) is chosen so that
=12 B —k+0+12> ap,
with the convention that oy = oco.But, from
M) = (A =1, 0 = 10— 1, Ny, An)

and A
A(_Z) - (>\1 + 17 T a)\i—l + 17>\i+17 o ')7
equation (4.20) becomes

} : k+¢ —
(—1) QA Bry1—k+e+2) = Ag(—k-1) = 0.
k>0

Finally, note that
@ PR HED] 4 5ED] = Jaf 48] + 1

and the result follows from (4.2) for u;(A\) and the fact that |A®| and |A\9| are
strictly increasing with ¢ as shown in (4.3) and (4.5). O

We now give a few examples of Pliicker relations. These examples illustrate that
there are redundant equations in the Pliicker relations.

Example 4.3.2. For a = 8 = (1), we obtain oM = ¢, a® = (1,1), a® = (2,1),
and BY = ¢, =2 = (2), B( 8 = (2,1), so the corresponding quadratic equation
18

—Gg " A(21) + a(2,1) - Qe = 0.

But the left hand side of this equation is identically 0, so the equation is redundant.

For a = 5 B = (1,1,1), we obtain oM = ¢, a® = (1), a® = (2), ¥ = (3),
and ﬂ = (1,1), B2 = (2,1), B3 = (2,2), so the corresponding quadratic
equation 18

Qe - Qe2,2) — Q1) * A(2,1) + Q2) * A1,1) = 0. (4.21)

For a = (2), B = (1), we obtain oV = (1), o? = (1,1), a® = (2,2), and
BN =g, B2 = (2), B3 = (2,1), so the corresponding quadratic equation is

—a() - a2,y +aaa) - ae) +aee) - a. =0,

which is the same equation as (4.21).
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4.4 Plucker Relations and Tau Functions

Recall that a symmetric function 7 expressed in power sum symmetric functions is
a tau function of the KP hierarchy if and only if

[ (B(psw)T(p)) (B~ (. u)7(p)) = 0. (4.22)

Using the results above concerning the combinatorial description of the action of
B and B* on symmetric functions, we give a new proof of the connection between
the Schur function coefficients of 7 and Pliicker relations. Our proof is immediate
from Corollaries 4.2.6 and 4.2.7.

Theorem 4.4.1. Let the coefficient of the Schur function of shape \ in a power
series be given by ay, A\ € P. Then the power series is a T-function for the KP
hierarchy if and only if ap = {ax : A € P} satisfies the Pliicker relations.

Proof. We are given 7(p) = > cp axsx and 7(p) = > p arsx. Then, from (4.22),
it is necessary and sufficient that ap satisfies S(p,p) = 0, where

50.9) = ) (Bl Cnss ) - (B0 sy ).

AEP HEP

Now, from Corollaries 4.2.6 and 4.2.7, we immediately obtain

~ ~ al—|a™|+m
S(p7p) = Z S8 Sa Z (—1)| = I+ +kaa<m> '(Iﬁ(fk).

B,aeP m,k>1
o™ |4|BR) |=|a| +]8]+1

But S(p,p) = 0 if and only if [s5,)S(p,p) = 0 for all B, € P, since the Schur
functions form a basis for symmetric functions, and the result follows immediately
from Theorem 4.3.1. O

Often the KP hierarchy is written as a system of simultaneous quadratic partial
differential equations for 7. In the next result, we apply Theorem 4.4.1 and the
methods of symmetric functions to obtain such a system of partial differential equa-
tions, with one equation corresponding to each quadratic equation in the Pliicker
relations. The result is well known, but we include a simple proof for completeness.

Theorem 4.4.2. The power series T(p) is a T-function for the KP hierarchy if
and only if the following partial differential equation is satisfied for each pair of
partitions o and [3:

al—|a®|+itj
> (=)= (s o ()7 (0) - (8- (P)T(P)) = 0.
ij>1
@ [+]89) |=|al+[8]+1

(Where, e.g., sx(pt) is interpreted as the partial differential operator obtained by
substituting p- for p, in sy for each n > 1, and using the differential operator form

of py-)
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Proof. Let ¢ = (q1, 2, ...), where the ¢; are independent from the p; and p,. We
begin the proof by proving that (I): 7 satisfies equation (4.22) if and only if (II): 7
satisfies

[u™!] (B(p; u)T(p + q)> : <BL(15, u)T(p + q)) =0, (4.23)
for all q.
It is easy to see that (II) implies (I), by setting ¢; = 0 for i > 1.

To prove that (I) implies (II), define the operator O(p) = exp (ZkZI qka%k).

Using the multivariate Taylor series expansion of an arbitrary formal power series
f(p), we see that

flp+a)=0/)f(p). (4.24)
Also, define operators I'(p) = exp (Zi21 “%p,) and Y(p) = exp <— > is1 u*j%>,
so that B(p;u) =T'(p)Y(p). Then we have
B(p;u)r(p+q) =T(p)T(p)O(p)7(p) =T(p)O(p)Y(p)7(p),

from (4.24) and the trivial fact that T (p) commutes with O(p). Using (4.24) again,
we have the operator identity

Op)I'(p) =T+ q)O(p) =T(q)L(p)O(p).
Combining these expressions and the fact that I'(¢)™' = I'(—q) gives

B(p;u)t(p +q) = T'(=q)O(p) B(p; u)7(p).
Similarly, we have B*(p;u) = I'(—p)Y(—p), and so obtain

B*(p;u)T(p + q) = T(9)O(p) B (p; w) ().

Multiplying these two expressions together, we find that equation (4.23) becomes

0w (Brn)) - (Bt o

since I'(—¢)I'(¢) = 1, and O(p), O(p) are independent of t. We conclude that (I)
implies (II).

Finally, in order to apply Theorem 4.4.1, we determine the coefficient of the
Schur function of shape A. This gives

[sx(P)]T(p +q) = (sx(p), 7(p + )
= (L,sx(p)T(p + 9))
= sx(pT)m(p+a)|
= sx(qM)7(q),

and the result then follows from Theorem 4.4.1, replacing ¢ by p. O
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As an example of Theorem 4.4.2, we now give one of the quadratic partial
differential equations for a 7-function.

Example 4.4.3. Consider the Plicker equation (4.21). Now we have
se=1, sqy=p1, S@==:i0+p), san =1 — D),

S(2,1) = %(p‘? —D3), S@2) = %(pil — 4pips + 3p3),
so from Theorem 4.4.2, the partial differential equation for T that corresponds
to (4.21) is given by
1—127' (’7’1111 - 127’13 + 127’22) - %7'1 (’7’111 - 37’3) + i (7’11 + 27’2) (7’11 - 27’2) = 0, (425)

9 2 0
where we use 7,1, to denote Bps 90 e T etc.

Often, in the literature of integrable systems, the series F' = log 7 is used instead
of 7 itself. This series F' is often referred to as a solution to the KP hierarchy,
where the “KP hierarchy” in this context refers to a system of simultaneous partial
differential equations for F'. Of course, the system of partial differential equations
for 7 given in Theorem 4.4.2 becomes an equivalent system of partial differential
equations for F' by substituting 7 = exp F' into the equations of Theorem 4.4.2, and
then dividing the equation by the common factor exp (2F'). For example, when we
apply this to (4.25), we obtain the equation

%an — Fig+ Fy + %F121 =0,

which is an alternate form of the KP equation (1.8).
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Chapter 5

Applications

In this final chapter we give a brief account of some combinatorial and geometric
applications of the KP hierarchy. Many of the technical details in this chapter have
been suppressed and we refer the reader to the literature cited for complete details.

5.1 The Hurwitz Problem

The first application of the KP hierarchy which we will examine is the problem of
enumerating equivalence classes of ramified coverings of the sphere with prescribed
branching data, also called the Hurwitz problem. We now briefly describe the
Hurwitz problem and refer to [20] for more details.

Let X be a genus g > 0 Riemann surface and let f : X — S? be a continuous
map from X to the sphere S%. Let {21, -2} C S? be a finite set of points on 52
and suppose that for some fixed positive integer d and for any y € S*\{z1,--- , 21}
there exists some neighborhood V' such that f~(V) is homeomorphic to V x S
where S is a discrete set of size d. We say that f is a degree d ramified covering of
the sphere with branch points {z1,-- - z1}.

If fi: X, — S?and f: Xy — S? are degree d ramified coverings of S? then we
say that they are equivalent if there exist homeomorphisms

UZX1—>X2,
p:S*— S?

such that pf; = foo. The Hurwitz problem is then to enumerate the equivalence
classes of degree d ramified covers of S?, of which there are a finite number.

Suppose f : X — S?% is a degree d ramified cover of S? with branch points
{z1,-++,zr}. Let D be an open disc such that the branch points are on the boundary
of D. There are d connected components in f~!(D) which we label from 1 to d.
We call the connected components in the preimage the sheets of the cover and we
say that the sheet with the label 7 is the ¢th sheet of the cover. If we look at a small
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neighborhood of z;, beginning on sheet s and going around z; counter clockwise,
we will arrive at a point on another sheet, say 7((s). In doing so we construct
a permutation 7 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 z € S*\{z1, -, 2z} and walk around each branch
point as described above, then if we begin on a sheet s, we must end on sheet
s. This is because the corresponding loop on S?\{z1,- -+, 2} is contractible to a

point. This means that
M. 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(M, ... 7*) must act transitively. This is called the
transitivity condition.

A surprising fact about the Hurwitz enumeration problem is that the combina-
torial description above completely encodes the cover up to relabeling the sheets
(or in other words, up to conjugation of the permutations by a fixed permuta-
tion). We thus consider the combinatorial problem of computing the numbers
Covg(AL, -+, A\F) where each \! is a partition of d corresponding to the conjugacy
class of 7. We say that the partitions specify the branching data of the cover.

The number Covg(AL, -+, AF) is the number of k-tuples, (o4, -+ ,04) € S%, that
satisfy the following conditions:

1. 0; € Cyi for all 7,

2. 010, = 1 (the monodromy condition),

3. the subgroup generated by oy, , 0 is transitive.

We will focus on the special case of simple Hurwitz numbers where we allow
one of the permutations to be arbitrary and require that the other permutations
be transpositions.Note that the monodromy condition and transitivity condition
together imply that the transpositions generate a transitive subgroup. The simple
Hurwitz numbers are denoted

hi(a) = Covg(a, 21972 ... 21972)

where o - d and there are k copies of the partition 2192

function

. We define the generating

1 & 2k
H(Z7p) = H(Z7p1>p2> o ) = Z E Zzhk((wﬂptﬂpaz e

d>1 " k=1 akd

We also define the generating function

H=¢
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which is the generating function for possibly disconnected covers. In other words, H
enumerates factorizations in which we don’t require that the transpositions generate
a transitive subgroup. Note that we don’t record the genus of the covering. At this
time we do not need this extra piece of information but, as is stated in (5.5), this
can be recovered if we need it.

5.2 Join-Cut and the KP Hierarchy

Since the transitivity condition is difficult to work with directly, we will focus on the
generating function H. In this case we are counting (k+1)—tuples, (0,71, -+ ,7%) €
Sg“ where o7 ---7, = 1, the 7; are transpositions and o € C, for some fixed
a F d. From the monodromy condition we see that 7 ---7, = o1, but since 0!
has the same cycle type as o, this problem is equivalent to counting factorizations
of a permutation in C, into transpositions. We now examine what happens to the

arbitrary permutation in the factorization problem when we remove a transposition.

Theorem 5.2.1. The generating function H is the unique solution to the differen-
tial equation N
0H ~

—=JH 5.1
P (5.1)
where
1 & s, 0?
=3 z:: ( i+34) Pibig,— Peri g5 8p])
with initial conditions B
H(0,p) = e

Proof. We will sketch the proof here, for more details see [7] and [§].

The left hand side of (5.1) describes the action on H of removing the first
transposition from the factorization. Since a transposition is an involution, we can
achieve this by multiplying both sides of the equation 7y - - - 7, = ¢ by 77 on the left.
This tells us that what results is a factorization of the permutation 0. What we
now need to determine is how multiplying by a transposition affects the cycle type.

There are two cases to consider when multiplying a permutation with a trans-
position, (Im). The first is the case when [ and m appear in the same cycle of o.
In this case, the action of multiplying by (Im) is to split the cycle that contains [
and m into two cycles, one of which contains [ and the other of which contains m.
Given a cycle of length j in o, there are j choices for the transposition (I m) which
will split the cycle into two cycles, one of length ¢ and the other of length j — 7.
This is because once we choose [ we know that m is the value at distance ¢ from
[. Taking into account the fact that the order of the resulting ¢ and j — 7 cycles
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doesn’t matter, we get (after re-indexing) the term

N | —

N 0
> i+ j)pipis—
i,j=0

Opi+;

in the operator J.

The second case is when [ and m appear in different cycles of o. In this case the
action of multiplying by (I'm) is to join the two cycles. If the two cycles had lengths
1 and j then there are i positions in the first cycle and j positions in the second
cycle at which we can join the two cycles. In any case, the resulting cycle will have
length 7 + j. Again, taking into account symmetry, this gives us the second term,

1 i y 0?

5 2 UPirig—
2 i,j=0 " Opidp;
in the operator J.

Lastly, to see that the initial conditions hold for the generating function H we
need only notice that z = 0 implies that there are no transpositions and so the
permutation ¢ must be the identity permutation. O

The operator J in the theorem is often called the join-cut operator and equation
(5.1) is called the join-cut equation.

From the join-cut equation we see that H can be written as
H=¢er, (5.2)

We will now show (following [17]) that (5.2) implies that H is a tau function for
the KP hierarchy.

Consider the operator

~ 1 &
J = 6 Z : AZ'A]'A_(H_]') .

i,j=—00
on the fermionic Fock space where : A; ---A;, == Ay )y - Mg,y and 7 is a per-
mutation of the indices such that 7(i;) < --+ < m(i). This is called the normal

ordering of the operators A;,---, A

i

It is clear that the operator J is an element of the algebra gf__ since the index
of the shift operator which acts first will always be positive and so will become the
zero operator for a large enough index. This implies that e*/ acts as an operator
in GLs. Similarly, A_; € g/, and so e~ € GL,. Notice that we are considering
operators in G L rather than G'L,, which have been our focus up until now. The
results in Chapters 2 and 3 still hold only we end up with formal power series
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solutions to the KP hierarchy rather than polynomial solutions. We now know that
the function R ~

H = e*lel-1qh
is in the G L., orbit of 1y. Now, let ¢ be the algebraic isomorphism in the Boson-
Fermion correspondence and let p be the algebraic isomorphism from the bosonic
Fock space to the ring of symmetric functions (via the change of basis (4.6) to the
scaled power sum symmetric functions). We see that

(J) = li g +('+')4.a_2
POV =P\ 5 g, Y jx”]@xiaxj

ij=1 .

= J
po (A1) = p(z1) = p1,
pa(%) = P(l) =1,

where we have used (4.6) and (3.15). This implies that

o~ ~

po(H)=H

so that H is a tau function for the KP hierarchy in the variables p; /.

5.3 ELSV and Hodge Integrals

We will now briefly describe Hodge integrals and how they can be related to the
Hurwitz problem discussed in the previous section. We are able to relate the com-
putation of Hodge integrals with the Hurwitz numbers by making use of a formula,
originally introduced by T. Ekadahl, S. Lando, M. Shapiro and A. Vainshtein, called
the ELSV formula. For more on Hodge integrals we refer to [6].

Let M, ,, be the Deligne-Mumford compactification of the moduli space of genus
g curves with n marked points. If we let X = (C, xy, 9, -+ ,2,) be a point in M, ,
where C is a genus g curve and zq,---,z, are the marked points then we can
associate with each marked point the line bundle £; whose fiber at the point X is
the cotangent line to C at x;. We let v; be the first Chern class of £;. Each ﬂgﬂ
also admits a natural rank g vector bundle E, the Hodge bundle, whose fiber at X
corresponds to the space of global differentials on X. We let A\, be the kth Chern
class of E and we let \g = 1.

We denote the intersection numbers (also called Hodge integrals) by
O ) = [ N
Mg,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.
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Following Kazarian [17], we define

ko k1
o T30 T

é(U;To,Tl,"‘) = Z (_1)j<)\]7-(])€07—f1 >U’ kO' kl )

j7k07k17'"

and we denote by G(u; ¢, go, - - - ) the series obtained from G by the linear substi-
tution of variables defined by the recursion

0
Thoyr = mZ>1 m(qum + 2ugm 1 + Qm+2)@Tk (5.3)
with TO =(q1.
The ELSV formula states that
o) o
k! i il S Hfg)(l — o)
where the genus is given by the Riemann-Hurwitz formula:
k=2g—2+/a)+|al (5.5)

It can then be shown, using (5.4) (see [17]), that Hurwitz series H and the
generating function G are related by a change of variables. In particular, suppose
we have two variables, z and y, related by

where the indeterminate z is the same as that used in the generating function H.
Note that x and y are inverse to one another with respect to the Lagrange inversion
formula [10]. We now construct a change of variables from p;, (used in H) to gy

(used in G) by
Z bkt (5.6)
k>b

where the rational coefficients c? are determined by the expansion

x_E Cbkbk

k>b
Also, let
& bb 2 .
Hl = Z B! pbz )
b=1
1 o by
= 2 b1%:=1 (b +11)1271!b2!pb1pb2'2b1+b2'
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Theorem 5.3.1. Under the change of variables (5.6), we have
(H — H, — Hz) _ G(Zl/B; 24/3(]172,8/3(]272,12/3(]3’ L. )

Proof. See Kazarian [17]. O

The reason for removing H; and H, is that the corresponding moduli spaces,
M1 and Mo, do not exist.
It can also be shown that the change of basis (5.6) is an automorphism of the

KP hierarchy so that the following result is true:

Theorem 5.3.2. The generating function e“(%4-92) 45 q tau function for the KP
hierarchy in the variables q;/i.

Proof. See Kazarian [17]. O

5.4 Witten’s Conjecture and the KdV Hierarchy

We now show how Witten’s conjecture follows from the results in the previous
section. Recall that Witten’s conjecture states that the generating function

F(to,ty,--+) = <exp (Z tm)>

is such that ef” is a tau function for the KdV hierarchy.

The KdV hierarchy can be formed from the KP hierarchy by adding the con-
straint that the function is free of all even indexed parameters. In other words, 7
is a tau function for the KAV hierarchy if and only if it is a tau function for the
KP hierarchy and 5

-
Oty 0, Vn > 1.
Example 5.4.1. We know that the simplest equation in the KP hierarchy is the
KP equation (1.8):

3 0%u ) (8u 3 Ou 1@)

10y " 0w \0t 2'0x 4047

where t = x1,y = x5 and x = x3. If we add the additional constraint that ‘3—;‘ =0
then we are left with
9, (8u 3 Ou 1(’93u) _

ox\ot 2"0x 4047

ou 3 Ou 10

Note that (5.7) is the same equation as (1.1) and that they are related by a rescaling
of the variables.
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Recall that the recursion for the variables T} in G is:

0
_Tk7

Tit1 = Z m<u2qm + 2uGm41 + Qm+2> g

m>1

so that
Tk‘u:(] = (2]{} — 1)”q2k+1

Here we have used the double factorial to mean (2k —1)!! = (2k —1)(2k—3)--- (1).
Also,

(Tou=0)" (T1|u=0)™
G(O;QMQQV“): <T(I;OT{€1"'> T
;k: Wkl

so we see that

ty  ty
F(to,t1,--+) = G(0;t0,0,t,0, 3”,0 E,(),...>

where on the right hand side we have goq11 = ﬁ and ¢og = 0. Then, since e“ is

a tau function for the KP hierarchy, we get immediately that e’ is a tau function
for the KdV hierarchy.

5.5 The Double Hurwitz Problem

We now turn to the problem of computing the double Hurwitz numbers. The double
Hurwitz numbers are similar to the Hurwitz numbers encountered previously except
we allow two permutations of arbitrary type. In particular, for o, 8 F d, we let

dk(aa ﬂ) = Oovd(a7 67 (21d_2)7 Ty (21d_2))

be the double Hurwitz numbers where here there are k£ copies of the partition
(21972). We also let

D = Z a k' dy(av, B)pags,

,6)—d

12k~
- Z A k! d(a, B)pats
ot

be the corresponding generating functions. Here we write p, for the power sum
symmetric function indexed by « and ¢z for the power sum symmetric function
indexed by [ in variables distinct from those in p,. Note also that the givk(a, B)
are the disconnected double Hurwitz numbers, i.e., the number of solutions to the
equation

opTy- T =1
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where 0 € C,, p € Cg and 7; € Cy1a—2 and there is no transitivity requirement.

One of the reasons for changing our point of view to that of the disconnected
Hurwitz numbers is that we can rewrite the question of computing the disconnected
double Hurwitz numbers as a question about the center of the group algebra CS;.
This means that we can construct the generating function D using representation
theory.

Theorem 5.5.1 (Frobenius’ formula). The number of solutions to the equation
Tl ... Tk = 1

in Sy, where 7; € Cywy with AV d, is equal to

ICxw |- |Chw| Z X)\(l) ch)
|8d -d de

Proof. A proof can be found in the appendix of [20] in the more general context of
an arbitrary finite group. O

In particular, we see that:

~ Ca Csl|Coya—2 k XZX“(X“ d72)k
dk(aaﬁ): | || 5” 21 | Z BAA21

d' pukd (Xﬁd)k_Q
dim \)?
= > BB ) a0
A-d :
where dim A\ = X?d? and
XA

For convenience we will also write fo = fy1a-2.

Using the fact that

1
53(p) = = > XalCulp

©ouHd

dim A
=== fNpas

pHd
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we can rewrite the generating function D as

12k~
Zdlkl k(0 B)Pads

= Y LA (di;TAZfa( ) (d@Zfﬁ )

Our next step is to write this generating function as an element in the orbit
G Looy.

First we mention that fo(\) can be expressed as a polynomial in the parts of A
(see [22]):
B =33 (i 5P = i+ )
? 24|\ 2 2
k2 k2
IR 3<

keS(\)+ keS(\)—

where S(A\) = {\; —i+3,i € Z}, Sy = S\(Z<o — 3) and S_ = (Z<o — 5)\S.

2
Define the operator

F=>"

k>1 k<0

v*/\

We see immediately (using the combinatorial description of the wedging and con-
tracting operators) that
FQU)\ = fg()\)l})\

T = exp ( E q—nA_n>
n
n>1

then we find that (see the proof of theorem 3.2.2)

T =) sa(@)or
A
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If we also define the operator



Putting these two operators together we see that
Ty = 3 sr(@)e o
A
- Z sx(q)e*2 Moy,
A

so that B
po (eZFQTwO) =D.

Now, since T and e*2 are operators in G L., this tells us immediately that Disa
tau function for the KP hierarchy.

This technique was originally used in [25] to prove the more general result that
D is a tau function for the Toda hierarchy.
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Index

adjoint Bernstein operator, 51 oscillator algebra, 33
Bernstein operator, 51 partition, 6
branch point, 63 ambiguous, 53
simple, 64 code, 48
branching data, 64 conjugate, 7
diagram, 7

complete symmetric function, 9 horizontal m-strip, 7
conjugacy class, 14 length, 6
contraction operator, 27 :

multiplicity, 6
cycle type, 13

part, 6

elementary symmetric function, 9 size, 6

ELSV formula, 68 skew diagram, 7

energy decomposition, 20 Slll”V.IVOL 55 ‘
vertical m-strip, 7

Fock space Pliicker relations, 58
bosonic, 33 power sum symmetric function, 10
fermionic, 17 principal gradation, 36
charge m, 18

ramified covering, 63

fundamental involution, 10 :
branch point, 63

Heisenberg algebra, 33 degree, 63
Hirota bilinear equation, 44 equivalent, 63
Hodge integrals, 67 Riemann-Hurwitz formula, 68
irreducible character, 14 Schur function, 12

Schur polynomial, 12
Join-cut equation, 66 semi-infinite monomial
join-cut operator, 66 energy, 20

shift operator, 21

simple Hurwitz numbers, 64
soliton, 3

symmetric functions, 9
symmetric group, 8

Maya diagram, 18 symmetric polynomial, 8
monodromy condition, 64

KdV equation, 1
KdV hierarchy, 4, 69
KP equation, 4, 46
KP hierarchy, 4, 46

tau function, 43, 69
normal ordering, 66 transitivity condition, 64
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vacuum vector, 18

wedging operator, 27
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