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DISSERTATION ABSTRACT

Jonathan M. Wells

Doctor of Philosophy
Department of Mathematics
June 2019

Title: On the Solvability of Beta-Ensembles when Beta is a Square Integer

We use combinatorial identities in the shuffle and exterior algebra to present
hyperpfaffian formulations of partition functions for S-ensembles with arbitrary
probability measure when [ is a square integer. This is an analogue of the de
Bruijn integral identities for the § = 1 and § = 4 ensembles. We also generalize
several classic algebraic identities for determinants and Pfaffians to identities
for Hyperpfaffians, extending the fermionic and bosonic Wick formulas which

frequently arise in Quantum Field Theory.
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CHAPTER I

INTRODUCTION

Introduction

Random matrix theory is the study of the eigenvalue statistics of ensembles
of matrices, which are a collection of (typically) square matrices along with a
probability measure defined on this set. Often, the probability measure is presented
as the distribution of individual entries of the matrix, along with a specification
for inter-entry dependence. This probability measure then induces a probability
measure on the eigenvalues of the matrix. Although a rich field of study on its
own, random matrix theory also enjoys rather abundant application throughout
mathematics and physics, since the eigenvalue statistics of many matrix ensembles
can be used to model a wide variety of phenomena. The statistics of discrete
energy levels in atomic spectra bear many of the same features as the eigenvalues
of Hermitian matrices. Additionally, these same Hermitian ensembles can be used
to describe the statics of a multi-particle system in one dimension interacting
via a repulsive force and subject to a fixed potential. Alternatively, the Wishart
ensemble of matrices can be used in the estimation of the covariance matrix
for a population vector, given a large sample. The widespread applicability of
random matrices evinces a universal paradigm—a collection of theorems akin to
the classical Central Limit Theorem. But the utility of such theorems depends on
an available supply of solvable ensembles in each universality class—collections of
matrices for which the densities of eigenvalues can be expressed in terms of ‘known’

functions whose properties and asymptotics are well-studied.



The p-ensembles are one such collection, and are composed of random
matrices whose eigenvalue densities take a common form, indexed by a non-
negative, real parameter . The classic f-ensembles (f = 1,2,4) correspond
to Hermitian matrices with real, complex, or quaternionic Gaussian entries, and
were first studied in the 1920s by John Wishart in multivariate statistics [27] and
the 1950s by Eugene Wigner in nuclear physics [26]. In the subsequent decade,
Freeman Dyson and Madan Mehta[l2] unified a previously disparate collection of
random matrix models by demonstrating that the three classic S-ensembles are
each variations of a single action on random Hermitian matrices (representing the
three associative division algebras over R). More recently, the development [10]
of matrix models representing arbitrary, non-negative values of 3, as well as the
discovery and expansion of Central Limit Theory-like results [20] lead to a renewed
focus on these ensembles. In addition to their historical role in the development of
random matrix theory, the classic f-ensembles remain essential to the current study
of random matrices due to their membership in the class of integrable probability
models—a somewhat nebulously-defined collection of objects which are enriched by
some essential, overarching algebraic structure. The f = 2 ensemble is an example
of a determinantal point process, while the § = 1,4 ensembles are examples of

Pfaffian point processes.

Background

In the sequel, suppose u is a finite measure on R (historically, du(z) =

exp(—2?%/2)dz). For each B € R, consider the N-point process specified by the



joint probability density

1

B
pN(fEla---?xN):—‘ |$]—3§'l|
Zn(B)N! IKIJ,

where Zn(f) denotes the partition function of 3, and is the normalizing constant
required for py to be a probability density function. For each 1 < n < N, define

the nth correlation function by

1

Rn(xla"~7In) = ZN(B)(N—n)! /RNn,ON(l’h-~-,l’n,y1>---a?JN—n)dM

M

y)

where du™N~"(y) denotes the (N — n)-fold product measure on R¥~". For 3-
ensembles, the correlation functions are nothing more than rescaled marginal
density functions, and are completely determined by the joint density function.
However, the study of the local statistics of the ensemble is made simpler by using
the correlation functions in place of the marginal densities.

When g = 1, 2, or 4, these correlation functions can be rewritten in a
particularly nice form. For § = 2, elementary matrix operations and Fubini’s

Theorem can be used to show that

1
Ro(z1,...,1,) = mdet (K (i, v5)1<ij<n)

where the kernel K(z,y) is a certain square integrable function R x R — R that can
most easily be expressed in terms of the orthogonal polynomials for the measure pu.

The details of this derivation are given in [20].



And for g =1 or 4,

1

R (zy,...,2,) = m

Pt (K (i, 2j)1<ij<n)

where Pf(A) denotes the Pfaffian of an antisymmetric matrix A (with Pf(A) :=

det(A)) and where K(z,y) is an antisymmetric matrix kernel. This result was
first shown for Hermitian ensembles by Mehta in [19], and then for general weights
by Mehta and Mahoux in [18] (except for the case f = 1 and N odd). Finally, the
last remaining case was given by Adler, Forrester and Nagao in [I]

Of fundamental concern in the theory of random matrices is the behavior of
eigenvalue statistics of matrix ensembles as N — oo. The immediate advantage
of these determinantal and Pfaffian formulations for the correlation functions is
that the fundamental characteristics of the eigenvalues are encoded in the kernel
function, which does not increase in complexity as N grows large, considerably

simplifying the asymptotic analysis of the eigenvalue statistics in S-ensembles.

The Method of Tracy and Widom

Derivations of the determinantal/Pfaffian forms of the correlation functions
have been presented in numerous guises over the past several decades. However,
of particular note is the method of Tracy and Widom [24], which evokes the
underlying algebraic structure of the ensemble, and proceeds by first establishing
that the partition function Zy (/) takes a determinant/Pfaffian form, and then uses

the Sylvester Determinant Identity

det(L, + BA) = det(I, + AB) A € Myym(R), B € Myyn(R)



(where I,,, and I,, are the identity matrices of rank m and n, respectively) to show
that the correlation functions must have the same form as well. For § = 2, the
result follows almost immediately from the application of the Sylvester Identity,
while the proof in the case when § is 1 or 4 required considerably more ingenuity.
This complication arises chiefly from the fact that, for most of the history
of random matrix theory, results involving Pfaffians were often stated in terms of
a quaterion determinant of a matrix, and calculations involving the Pfaffian were
performed by first transforming the expressions into corresponding ones involving
the determinant. However, the Pfaffian can also be viewed in an independent light
as a particular evaluation in the exterior algebra of a vector space, and doing so

allows for further generalization of the Tracy-Widom method.

The Exterior Algebra

For a vector space of even dimension K = 2N, the kth exterior power
A"V of V consists of all antisymmetric k-tensors of elements in V, and the
exterior algebra A V is formed from the direct sum of all the exterior powers
of V, with multiplication given by the antisymmetric tensor operation. Of key
importance is the exterior square /\2 V', whose elements bijectively correspond
to K x K antisymmetric matrices. Under this correspondence, the Pfaffian of an
antisymmetric matrix A can be obtained by taking the Nth power of the associated
antisymmetric tensor. That is, if {€},...,€x} is a basis for V and w € /\2 V is the

antisymmetric tensor associated with the matrix A, then

AN

w = o
= {PHA)} A Ak




But from this perspective, Pfaffian identities naturally arise as structural properties
of the exterior algebra. In particular, the Sylvester Determinant Identity has a

Pfaffian analogue
Pf(Z7' + BTAB) Pf(A~!+BZB")

PfZ-1 N PfA-1

where A € M,(R) and Z € M,,(R) are invertible antisymmetric matrices, and
B € M, «,(R) is arbitrary, which then can be used to give a nearly identical proof
of the Pfaffian form for the g = 1,4 correlation functions as was used to prove the

determinantal form for the 8 = 2 correlation functions.

Partition Functions as Hyperpfaffians

For the classical S-ensembles, the first step for rewriting the correlation
functions as determinants/Pfaffians is to observe that the partition function Zy(f)
is itself a determinant/Pfaffian of a matrix of integrals of appropriately chosen
orthogonal polynomials. One way to do so is to apply the Andreief determinant
identity [2] to the partition function Zx (). The result follows immediately
when § = 2, and by viewing the Pfaffian as the square root of a determinant,
the result can also be shown when § = 1,4 with some additional finesse. But
when the Pfaffian is viewed from the context of the exterior algebra, the Andreief
determinant identity can be extended to analogous Pfaffian identities (referred to
in the literature as the de Bruijn identities [§]). In fact, adopting this perspective
illuminates an underlying algebraic structure, allowing the identity to be further
generalized in the case when [ is an arbitrary square integer.

Recalling the exterior algebra definition of the Pfaffian of an antisymmetric

2-tensor, we can define the Hyperpfaffian, PF(w), of an antisymmetric L-tensor



we A"V by

w/\N

N!

={PF(w)} &1 A--- A ék,

provided that V' has dimension K = N L.

In 2002, Jean-Gabriel Luque and Jean-Ives Thibon [I7] used techniques in the
shuffle algebra to show that when 3 = L? is an even square integer, the partition
function Zy(f) can be written as a Hyperpfaffian of an L form whose coefficients
are integrals of Wronskians of suitable orthogonal polynomials. Then in 2011, Chris
Sinclair [23] used combinatorial methods to show that the result also holds when 3
is an odd square integer.

In the sequel, we show that the shuffie algebra techniques first implemented
by Thibon and Luque can, with some modification, be adopted to give a universal
proof that Zy () can be written as a Hyperpfaffian when f is a square integer,

regardless of whether [ is even or odd.

Outline
The Shuffle Algebra and de Bruijn’s Identities

Given a set X and a commutative ring with unity R, the shuffle algebra
can be obtained by endowing the free R-algebra on X, R(X), with an additional
product LU, which is first defined on basis elements and then extended linearly. For

words v = uy ... up and W = Ugyq ... Upyp in R{A), let

VW w = Z Ug—1(1) - - - Ug—1(n+k)



where Sh(k, n) is the subset of the symmetric group on n + k letters consisting of

permutations satisfying
cl)<---<o(k) ok+1)<---<a(n).

That is, given two words v and w of length k£ and n, the product v L w is the sum
of all ("Zk) words formed by interlacing the letters in v and w.

While the shuffle algebra is of great interest in its own right in representation
theory and combinatorics (If V' is a free R-module and V* is its algebraic dual
space, then R(V*),, is isomorphic as a Hopf algebra to the graded dual of the
tensor algebra T'(V') [21]), of more immediate relevance, it also appears to be the
correct setting for performing the iterated integrals that appear in calculations of
the partition function, Zy(53).

In particular, since the joint density function py(z) for the S-ensemble is

completely symmetric in the N variables, it can be restricted to the N-simplex

AN ={z; <--- < zy} at the cost of a combinatorial factor N!. That is,

Zn(B) = % /RN [Tl — 2l dp™(x) = /AN [ — =) dp" (x).

1<J 1<j

This has the added benefit of eliminating a pesky absolute value sign in the case
when [ is an odd integer.

Now, take H to be a vector space of suitably integrable functions with basis
set X, (say, H = L*(R, i), where du(z) = e **/?dz) and define a linear functional

(=) on R(X)w by

(heeed) = [ @) fulea)dut@)  where fi-e fy s o word in R(X )



Then (—) is, in fact, an algebra homomorphism, in the sense that

(i W Fere fren) ) = (oo fi) - (Fen e fun )

This result is equivalent to the celebrated lemma first proved by K.T. Chen in the
context of cohomology of loop space [6].

With this lemma in hand, the main result (an extension of the de Bruijn
identities to the case when 8 = L?) can be obtained. Proof of part (1) is first due
to J. Thibon and J. Luque in [I7], while the first proofs of parts (2) and (3) appear
in [23] by C. Sinclair. In the sequel, we present a new proof of the result covering

all three cases.

Theorem (Wells). Suppose N and L are positive integers, that p =

{p1,p2, ... pN; T} is a complete family of monic orthogonal polynomials in the
variable x, that t = {t;} ands = {s;} are subsets of {1,...,NL} of size L,
that & = €y, N --- A é,, and that Wr(pg; x) is the Wronskian of a subset of
polynomials py = {py,..., Py, ; in the variable x. Then Zy(p) is given by the

following expressions:

2. if B=L? is odd and N is even,

PF ( [Z (Wi(pi;)) a] A [Z (Wi(ps;y)) ei-,] )

t 5



3. if B=L? is odd and N is odd,

(G S

)
)

where é}/ = gNL—i—l VANRRIVAY 5(N+1)L-

Identities in the Exterior Algebra

Several algebraic identities of the determinant (the Laplace Expansion, the
Cauchy-Binet Formula, and the Jacobi Minor Inverse Formula, for example) have
been well-studied since the days of Jacobi, Cayley, and Sylvester. Given that the
Pfaffian is the square root of the determinant, it is not terribly surprising that
many of these identities have a Pfaffian analogue (a few of which appear in other
guises elsewhere in the literature as the famed Wick Formulas [4],[3]). However, by
representing an antisymmetric matrix as an antisymmetric 2-tensor, many of these
Pfaffian identities can be realized simply as structural properties of the exterior
algebra. And moreover, by adopting this perspective, it becomes clear that there
is little unique about the Pfaffian of an antisymmetric 2-tensor—many of the same
identities also hold for the Hyperpfaffian of an antisymmetric L-tensor.

Concise statements of the Laplace Expansion, the Cauchy-Binet formula,
the Jacobi Minor Inverse formula, and the Sylvester identity are facilitated by

introducing two auxillary transformations on the exterior algebra as follows:

For w € A"V, define exp(w) € AV by

exp(w Z Ll

10



and note that exp(w) is actually a finite sum, since w"* = 0 for all k with kL >
dim V.
Suppose (-|-) is an inner product on V', which is extended to an inner

product on AN by

<f1.f2 o fk|gl.92 o gk> = det (<f1|gj>>i]:1 for flﬁ .. '7fkvglv -0 € /\1(77)

The Hodge dual operator * on &, A*V is defined for a € A*V by %(a) = 8,

where (3 is the unique antisymmetric (n — 2k)-tensor so that
aAp = (ala)e] N\ AE,.

It turns out that in some cases, an antisymmetric 2k-tensor o has an inverse

antisymmetric 2k-tensor o/ with the property that

in which case the coefficients of o contain essentially the same information as those
of /. Remarkably, if « is an antisymmetric 2-tensor with Pf(a) # 0 (corresponding
to an invertible antisymmetric matrix A), then the inverse form o’ always exists
and corresponds to the matrix inverse of A.

Now, the Cauchy-Binet formula for Hyperpfaffians is equivalent to the

observation that the k-homogeneous component of exp(w) is given by

w/\k
' I

11



where the sum is taken over all k-element subsets I C {1,2,..., N}, and where w;
is called the I-minor of w and denotes the L-formed obtained by setting the basis
vectors €; equal to 0, when ¢ & I.

Meanwhile, the Laplace Expansion for Hyperpfaffians arises by combining the
Cauchy-Binet Formula with observation that if w € A“V and o € A¥ V with
w = o/** then PF(w) = PF(a).

By combining the equation exp(a) = #@ % [exp(a’)] with the Cauchy-
Binet formula, the Hyperpfaffians of minors of o can be expressed in terms of the
Hyperpfaffians of minors of o’. In particular, when « is an antisymmetric 2-tensor,
this result is equivalent to the Jacobi Minor Inverse Formula for Pfaffians.

In the language of the exterior algebra, the Pfaffian Sylvester Identity can be

restated as

PF(('+B-a) PF(a/+B”-() 5
PROY = PR for a,( € A"V and B € M, (R)

where B - o denotes the antisymmetric 2-tensor given by

B.-a= Zaij (Bv;) A (Buy) Whena:Zazjé}/\é’j.

1<J 1<J

But more generally, by using the Hyperpfaffian in place of the Pfaffian, the same
identity also holds for antisymmetric L-tensors a and (, provided that the inverse

forms for a and ( exist.

12



CHAPTER II

PRELIMINARY DEFINITIONS AND LEMMAS

Conventions

Unless otherwise stated, we assume that every ring R is a commutative ring
with unity, and moreover, that every non-negative integer is a unit in R. Of course,
while several of the properties discussed in the sequel can indeed be extended to
arbitrary commutative rings with unity, this restriction is sufficient to cover all
cases relevant to the main results in the following chapters, with the benefit of
obviating the need for distinguishing between results which hold for general rings,
and those which only hold for the restricted class of rings.

To simplify matters when writing multi-indices and permutations, we make

use of the following conventions:

— For any positive integer n, let n denote the set of the first n integers

{1,...,n}.

— For any multi-index (iy,...,4) where each i; is an integer in n, we define a

function t: £ — n by t(1) =iy, ..., t(k) = ix and write Q for @y, ;.

— Frequently, we will need to permute the order of indices in a multi-indexed
symbol, and so viewing a permutation o of the first k integers as a bijection

o : k — k, we write the symbol Qia(1>7---7ia(k> as Qoo

— It will often be useful to write t : k£  n for a strictly increasing function
from k to n. In particular, note that any such t simply represents a choice of

k integers from among the first n integers. Moreover, in light of the previous

13



convention, observe that every injective function s : £k  n can be written
uniquely as the composition § = to 7 of a strictly increasing function t: k£ " n

and a permutation 7 € Sj.

— Given an increasing function t : k& * n, let t' denote the complimentary
increasing function ' : n — k ' n with t(k) U ¥ (n — k) = n. Let sgn(t) denote

the signature of the permutation o € S,, given by

£(i), ifiek

Y(i—k), ifien\k

— In the sequel, we will need to consider the restriction of permutations and
increasing functions to subsets of their domain. If t : £ — n is a function and
k = NL for positive integers N and L, we write t = (t;] ... |ty), where each t,

is the restriction of t to the set nL \ nL — L.

— Finally, although a slight abuse of notation, given functions t,,...,ty : L —

n, we let t = (t;]...|ty) denote the function t: NL — n given by

;

t1(m), if1<m<L,
to(m — L), if L+1<m<2L,
t(m) =
tw(m— (N —1)L), if (N—-1)L+1<m<NL
\
In this way, we will often equate the restriction ¢; of t = (t,]...[ty) with

the function t; : £ — n, although strictly speaking, the two functions have

14



different domains. In many cases, the distinction will not matter, and when it

does, the domain will be made clear.

The Symmetric Group

The symmetric group Sy of degree N consists of all set automorphisms of
the set X = {1,..., N}, with multiplication given by function composition. For a
standard reference on the symmetric group, see [22].

Given any subset Y = {iy,..., i} C {1,...,N}, let S;, _,; denote the set of

permutations of Y, given by o(j) = j unless j € Y. We can identify S;, ., with Sy
in the obvious way.
A partition A = (Aq,..., \g) of a non-negative integer n is a sequence of non-

negative integers so that »  \; = n. If n = NL for non-negative integers N, L,
let AN denote the partition of n into N equal parts, each of size L. That is, AV =
(L,L,...,L).

For each partition A of n, we define the following subgroups and subsets of

the symmetric group:

1. The Young subgroup H) of S, is the internal direct product

H)\ - Sl,.u)\l X S)\l-l—l,“.,)\l-l—)\g X X Sn—)\k—i-l,‘..,n,

where S;i1. min, = {0 € Sp|o(j) = j,unlessm +1 < j < m+ \}.
Demonstrably,

15



2. The subset of block permutations BI(\) C S,, consists of those permutations

satisfying
o(j)+1=0(+1) for all j except possibly for j = A\ +--- 4+ A,
Block permutations preserve the contiguity of elements in the ‘blocks’
{1,..., 0 M+ +X) .0 {n=X+1,...,n}

while permuting the blocks themselves. As block permutations are completely

determined by the values of o(A + -+ \; + 1) for 1 < < k, then
IBI(\)| = k.

For any block permutation §# € BI()), let By denote the corresponding

permutation in Sg.

3. The subset of shuffle permutations Sh(A) C S,, consists of those permutations

satisfying
O’(jl) < O’(jg) Whenever )\1 =+ +)\1 S jl < jg S )\1 + -+ )\i+1

Shuffle permutations in Sh(\) are so called because they represent iterative
riffle shuffles on a set of n cards sorted into k stacks of Aq,..., Ay ordered
cards each. A straightforward induction argument on k£ can be used to show

that
n!

n .

16



4. The subset of A\-ordered permutations O(\) C S, consists of those

permutations which satisfy
ocl)<oM+1)<oM+X+1)<---<aln—A+1).

Since each permutation in O()) can produce k! distinct permutations in S,
by composing with elements of BI()\), then
n!
o ="
5. Let Sh(X)/BI(A) denote the collection of equivalence classes of elements of
Sh(A) under multiplication by Bl(\). Observe that if o € Sh(A) and 6 €
BI()), then o 0 § € Sh()\?), where A’ is the partition (Ag,(1), ... Ag,(k))- Let

Sh®()\) denote the subset of permutations of the form o o # € O(\?) N Sh(\?),

where o € Sh()) and 6 € BI(\).

Of course, in the case when A = AN (that is, \; = \; for all 4, j), much of the
preceding obfuscatory notation can be avoided, since for any 8 € BI()\), we

have A = \, and so each equivalence class in Sh(\)/BI()) is actually a subset
of Sh(A), in which case Sh?(A) = O(X) N Sh(A).

Properties of the Symmetric Group

Lemma 1. Let A = (Ay,..., ) be a partition of n, and let Hy be the Young
subgroup of this partition. Then for each coset K € S, /H), there is exactly one

permutation o € K with o € Sh(\).

17



Proof. Suppose o € S,,. Foreach 1 < ¢ < k and foreach 1 < 57 < A, let t; =

o(A1 + -+ + Xi_1 + J). Define an ordering permutation = € Sy, by
thoagy <o <oy

Then the permutation m = (m|...|m) is an element of the Young subgroup H,,

and
gom(j1) < oom(ja) whenever A\j + -+ X < j1 < jo < A1+ 4+ Aiy1,

which shows that every coset K € S,,/H) contains at least one shuffle permutation.
But |S, Hx| = n!/(M!...A\!) = [Sh())]|, so these shuffle permutations must

necessarily be unique. O]

Corollary 1. Given any o € Syy, there exist unique permutations w, T so that

o = T o, where w is an element of the Young subgroup Hyxn C Snr, and where

7 € Sh(AM).

Lemma 2. Let A = (A1,..., ) be a partition of n, let Sh(\) be the set of shuffie
permutations for this partition, and let BI(\) be the set of block permutations for
this partition. Then for each equivalence class K € Sh(X)/Bl(A), there exists exactly

one permutations o € K with o € Sh°(\).

Proof. Suppose o € Sh(A), and for each 1 <@ < k, let s;, = o(Ay + -+ + X\io1 + 1).

Define an ordering permutation 5 € S; by

Sp-1(1) <0 K S-1(k)

18



and define a new partition = {p1,..., e}t = {Ag-101), Ag-1(2),---» Ag-1() }- Let
0 € Bl(u) be defined by

O(pr + -+ pim1 +37) = A+ -+ Ag11) + J for 1 <j <y,

Then by construction, o o 8 € O(u) N Sh(p) = Sh°()\), as desired. Moreover, since

n) _ = ISB()/BICV)

O(p) N Sh =
) (1] Ao Agie)! Al

then each such ordered shuffle permutation is indeed unique.

The Tensor Algebra

The following discussion of the tensor algebra mirrors the treatment in [11].
Let R be a commutative ring with unity, and let V' be an R-module. The tensor
product T?(V) = V ® V is formed by taking the quotient of the free abelian group

on V x V by the ideal Z generated by elements of the form

(U1+U27 wl)—(U17 wl)_(UQJ w1)7 (Uh w1+w2)—(1}1, wl)_(vla U)Q), (TUIJ U)l)—(’Ul, rwl)

for r € R,v;,w; € V.

For each integer £ > 1, define the kth tensor power of V' by

T"(V)=VeV®---@V (kfactors)

and let T°(V) = R. We will call elements of T*(V) k-tensors.
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Theorem 1. IfV is a rank d free R-module with basis X = {&\, ...}, then TF(V)
has a basis

{6, @ @6, |1<1y,...,4 < d}.

Define the Tensor Algebra T'(V') by
T(V) =P T1"V).
k=0
and observe that T'(V) is indeed an R-algebra with multiplication
(vl®---®vk)®(w1®---®wg) =R QU QW Q- Qwy

For a set X and a ring R, let R(X) denote the free unital algebra on X over R,
with multiplicative unit e. We may (and often will) identify the tensor algebra
T(V) of a free R-module V with the free R-algebra R(X), where X is an R-basis

for V. The identification is given by v ® w = vw, for v,w € X.

The Shuffle Algebra

The shuffle product was first introduced by Eilenberg and Mac Lane in [13].

Define an operation LU on R(X) inductively as follows:
l.elle=e

2. Foralla € X,

allle=elllla=a
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3. For all w,u € S(X) and a,b € X,

ua W wb = (u W wb)a + (ua LW w)b

The algebra R(X) with LU is called the Shuffle Algebra on X, and denoted R(X),,.
By construction, this algebra is commutative and associative.

An explicit presentation of the operation L is also possible. For 1 < k < n,
let Sh(k,n — k) denote the subset of the permutation group S,, of permutations o
satisfying

o(l)<---<o(k), ok+1)<---<o(n).

By convention, let Sh(0,n) = {id}. Thus, if u = u; ... u; and v’ = w4y ... u, are

words in A of length k and n — k, respectively, then
vy = Z Ug—1(1) - - - Ug—1(n)-
o€Sh(k,n—k)

That is, given two words w and u of length k and n — k, the product w L u is the
sum of all (Z) words formed by interlacing the letters in u and w.
Demonstrating that the two definitions of LU coincide is a straightforward

induction exercise.

Example. Let w = abc and u = xy. Then

wllu = abery+abxcy+axbey+rabey + abxryc+axbyc+rabyc+axybe+raybe+ ryabe
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The Exterior Algebra

Suppose V' is a real vector space of dimension d, with basis X = {é,..., s},
and let T'(V') be the tensor algebra of V' over R. The exterior algebra of V' is
obtained by taking quotients of T'(V') by the ideal Z generated by elements of the
form v ® v, for v € V. The exterior algebra T(V)/ZT is denoted by /\gV and the
image of v1 ® V3 @ - - - ® vy, in ARV is denoted by v4 A vy A -+ A vy,

Note that Z is generated by homogeneous elements, and so is a graded
ideal. Hence, AgV is a graded algebra, and the kth homogeneous component
ALV = TH(V)/T, is called the kth exterior power of V. Elements of ALV are

called antisymmetric k-tensors, or k-forms. The multiplication
(Vp A Avg) A wy A= ANwg) =03 Ao Avg Awg A=+ A wy

in the exterior algebra is called the wedge or exterior product. Multiplication is

anticommutiative, since for all v,w € V,
O=@w4+wA(w+v)=vAv+wAw+vAw+wAv=vAw+wAv

Theorem 2. For any non-negative integer k, the kth exterior power /\%V has a
basis

{e, N A 1<ii< - <ip<d,}.
In particular, /\%V has dimension (Z)

As with multi-indexed symbols above, we write e, for e;, A --- A e;,, where
t: k ' nis an increasing function with t(j) = ;. We will write €, for the ‘volume

form’ element €; A - -+ A éj.
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More generally, for any commutative ring with unity R and finite-rank free
R-module V', we may define the exterior algebra /AzV just as above by taking a
suitable quotient of the tensor algebra T'(V'). All of the aforementioned properties
of the exterior algebra still hold, where subspace and dimension are replaced with
submodule and rank, as appropriate.

It will often be convenient to extend the linear functional (-) : T(H) — R
defined previously to an R-linear map (-) : AgV — AV, where R = T'(H),, and
V is a free R-module of rank N. In this case, we first define (-) on a basis vector

€, N NEj, for AV by

(fénn---New)=(flenN---Né,  where f € T(H)

and then extend R-linearly to all of ARV .

Properties of the Exterior Algebra

The following properties of the exterior algebra are well-known, but we

include proofs due to their importance in the sequel.

Theorem 3. If V is a free R-module of rank N, and o € AV and g e AV with

o = a € 5 = Z by €
tk N tL /N
then
alNp= Z Ct €
thtl N
where

Ct = Z Sgn(a)atoal btoaz é"c
oeSh(k,6)
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Proof. This follows from Lemma I} ]

Theorem 4 (Normal form for antisymmetric 2-forms). Suppose V' is a free R-
module of rank N and o € A’V. Then there exists a basis {,...,Un} for V in

which
k

o= E Ugi—1 N\ Uy;

i=1

for some k with 2k < N.

Proof. We proceed by inducting on N. When N = 1, the result is vacuously true,
since A’V is rank 0. When N = 2, the exterior square A’V is rank 1, and so every
non-degenerate element o € A*V is of the form o = a ¢ Néy. Define v; = \/a¢€;, and
observe that v = ¥} A U. Suppose now that the result holds for all N = 1,... n.
Let V be a rank n + 1 free R-module, and suppose a € A’V is a non-degenerate

element with o = > _._. a;; € A €. By relabeling indices and scaling both €, and

1<j

€n+1 DY \/Qnni1, @ssume a,, 41 = 1. Let

n—1 N-1
Up = € + E @i 416 Up +1=¢€,41 — E @i €

and observe that

a:gn/\ﬁn-‘rl_’_ﬁ

for some 3 € A’V with
p= Z bij € N\ €].

1<i<j<N-1

But by the induction hypothesis, there exist {#7, ..., Us} with 2k < N — 1 so that

k
g = E Uoi—1 N\ U
i=1
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and hence,
k

@ = Up AN Upy1 + E Ugi—1 N Vs,
i=1

as desired. O

Pfaffians and Hyperpfaffians

Throughout this section, we assume that R is a commutative ring with unity

such that every positive integer k is a unit, and that V' is a free R-module of rank

2N.

Pfaffians

Let A be a 2N x 2N antisymmetric matrix. Define the Pfaffian of A, Pf(A),

N
1
Pf(A) = W g Sgn(a) | | Aa(2i—1),a(2i)
=1

gESoN

To each antisymmetric matrix A, associate a 2-form w € /\2 V with V by

1<j

Similarly, to each two form w € A*V with w = > icj @ij€i A €, associate the

antisymmetric matrix A by

Qij, if 1 < 7,
Aij = —Qij, if 7 > j,
0, if i = .
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This gives a bijective correspondence between 2-forms and antisymmetric matrices.
We define the Pfaffian, Pf(w), of a 2-form w to be the Pfaffian of the associated

antisymmetric matrix.

Theorem 5. The Pfaffian of a 2N x 2N antisymmetric matriz A is given by

N

Pf(A) = N Z sgn(o) HAJ(Qi—l),U(Qi)‘

" geSh(AN) i=1

Proof. Since A is antisymmetric, the expression

N
sgn(o) H A (2i-1),0(2i)
i=1

is constant across each coset in Say/Hy~. But [Hyn| =2V, and so

N N
1 1
N Z sgn(o) H Asim1)02i) = NN Z sgn(o) H A 2i1),0(20)
" geSh(AN) i=1 T o€San i=1
as desired. O

Corollary 2. The Pfaffian of a 2N x 2N antisymmetric matrix A with associated
2-form w s given by

1 AN __ >
MUJ = Pf(A) €vol-

U

Proof. This follows by combining the previous theorem with Theorem 3]

Theorem 6. The Pfaffian of a 2N x 2N antisymmetric matriz A is given by

N
Pf(A) = Z Sgn(U)HAa(Qi—l),U(%)-
i=1

oE€Sh®(AN)
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Proof. Since the entries of A are elements of a commutative ring R, then the

expression
N

sgn(o) H A 2i-1),0(20)
i=1
is constant across each coset in Sh(AY)/BI(AY). But |BI(AY)| = N!, and so
N ] N
Z sgn(o) HAU(%—Q,U(%) =N Z sgn(o) HAU(Qi—l),U(%)’
o€Sh?(AN) i=1 " 0€Sh(AN) i=1

as desired

Corollary 3. Ifw € A’V with w = > i Aij € N €Ej, then

2N-1
Pf(w) &t = /\ (ZAZ-J-@/\@).

=1 j>i

Proof. This follows from the previous theorem, along with Lemma [2]

Hyperpfaffians

Throughout this section, we assume that R is a commutative ring and V is a

free R-module of rank N L.

Let A = {A¢|t: L — NL} be an array of values in R with the property that

for each o € Sp,

Sgn(U)Atog = A{.

By way of analogy with antisymmetric matrices, we will call such collections

antisymmetric (N L)*-arrays. Define the Hyperpfaffian of A, PF(A), by

N
1
Pf(A) = W g sgn(a) Hle-i
OESN], 1=
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Now, to each antisymmetric (NL)E-array A, associate an L-form w € A"V by

w= Z AC,.

tL/NL

Similarly, to each L-form w € A"V with w = > €y, associate the antisymmetric

(NL) array A by
A, = sgn(o)ay fort: L A NL and o € S,

This gives a bijective correspondence between L-forms and antisymmetric (NL)"
arrays. We define the Hyperpfaffian PF(w) of an L-form to be the Hyperpfaffian of
the associated array.

Proofs for the following results follow from nearly identical arguments to

those of the corresponding Pfaffian properties.
Theorem 7. The Hyperpfaffian of an antisymmetric (NL)*-array A is given by

N

1
PF(A) = + > sgn(o) [[ A
oE€Sh(AN) i=1
Corollary 4. The Hyperpfaffian of an antisymmetric (N L)L -array A with
associated L-form w is given by

1 AN __ >
mw = PF(A) €vol-

Theorem 8. The Hyperpfaffian of an antisymmetric (NL)*-array A is given by

N
PF(A)= > sgn(o)[] A,
a€Sh°(AN) i=1
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Corollary 5. If w € A"V with w = Y Acé, then

NL-L+1
PFwiéa= N | > A&
i=1 tL "NL

t(1)=i
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CHAPTER III

ANDREIEF AND DE BRUIJN IDENTITIES

A Few Important Polynomial Definitions and Identities
The Wronskian

A complete k-family of monic polynomials is a collection {p;(z)}*_, such that
each p; is monic of degree i — 1. Given an increasing function t : k 7 n, let pi(z)
denote the subset {py)(z)}r ;.

To simplify the appearance of several formula, we define the /th modified
differential operator D’ for any non-negative integer ¢, by

1d'f

D'f(x) = T dyt

In particular, this allows us to define the Wronskian Wr(f) of a family f =
{fi(x)}"_; of n many differentiable functions as

n
i4=1

Wr(f) = det [D*" f}]

Observe that our Wronskian differs by a combinatorial factor from the typical
Wronskian which appears in the study of differential equations.
Now, for each complete N L-family of monic polynomials p, we define an L-

form wy, € /\ILDLV, where R = T(H),, and V is a free R-module of rank N, by

wp= Y Wr(py)é. (3.1)

tL/NL
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Observe that the coefficients of wp are in fact polynomials of a single variable.
To obtain an L-form with real coefficients, (wp), we integrate term-by-term with

respect to du. That is,

= ¥ (Wine)a= 3 { [ Wilbe) duto) | &

tL/NL tL/NL

When the complete monic family of polynomials p is clear from context, we will
omit the subscript and simply write w. In several places, it will be convenient to
instead view w as a collection of forms w(z) € /\IEV indexed by x € R. Of course,

w(z) is simply the evaluation of w at = € R.

The Vandermonde and Confluent Vandermonde

While the following is a standard result, due to its importance to the work

that follows, its proof deserves a moment of reflection.

Theorem 9. Let {pi(z),...,pn(z)} be a collection monic polynomials such that

each py(x) is of degree k. Then

[[(; — ) = det [pi(xj)} N

i<j ij=1

J

Proof. Let V(x) = {pl(x )} , and observe that det V(x) = 0 whenever z; = z; with
i # j. Therefore, (z; — ;) must be a factor of det V(x) for each i # j. Moreover,

by the Liebniz formula for the determinant, det V(x) must be a homogeneous

N(N-1)
2

polynomial of degree SN 1i = = (%). Of course, [Tic;(z; — ;) is also
a homogeneous polynomial of the same degree with the same irreducible factors,

and so det V(x) = C'[[,_;(z; — ;) for some constant C.
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Now, as each pj, is monic of degree k, then py(z,) = ¥ + qu(2) where
the degree of g is less than k. Appealing again to the Leibniz formula for the

determinant, observe that the only term of the form a - #3_lzN_2-- -z is obtained

by expanding along the main diagonal, and so the coefficient on $%Z}:UJNV:§ ]

in det V(x) is 1. On the other hand, the only way to obtain a term of the form
a-zN1xN~2. ..z, in the expansion of [1ic;(z; — ;) is by taking the product of the
the first term x; in each factor (x; — x;), which shows that the coefficient on this

monomial is also 1. The result then follows. O]

For any complete N L-family of monic polynomials p, we define the Lth
confluent NL x NL Vandermonde matrix VI (x) for x € RY by first defining

the NL x L matrix

NL,L

V(@) = [P pa(@)],, 2

where p is a complete N L-family of monic polynomials. Then take

V£<X> == V{;(Qﬁl) Vé(ﬂfg) Vé’(ng) for x = (x1,$2,...,l’N)

Observe that the confluent Vandermonde specializes to the ordinary Vandermonde
matrix when L = 1.

The confluent Vandermonde matrix satisfies the following identity which
shows that the determinant of the confluent Vandermonde doesn’t depend on the

choice of family of monic polynomials.

Theorem 10. For any complete N L-family of monic polynomials p,

det VL(x) = H(xj — )"

1<j
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An efficient proof of this result proceeds by expressing each higher derivative
p,(cn) in the confluent Vandermonde matrix as a higher-order difference quotient of
the polynomial p,. Doing so makes use of the following lemma, which while well-

known in numerical approximation circles, is proved in full here for completeness.

Lemma 3. Suppose f is a smooth function, and let A}[f](z) be the n-step finite

forward difference formula for f at x defined by

n

A1) = S0 (1) o+ 0= ).

k=0
Then
An
jim SR = o

Proof. We proceed by induction. When n = 1, we have

o) — i LD @) A

h—0 h h—0

by definition of the derivative. Suppose the formula holds for N =1,...,n. Then

n

AN fl(z + h) — A7[z] :2:(—1)’1‘C <Z>f(:c +h+ (n—k)h)

k=0

=30 (3) e+ o)

=f(x+ (n+1)h) + (=1)""' f(z)

. nz_1<_1)k+1f(x—|— (n— k)h) Kk + 1) - (Zﬂ

k=0

=S v (") e ) =

=AM f](2),
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where the 3rd equality follows from the Vandermonde identity, ("Zl) = (k]il) + (Z)

Thus, since f is smooth, then we may freely interchange the following limits, and

[ +r) = f()

F Y (z) =lim

r—0 r

i i ARG ) = AR]()
r—=0 71 [h—0 hn

o AR 4 h) = ARIF(@)
h—0 hn—i—l

= lim
h—0 hntl ’

as desired. [
We now proceed to a proof of Theorem [10}

Proof. Suppose now that x € RY and h € R. To improve readability, we use the
convention that for any single variable function f, the expression f(x) denotes the
vector (f(x1), f(x2),..., f(zy)) € RY.

Foreach 0 < k < L — 1,let fy(r) = z + kh, and define y* = fi(x),
and let z denote the NL-tuple z = (y°, ...,y !). Observe that the n-step finite
forward difference formula Af[f](x) (as defined in the preceding Lemma) is a linear

combination of {f(z + kh)|0 < k <n—1}. Hence, using matrix column operations,
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the Vandermonde determinant, det V,(z), may be expressed as

n(y’) myH) n®) .. nE")
det Vp(z) =det
pnc(y°) - o opno(yth
pi(x)  Aplpd®) Ailpdx) .o ATl (x)
=det
pNL(X) c. e Aﬁil[p]v[z](X)

By factoring out common powers of h from each column, we obtain

Al x A2 x AL71 x
det Vo (z) =C(h) -det | 5 .
P
AL_l %
pvp(x) ... %

where
NL(L—1) Ll o
C(hy=h"2 [H k:!]
k=1
Let M, denote the matrix which appears in line [3.2] above, and observe that by

Lemma [3]
det VI (x) = lim det M.
*)

On the other hand, by expanding the Vandermonde determinant according to
Theorem [9) and grouping products depending on whether pairwise difference are

taken between entries in the same vector y* or between entries in different vectors
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y" and y", then

Vo (z) = gg((xjntkh)—(xﬁ—kh)) lrgﬁl ((xj+nh)—(:)si+mh))]
[ T2 | TLIT 0+ 0
= H (-] mHlZI (2 = i) + (n — m>h>)]
=C(h) - g(%—%)L] - lgg((%_mi>+(n_m)h))]'

Thus,

= p( ) —dech

[H(%_l’i)L] , [Hﬂ((xj—xi)+(n—m)h)) Y]

1<j m<n i#j

Taking limits as h — 0 of the left and right expressions above, we obtain

H(mj — ;)% = det VI(x),

i<j
as desired. 0
Expectation Operator and Chen’s Lemma

The Shuffle and Function Algebras

Let H be the Hilbert space L*(R, u1) of square integrable functions with
respect to a finite measure p on R, and suppose H is a finite-dimensional subspace

of H with basis X (We assume H is large enough to contain all functions of interest

36



to the current program). For each k, view the kth tensor space T*(H) as a subset

of L*(R*, i) by defining

(i@ @ fi)(@,...,2x) = fi(z1) - frlz)

By identifying the tensor algebra T'(H) with the free algebra R(X) (via the map
fi® - ® fr— f1-+- fr), we may define the shuffle of two functions f = fi®---® fy

and g = fr41 ® -+ ® f, by

fuwg= Z Jo1) @+ @ fo1(n)
)

oeSh(k,n

Now, for each non-negative integer k, we define a linear functional (- )z on T%(V)
by
oo Tk T
<f1®...®fk>k_/ / .../ f1<xl)...fk(xk)dx1...dxk

Moreover, this collection {(- )|k € Z>¢} induces a functional (-) on T(V'), whereby
(-) acts as (-); on the kth graded component of a non-homogeneous tensor.

We can think of (-) as an expectation operation on the space of functions H
which are measurable with respect to a random variable with distribution .

The following lemma, due to Chen in [6], asserts that this expectation

operator (-} is actually an algebra homomorphism from 7'(V'),, to R:

Lemma 4 (Chen). If f,g € T(V), then

(fwg)=(f){9)
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Chen’s Lemma

Using Fubuni’s Theorem, each iterated integral that appears in (f), can also
be realized as an n-fold integral across the n-simplex {(z1,...,2,) € R"|z; <
To < -+- < x,}, and thus, (f)r(g)n—r represents an integral across the Cartesian
product of two such regions. Chen’s Lemma, in essence, asserts that this product
can be written as a (nearly) disjoint union of several n-simplices, indexed by shuffle
permutations.

Let X be the set of points in R™ whose coordinates are all distinct, and
observe that R™ \ X has Lebesgue measure 0. Each point (zy,...,2,) € X can
be associated with an ordering permutation o € S,,, where o(i) = j when z; is the
jth smallest coordinate. Then for each o € S, let A be the set of all points in A

with ordering permutation o, that is,
AZ = {(ZL’l, .. ,I‘n) & X ’ 'Ta_l(l) < e < $g—l(n)}.

In particular, observe that the collection {A”} partitions X into mutually disjoint
subsets, and that for (z1,...,z,) € A, x; < x; if and only if o (i) < o(j).

Now, the key observation for Chen’s Lemma can be stated as

Al x At =yu || AL (3.3)

oeSh(k,n—k)

where Y = (R™\ X) N (A x A7), Note that as Y € R™\ X, then Y has Lebesgue

measure 0.
For one inclusion, suppose (z1,...,z,) € AF x A" with ordering
permutation o. Since (z1,...,2;) € Ak, then 7 < --- < 3 andso (1) < --+ <
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o(k). Similarly, since (zpy1,...,7,) € A" then o(k + 1) < --- < o(n). Hence,
o € Sh(k,n — k). On the other hand, if (z1,...,x,) € AZ for some o € Sh(k,n — k),
theno(l) < --- < o(k)ando(k +1) < --- < o(n), and so z; < --- < x} and
Tpyr < -+ < .

To prove Chen’s Lemma, suppose f = f1®---® fr and g = fri11 ®--- X f,, are

functions in 7'(V'). Then

(f)(g) = ( N fi(@y) ... fr(xy) doy - '-d$k>

: (/ - frost (Trgr) -+ ful@n) dpss - - .dxn>

:/ fi(zy) -+ fulzn) day .. dxy,
Ak AnTF

:/ fi(xy) - fulxy) day ... day,

|—|J€Sh(k n) A%

= / fi(zy) - fulzy) doy ... day,
oeSh(k,n)

- Z / fl Yo (1 fn(yo(n ) dyl dy
oeSh(k,n)

- Z / Jorry (W) =+ fom10)(yn) dyn - . . dyn
oeSh(k,n)

=(fuwg)

where the second equality follows from Fubini’s Theorem, where the third follows
from and the observation that Y C R™ \ X has Lebesgue measure 0, and where

the fourth follows from the relabeling of variables x; = y,;).
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A Key Lemma

Let {Q¢|t : L — NL} be asubset of an alphabet I, let F' be a field of

characteristic 0, and for each t: L — NL, define A, € F(I) by

At = Z Sgn(T)QtOT.

TES],

For example, when L = 2, we can view {Qw,} = {Qi;|1 < i,7 < N} asin an
N x N matrix with entries in 7, in which case A, ; = Q;; — @, is the (7, ) entry in

the matrix A = Q — Q7.

Lemma 5. Let L be an even integer, let {Q} and {A¢} be as above, let F' be a field
of characteristic 0, let V' be a rank NL free module over R = F(I),,, and consider

<Zt:;fﬂ Ay é}) as an element of \gV. Then

> sen(0)Q0, Qo - Qoy = PFR [ Y A&

oeESNL L /"NL

Proof. For each 0 € Hyyp, write 0 = (01|...|on). Then

PFg Z Acey | = Z sgn(o)Ay, WAy, LW--- WAy,

tL,/NL o€HNT

= Z sgn(a)( Z sgn(T)QmOT> LS - e L ( Z SgH(T>QoNO7—)
c€HNT TESL TESL,

= Z sgn(o) Z sgn(11 - TN) Qoyor W -+ - LW Qpyor
oc€HNT T1,..,TNESL

= Z sgn(a) Z Sgn(Tl o 'TN) Z QUW(UOT T QUW(N)OT
oc€EHNT, T1yeees TNESL TESN

- Z Sgn(a)Qoq QaN
aESNL



Here, the equalities in lines (1) through (4) follow from appropriate application of
definition and elementary properties of the shuffle operation. To obtain the equality
in line (5), observe that every permutation o € Syp can be transformed into a
unique element o € Hyp, via a collection of ordering permutations (w,7,...,7y) €

Sy x Sp X «++ x Sp, where 7 is specified by
a(r(0)L+1) <a(r(1)L+1) < <a(r(N —1)L+1),
where each 7, is specified by
a((n—=1)L+7,(1) <a((n—1)L+7,(2)) <--- <a((n—1)L+7,(L)),
and where
o((n—=1)L+0) =a(r(n—1)+7,(0)) for1<n<N,1<{<L.

Then observe that as L is even, sgn(a) = sgn(7 - - - 7y)sgn(o). O

Statement of the Main Result
Theorem 11. Suppose L and N are positive integers, and let w be the L-form

given in for any complete N L-family of monic polynomials. That s,

w(z) = Z Wr(pg; x) € € /\éV

tL/NL

where R =T(H),, and V' is a free R-module of rank N. Then the partition function

Zn(B) is given by the following expressions:
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1 if B = L% is cven,
PF ( / w(z) d,u(:c)) |

2. if B = L? is odd and N is even,

PF ( / / y) du(z )du(y)) |

3. if B=L? is odd and N is odd,

PF (// y) dp(x)dp(y) + /w(m) A €y du(a:))

where 6_'1/ = gNL—i—l VASRRIVAY g(N+1)L-

Method of Proof

For each of the three cases, the proof proceeds along similar lines. We
first use the Laplace expansion of the determinant to express the confluent
Vandermonde as a sum of products of polynomials in several variables, which
is then interpreted as an element of T'(H). After this, we apply Lemma [5| to
express the confluent Vandermonde as the hyperpfaffian of a form in /A gV, where
R = T(H)y. Finally, we apply the linear functional (-) and use Chen’s Lemma
to represent the partition function Zy as the hyperpfaffian of a particular form in
NArV.

In order to exhibit the method of proof that will be used in the general case,

we first present proofs of the result for when g =1 and § = 4.
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The Case when =4

Using the Laplace expansion to write det Vf) as a sum of N-fold products of

polynomials,

[T —z)* =Vix)

1<j

= Z G(U)pa(l)@l)p;(z)(%) T 'pa(2nfl)(xN)p,a(2N) (zn)- (3.4)

O'ESQN

Then by grouping terms in the same variable, we define a collection of functions
{Qi;}7521 by Qij(z) = pi(z)pj(x). Recalling that in the tensor algebra of
function T'(V') the tensor(f ® g¢) can be viewed as a function of two variables,

(f ®g)(z,y) = f(z)g(y), we can express the sum on the right of [3.4] as the function
F of N variables defined by

F = Z €(0) Qo)) @+ @ Qu2N—1)0(2N)-

gESON

And by Lemma [5 we have

F=Pfr(Qij — Qji)

and so

[T —2)* = [Ptr(Qi; — Q)] (1, .., an).

i<j
Now, by applying the linear functional (-) to both sides above, and using Chen’s

Lemma to pass from the Pfaffian over the shuffle algebra R = T'(H),, to a Pfaffian
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over R, we have

as desired.

The Case when B =1 and N is Even

The f = 1 case proceeds almost analogously to the f = 4 case. However,
because Lemma [5| required that the length L of the multi-index on @) be even, we
instead group polynomial factors together two variables at a time. Ultimately, this
will be the reason for the appearance of double integrals in the Pfaffian formulation
for the partition function for § = 1 (and more generally, 5 = 2k + 1).

Suppose N = 2M. As above, use the Laplace expansion to express det VrlJ as

a sum:

H(xj — x;) =det V(x)

1<j

= Z 6(0)pa(1)($1)pa(2) (w2) - - 'pa(ZMfl)(xZM—l)pa@M) (wanr).

O'ESQM

Define the collection {Q;;}7}L, of 2-variable functions by Qy;(x,y) = pi(z)p;(y), so

that the right side above can be expressed as a function F' of N variables

= Z €(0)Qo(1)0(2) ® + ++ @ Qu2M—1)0(2M)-

O’ESQM
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The next step is to apply Lemma [5| to ' LU 1 in order to obtain a Pfaffian of an
anti-symmetric 2-form. However, since each of @ij is a function of two variables,
we must work over the ring R = T'(H,), where Hs is a finite-dimensional subspace
of the Hilbert Space H®2 = L*(R? u x u) of square-integrable functions in two

variables. But now, by Lemma [5]
F =Pt (Qy — Qi)

which shows that
H(Sﬁj — ;) = [Pfr(Qi — Qji)] (z1, ..., 2N)
1<j

Hence, upon applying the linear functional (-) to both sides above, appealing to

Chen’s Lemma, and recalling that each @;; is a function in two variables,

Zy(1) = <H(95j - xz’)> = (Ptr(Qij — Q)

=Pf ((Qi; — Qji))
=Pf ( / / pi(®)p;(y pj(:r)pi(y)du(rv)du(y))

The Case when 8 =1 and N is Odd

When 5 = 1 and N is odd, we cannot use the same trick we did previously
to group polynomial factors two variables at a time (since we have an odd number
of polynomial factors). Instead, we will introduce an additional auxillary variable
which ultimately won’t change the value of the partition function. Suppose N =

2M +1, and let N =N+1. As before, expand the Vandermonde determinant using
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the Laplace expansion to obtain

H(ffj — ;) = det V;(X) = Z sgn(0)ps(1) (1) - Po(v)(TN)-

1<J oceSN
Define a collection of single-variable functions {Q;} by Q;(z) = p;(z) (Although
redundant here, the need for such @; will become apparent in the general case).

Then the right side of the equation above can be expressed as a function F' of N

variables as

F= Z sgn(0)Qr1) ® -+ ® Qo (n).-

ocESN

Let 1 denote the constant function 1(z) = 1. Then

Fuwl= Z sgn(0)1 ® Qo) ® - -+ ® Qo)

oESN

+ Z sgn(0)Qo1) ® 1L ® -+ ® Qo)

gESN

+

+ Z sgn(0)Qo(1) ® @ Qu(n) ® 1

gESN

We wish to represent F' LU 1 in terms of a set of two-variable symbols {@j}’ defined

as follows:

N Qi ® 1, if1<i<N,j=N,
Qij: _
—1®Q;, ifi=N,1<j<N,

0, otherwise.
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Observe that

Ful= Z Sgn(o—)(_Qﬁg(l)) ® QO'(Q),U(:S) IR QU(Nfl)’U(N)

ocESN

+ Z sgn(0)Q, 1y 7 ® Qo2),063) @+ ® Qo(N-1),0(N)

gESN

+

+ ) 58n(0)Qo(1)o@ @+ @ Qo(n—2).0(n-1) @ Qo). N

gESN

=D sen(n)Qr)r() @+ ® Qr iy (s

TESK

where the final equality was obtained by noting that each permutation 7 € Sy
corresponds to a choice of 1 < k < N so that T(k) = N , along with a permutation
o € Sy sothat for ¢ < k, 7(¢) = o({), for £ > k, 7(¢) = (¢ — 1), and so that
sen(1) = (—1)ksgn(o).

The next step is to apply Lemma [5[to F' LU 1 in order to obtain a Pfaffian of

an anti-symmetric 2-form. As before, take R = T'(H,) in Lemma [5] which shows

Therefore, applying the linear functional (-) to both sides above and using Chen’s

Lemma, along with the observation that as u is a probability measure, (1) = 1,
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then

=(Fwl)
=(PfR(Qy — Q1))

In particular, we have

[ pem) - pem) dein). 1<i<i<x
(Qij — Qi) = T<Y )
[ 5@+ 5 dutwrints), f1<i<N,j=N.

But by Chen’s Lemma, since p;(x) + pi(y) = p; W 1 in T(H), then

(i) +pily)) = (e W) = (pi)

and so
// pi(z)p;(y pi(y) dp(x)dp(y), if1<i<j<N,
Ql] Q]z -
[ pita)duta). if1<i<Nj=N,
as desired.
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The Case when 3 = L? is Even

We now proceed to the main results. For each 0 € Sy, write 0 = o1 @
-+ @ on. We begin by again using the Laplace expansion to express the confluent

Vandermonde V] (x) as a sum of products

H(a:j — xi)ﬁ = det VIL)(X> = Z sgn(o) H [H Dgflpg((n_l)urg) (xn)] )

l<j O‘ESLN n=1 |L¢=1

Now, we define a collection of functions {Q¢|t : L — NL} by Q(z) =
Hle Dz_lpt(g) () and use properties of the tensor algebra of functions to write the

right hand side as the function F' of N variables

F = Z sgn(o) [@ an] .

ocE€SLN

Then, for each increasing function t : L  NL we define a function A¢ as in the

proof of Lemma [f by
A=) sen(r)Quer.

TESE

Thus, by Lemma [5]

D Afr)é = w(x). (3.5)
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Therefore,

H(xj — ;)" = |PFg Z A | | (z1,...,2n) = [PFR(w) ] (21,. .., 2n).

Now, by applying the functional (-) to both sides above, and using Chen’s Lemma,

Zn(B) = <H(% - $z)5> = (PFr(w))

1<j

=PF ((w))

=PF {/Wr (@) du( )}

tL/NL
The Case when 3 = L? is Odd and N is Even

Suppose N = 2M. Following as an example the § = 1 case, we expand
the confluent Vandermonde determinant as a sum of products, and group factors

together two variables at a time:
H(xj — 2;)% =det VI(x)

i<j
M
=Y sen(o) [] [H D po(am—1 L+z)(9€2m)]

oESLN m=1 [{=1
L
: [H De*lpo((Z(m—l)-i—l)L—i-Z) (llfzmﬂ)]
=1

Define a collection of two-variable functions {Q¢|t: 2L — NL} by

HD Pee) D pt(L—i—Z)(y)
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and observe that the right side of the Vandermonde expansion above can be

expressed as an N-variable function F' by

F = Z sgn(o) [@ ng] :

oESLN

As in the § even case, we define functions A for each increasing function t : 2L 7
NL by
At = Z Sgn<7—)Qto7—-

TESL,

However, since each Ay is a function of two variables, in order to apply Lemma [5
we must work over the ring R = T'(H,), where H, is a finite-dimensional subspace
of the Hilbert space Hy = L*(R?, u x p) of square integrable functions in two

variables. With this modification, Lemma [5| gives

> Adwy)é = w(x) Aw(y). (3.6)

where w(z) A w(y) is calculated pointwise in ALV for each z,y € R (rather than as
wAw in /\IL%V).

To see this, first observe that for each x,y € R,

W) Aly) = D0 D Wilpa(@) Welpa(v) & A &

s:L  NLuwL/ NL

o1



and use the Laplace expansion of the determinant to write

L
Wr(ps () Wr(pu(y)) = > > sgn(o)sgn(r) [ [ D' peoto () D™ pur ey ().
/=1

O'ESL TESL

On the other hand,

Ay = Z sgn(m HDZ Per( e) D ptw(L-&-f)(y)

TESa,

Hence, it suffices to show that for any t : 2L ~ NL and m € S5, there exists a
unique quartet (s,u,0,7) with s,u: L ~ NL and with 0,7 € S so that €, = &; A €,

and

so(k), if1<k<lL
tr(k) =
wr(k— L), ifL+1<k<2L.

But this now follows immediately from Lemma [l Therefore,

[[@i—2)=|PFa| > Ad || (21,....2n5) = PFr(w(z) Aw(y)
Again, note that the multiplication in w(x) A w(y) is performed pointwise in gV,

while the multiplication used to obtained the hyperpfaffian of the resulting form is
performed in AzV.
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Now, by applying the functional (-) to both sides above and appealing to

Chen’s Lemma,

| > > |/ /KyWr(ps(w))Wr(pu(y))d#(fﬂ)dﬂ(y)}61-/\61

s:L/NLwL,/NL
The Case when 8 = L? and N are Odd

With some finesse, the final case can be handled much like the others.
Suppose N = 2M + 1, and let N = N + 1. As before, expand the confluent

Vandermonde determinant as a sum of products,

H(xj — ;)" = det Vﬁ(x) = Z sgn(o) H [H De’lpg((n_l)LM) (mn)] )

1<j oceSLN n=1 L{=1

Define a collection of single-variable functions {Qy| ,t : L — NL} by Q(z) =
Hngl Deflpt(g) (x), and use properties of the tensor algebra to express the right side

of the equation above as a function F' of N variables,
N
P Y sl | @0
O'ESLN n=1

Unfortunately, since L is not even, we cannot immediately apply Lemma [5]
Moreover, since N also is not even, we cannot apply the same trick we used

previously to group functions two variables at a time. Instead, we will add an
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auxiliary variable xy,; to the mix in a way that ultimately does not change the
fundamental integral in the partition function, allowing us to express the confluent
Vandermonde in a form similar to the one that appears in the case when L is odd
and N is even.

Let 1 denote the constant function 1(z) = 1 and consider the N-variable
function, F' L 1. Importantly, since 4 is assumed to be a probability measure, then

(1) =1 and so by Chen’s Lemma,

(F) = (F)(1) = (FWw1). (3.7)

We wish to extend the collection {Q} to a collection of two-variable functions
{Q¢|t: 2L — NL} in order to express F L 1 in terms of {Q}. For each t : 2L —
ﬂ, let t; and t, denote the restriction of t to L and 2L \ L, respectively. We define
{Q.} as follows:

Qil ® Qiza lf t - ﬂ;
~ Q’q ® ]17 if t1 C Ma t? = ila

_1®Qt2a if{l:ilthCMa

0, otherwise,
\

where i’ denotes the increasing function on L integers whose image is ﬂ \ NL. We

claim that

N/2
Ful= Y sen(0) Q) Qo (38)
o€SS, n=1

o4



To verify [3.8] observe that for each permutation o € Sy, with o = (04]...|oy) and

each integer 1 < k < N, let

i) @016 | & 0.,
n=k+1
and let
N
T? = sgn(o)1 ® ®an] and TY = sgn(o) [@ Qs | ® 1.
n=1
Then by the definition of the shuffle product, we have
N
Ful= Y > TF
oceSnL k=0
Now, if k is even, then
TY = Qorfon) @ @ Qog_1jon) @ — Qo) ® @ Qo _1]ow)s
while if k£ is odd, then
TF = Qorjon) @ @ Qo _slop) @ Quoli) @ @ Qon_1low)s
For each 0 < k < N, let 7% € S5, with 7" = (o1]...|ox[|ok11]- .. |on) and note

that as L is odd and that as each o, is a restriction to L integers, then sgn(7*) =

(—=1)N=*sgn(o). Hence, writing 7% = (] ... 7T /o), then

T} = sgn(r") Qe ® -+ ® Qi
N/2
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and so

N
Ful= Z ngn(wk)éwf®~~~®C§7rk~ .

ceSNL k=0 Nz
On the other hand, if 7 € Sy, is not of the form (o4|... |ok|i'|oks1] ... |on) for

some 0 € Sy, and 0 < k < N, then @ﬂn =0 forsome 1 <n< N/Q It follows that

N/2
Fuwl= Z sgn(o) ®an,
O'GSNL n=1

as desired.

Now, for each increasing t : 2L ~ M, define A¢ by

At = Z Sgn(T)étOT-

TESSL,

Let € = Enppi A+ A€y, € /\é(V@RL) and for each z,y € R, define wy(z), w2 (y) €
ARV & RL) by
We claim

t2L/NL
To verify this, first observe that A = 0, unless either t C NL or t = (4;|i’) with
tt C NL.

If t € NL, then for each 7 € Sy,

Qtor - Qtoq—l X Qtoq—g

o6



and so

> A =w() Aw(y) (3.9)

2L /NL

by equation (3.6}
On the other hand, suppose t = (;]i') with t, C NL. If 7 € Sy with 7 =
(11]72), then Qior = 0 unless either 77 is an increasing function with image 2L \ L or

Ty is the identity function with image 2L \ L. In the former case,

@to*r =-1 X thm‘zu

while in the latter case,

@fOT - Qtlon ® 1.

Thus, by equation [3.5]
Ay = Wr(py,) ® 14+ 1 ® Wr(py,). (3.10)
Therefore, combining equations [3.9| and [3.10| above, we have

wy(x) Awe(y) = w(z) Aw(y) + [w(x) +w(y)] Aér = Z Ay €. (3.11)
t2L "NL

As in the previous case when L was odd and N was even, we work over the

ring R = T(H,) of tensors of two-variable functions. By combining equations
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and with Lemma 3]

Fuwl=PFp| Y Aé | =PFx@(z)Ada(y).
2L "NL

Applying the linear functional (-) to both sides above and appealing to Chen’s

Lemma and equation |3.7], we have

Finally, since

w(z)+wly) =wwl

then by Chen’s Lemma,

(Wz) +wly) Aér) = (ww ) Aér) = (wAér),

o8



which shows

Zn(B) =PF ((wi(z) A @a(y)))
=PF ((w(z) Aw(y)) + ([w(z) + w(y)] Aér))

=PF ((w(z) Aw(y)) + (w A é))

v ([ wto) nsts)autorantn) + [ o) névanta)).

as desired.
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CHAPTER IV

PFAFFIAN AND HYPERPFAFFIAN IDENTITIES

Bra-Ket Notation

In order to facilitate several calculations using matrices and operators, we
will adopt the following notation inspired by the “Bra-Ket” notation from quantum
physics, first introduction by P. Dirac in [9].

For present purposes, we use the Ket, |v), to denote a column vector labeled
by v, and the Bra, (w|, to denote a row vector labeled by w. When we need to
discuss coordinates of row or column vectors, we use the indices themselves for the

labels of the vector. For example,

(v] = (vl UN> = v (1] + - + o (N]|

We may also multiply a bra and a ket together, and doing so corresponds to

computing the inner product of two vectors:

N

(vl w) = (vlw) =Y vaw;.

i=1

The conjugate transpose of a bra is a ket, and vice versa:

Finally, we may also use bra-kets with linear operators. If A is an N x M matrix,
(v| is an N-dimensional row vector, and |w) is an M-dimensional column vector,

then A|w) denotes the matrix product of A and |w), and (v|A denotes the matrix
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product of (v| and A, or

Aw) =" (Z Aijwj> iy WA= (Z vl-Aij> (1.

i= = =1

In this way, (n|A|m) denotes the (n, m)-entry of the matrix A, while if v, w are
labels of vectors, then (v|A|w) denotes the pairing of v and w with respect to the
bilinear form given by the matrix A.
Observe, in particular, that if A is an N x L matrix and B is an L x N matrix,
then
L

(n|AB|m) = _(n|Alk)(k|B|m)

k=1

which, if nothing else, evinces the beautiful efficiency of bra-ket notation.

Properties of Pfaffians
The Relationship between Pfaffians and Determinants

The following property can be used to give a coordinate-free definition of the

determinant of a linear transformation.

Theorem 12. Let A be a linear transformation A : V. — V of a rank N free

R-module V', and let {é1,...,en} be a basis for V. Then
Aé}/\"'/\Aé}V:det(A)glA"'AgN.

Suppose t : 2k 7 2N and u : 2¢ 2N are increasing functions. Let tAu

denote the 2k x 2¢ minor of A so that

(m[tAuln) = (t(m)[Afu(n)).
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The following theorem generalizes the previous result, and is connected to the

Grassmann embedding in the study of algebraic geometry, as detailed in [15].

Theorem 13. Let V be a rank N free R-module with basis {v}, ..., Uy}, let W be
a rank L free R-module with basis {, ..., W}, and let C be the matriz of a linear

transformation V- — W. Then for any J < N, and increasing functionu:J /N,

Cﬁu(l) VANRREIVAY Cﬁu(J) = Z det(tCu) wt(l) VANRRIVAY ’LUt(J).
tJ /L

Proof. We prove the case when u : J L is the increasing function u(j) = j for

1 < j < J. The general case follows from an analogous argument. Write

L
cr = S (l[Clk)
/=1

and observe

CT A - ACUJ_Z chu LS|C|TY By A -+ Ay,

l1=1 £5=1

J
jiJ—L j=1

But by Lemma [l the above sum can be expressed as

J
Z Z sgn(o H (toa(7)|Clj) Wyay A -+ Ay Z det (tCu) W1y A - - - AWy,

tJ /L oeSN J=1 t:J /L
giving the desired result. O]

Theorem 14. Let A be a 2N x 2N antisymmetric matrix and B be a 2N x 2N

matriz. Then
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1. PE(BABT) = P£(A) det(B).
2. PE(A)? = det(A).

Proof. For the first identity, let w,v € AV be given by

w= Z( IBAB|j)é; A€

1<J

and

v = Z( |A|7)Bée; A Be;

1<j

Observe that

k 1

(il Al7)Be; A Bej =(ilAlj) <Z<k!B\ ) <Z (|Blj)e )

= (k[Bli)(i|Al5)(jIB"[0)é A .
[y,

Then the € A €; term in v is

> (ilBla){alAlb) (BB [j)& A €+ Y (i|Bla)(al Alb) (BB [i); A e

a<b a<b
=" (ilBla) (al AJb) (BB 1) A & — 3 (a|BT|j)(b|AT |a) (BIb)E; A &
a<b a<b
=" (ilBla) (al AJb) (BB |)é A & + 3 (i[BIb) (bl Ala) (alBT|)& A &
a<b a<b
= (i[Bla)(al A|b)(b|B"[5)é; A €
ab

On the other hand,

(iBAB”|j)éi A&y =Y (il Blk)(k|A[0)((|B”[j)é; A&
P,
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Hence, w = v. Taking the N*® exterior power of each two form,
N'Pf(BABT)é,q = w™ = ™ = NIPf(A) det(B)éyql,

as desired.
Now, by Theorem [4] there exists an 2N x 2N matrix B so that the 2-form

associated to BABT is
n
W = Z Aiggi_l VAN 6?21'.
i1

Hence,

Pf(A)det(B) = PE(BAB”) = [ ] A

Squaring both sides,
Pf(A)?det(BBY) = H)\Q

On the other hand, since BABT is in block diagonal form, then det(BABT) can be

readily computed, and
H A2 = det(BAB”) = det(A) det(BBT).

It follows that Pf(A)? = det(A). O
As part of the preceding proof, we also proved the following result:

Corollary 6. Let A be an N x N antisymmetric matriz, let C be an L X N matriz,
let {¥,...,Un} be a basis for a rank N free R-module V', and let {0, ..., WL} be a

basis for a rank L free R-module W. If v € N°W with

v =) (ilCAC"|j) @i A
1<j
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then

v =Y (i|Alj) (C) A (CT)).

1<j

The Laplace Formulas

Theorem 15. For any 1 <k < N,

Nk

w —
t:2k 2N
Proof. Relabel indices according to t and apply Corollary O]

For any a € A"V for L > 1, let exp(a) € AV be given by

exp(a) = Z Tl
k=0
Since V is of finite rank, then « is nilpotent, and so exp(«) is actually a finite sum.

Corollary 7. Suppose w € A*V and let A be the 2N x 2N antisymmetric matric

associated with w. Then

Theorem 16 (Laplace Formula). Suppose A is a 2N X 2N antisymmetric matriz.

Foranyl < m < n < 2N, let 7, : 2 / 2N denote the increasing function
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1= m,2w—n. Then for any 1 <n < 2N,

n—1
PE(A) = sgn(rmn)(m|Aln)Pt(r), AT, )
m=1

2N
+ Y sen(rm) (n|Alm)PE(r,, AT, )
m=n-+1

In the special case when n = 1, the Laplace expansion reduces to the following
simpler expression:

2N

PH(A) =Y (=)™ (1[A|m)Pt(r] , AT ,,)
m=2

N-1
A A—= and

Proof. Let w be the 2-form corresponding to A. Consider “’% = D

w
N

apply the previous theorem. O

Theorem 17 (Generalized Laplace Formula). Suppose A is an antisymmetric

2N x 2N matriz, and that K < N. Then

Proof. Use the Laplace formula and induct on k. m

The Cauchy-Binet Formula

The following theorem (first due to M. Ishikawa and M. Wakayama in [16])
is reminiscent of the Cauchy-Binet Formula for determinants, and sometimes goes

under the name of Minor Summation Formula.

Theorem 18 (The Pfaffian Cauchy-Binet Formula). Suppose L < N and that

L =2K and N = 2M. Let A be an N x N antisymmetric matrix and let C be an
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L x N matriz. Then

Pf(CAC") = > Pf(tAt)det(Ct).
tL /N

Proof. Suppose V is a rank N free R-module with basis {7, ..., ¥y}, and suppose
W is a rank L free R-module with basis {&@,...,7.}. Let « € A’V be the
antisymmetric form associated with A, and let 5 € A’W be the antisymmetric

form associated with CAC”. By Corollary [6]

v =Y (i|CACT|j) @ Ay =Y (i Alj) (Cai) A (C),
i<j 1<j

and so by the Theorem along with Theorem [13]

ANK
% = Y PHtAY) (Ciiy) A~ A (Ciiy) = Y PEEAL) det(C) @ A -+ Ay,
' tL /N tL /N

O

The exterior algebra gives a particularly convenient expression for the Pfaffian

of the sum of two antisymmetric matrices.

Theorem 19 (Pfaffian Summation Formula). Suppose A and B are antisymmetric

2N x 2N matrices. Then

PIA+B)=>_ sgn(t)Pf(tAt)Pf({ BY)
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Proof. Let o and 3 be the 2-forms corresponding to A and B, respectively. By

Theorem [15]
L(Oé—i-ﬁ)N ILXN: N Oé/\k /\ﬁ/\(ka)
N! Nl &=\ k
N
_ Lk 1 A(N—k)
‘Z{k'“ }A{w—kﬂﬁ
k=0
N
=Y 9 > Pi(tAté p A > Pi(tBY)é
k=0 | t:2k 2N t2N—2k /2N
N
=Y ) sen(t)PI(tAYPI({BY)e,
k=0 t:2k 2N
as desired. O

The Jacobi Minor Inverse Formula

For general matrices, the Jacobi Minor Inverse formula expresses a
relationship between the determinant of a minor of the matrix, and the determinant
of the complementary minor of the inverse transpose of the matrix. For invertible
antisymmetric matrices, a similar identity can be obtained involving the Pfaffians of
minors of the matrix.

Forany 1 < ¢ < j < 2N, let 7;; : 2 / 2N denote the increasing function
1 +— 4,2 + j, and let 7;; denote the complementary index function. We define the

Pfaffian cofactor matriz of an antisymmetric matrix A by

)
—sg0( Ty ) PE(T), AT ), ifm<n

m,n m,n

(m[Aln) = sg0(Tm ) PE(Ty 1 AT ) if m > n,

n,m

0, ifm=n
\
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In particular, the cofactor matrix is the antisymmetric matrix whose (m, n)-entry is
given as the signed Pfaffian of the (2/V —2) x (2N —2) minor formed by deleting the

mth and nth rows and columns.

Theorem 20 (The Pfaffian Jacobi Minor Inverse Formula). Let A be the Pfaffian

cofactor matrix of a 2N x 2N antisymmetric matric A. Then
AA = Pf(A)Ly.

Moreover, if Pf(A) # 0, then
1

A= _——A.
PE(A)

Proof. By the Laplace Formula, for any 1 <n < 2N,

n—1

Pf(A) = sg0(Ton)(m|A|n)PE(7), A7), )

m=1

+ Y sgn(rm) (n|Alm)Pt(r, AT, )

m=n+1

—_

3

—(m|Aln){m[Aln) + ) (n|Alm){m[Aln)

m=n+1

[z il

(n|Alm)(m[Aln)

o 3
=1

=Y (n|AA|n)

3

Hence, the diagonal elements of AA are all equal to Pf(A). All that remains is to
show that the off-diagonal elements vanish.
To do so, consider the matrix B obtained by replacing the nth row of A with

the /th row of A, and then by replacing the nth column of the resulting matrix
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with the /th column of that matrix. Since B has two identical columns, then
det(B) = 0, and hence, Pf(B) = 0.
Note that (n|B|¢) = 0, and that (n|B|m) = (¢|B|m) and (m|B|n) = (m|An)

for any m # ¢,n. Thus, by the preceding argument,

0=PfB) =Y (nBlm)(m|Bln) = > (nBlm)(m|Bln) = > ((|Alm)(m|Aln)
1 mALn mn
as desired. O

The Sylvester Identities

The following identities are sometimes referred to as the Schur Formulas for

partitioned matrices.

Theorem 21 (The Determinant Sylvester Identity). Suppose B is an N x L matric

and C is an L x N matriz. Then

det(IN + BC) = det(IL + CB)

Proof. Consider the (N + L) x (N + L) block matrix

I, 0O I -C I, -C I,+CB —-C| |I, 0

B Iy| |0 Iy+BC B Iy 0 Iy B Iy

Taking determinants of the left and right side above, and noting that the
determinant of a block triangular matrix is the product of the determinants of the

diagonal blocks, gives the desired result. O]
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Theorem 22 (The Pfaffian Sylvester Identity). Suppose A is a 2N x 2N
antisymmetric matriz, that Z is a 2K x 2K antisymmetric matrixz, and that B is

a 2N X 2K matriz. If A and Z are invertible, then

Pf(Z~' + BTAB) Pf(A~!+ BZBT)

Pf(Z-1) B Pf(A-1)

Proof. Consider the block matrix products

Iy 0 At B Ly ATB At 0
BTA ILy| |-BT Z! 0 IDg 0 Z'+BTAB
and _ _
Ly —BZ A1 B Iy 0 A1 + BZB7” 0
0 Ly -BT Z7'| |ZB? I,k 0 VA

By Theorem [I4] the Pfaffian of the left sides of both equations above are equal, and
so the Pfaffians of the right sides of both equations above must be equal as well. By

the Laplace formula,

Pf(A"Y)Pf(Z™' + B'AB) = Pf(A~!' + BZB")Pf(Z ™)

Dividing both sides above by Pf(A~!) and Pf(Z~!) gives the desired result. O
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The Wick Formulas

The Wick Formulas (which are also known as the Isserlis Formulas in
probability literature) provides a combinatorial method for computing higher
order derivatives of multivariate exponential functions. A detailed treatment of
the origin and application of the Wick formulas can be found in [25] and [14]. In
the study of probability and statistics, the Wick formulas are used to calculate the
mixed moments of multivariate Gaussian distributions. The Wick formulas also
find frequent application in particle physics and quantum field theory, where they
are used to express correlations in many-body problems as a sequence of pairwise
interactions. Historically, the Wick formulas take one of two forms (either bosonic
or fermionic), depending on whether the particles in the underling physical system
obey the Pauli exclusion principle, and hence, whether the relevant equations
contain commuting variables, in the bosonic case, or anticommuting variables, in

the fermionic case.

The Bosonic Wick Formula

The Bosonic Wick Formula expresses the moments of a multivariate Gaussian
variable in terms of its covariance matrix. Let X be a centered, multivariate
Gaussian N-vector, with density du™ (x) = Cexp (—ixTE{'x) dVx on RV (where
Yy is the covariance matrix for X). For n € N, let fi,..., f, be linear forms

in z1,...,xy (so that fi... f, is a homogeneous polynomial of degree n). Define

(f) = [ fdu(x). Then

0, if n is odd,
<f1 R fn> =
Haf ((fif;)), if nis even.
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Here, the Hafnian, Haf(S), of a symmetric n X n matrix S of even order n = 2N is

Haf(S) = Z So()o(2) *** So@N_1).0(2N)-

o€Sh(AN)

Of course, there is obvious similarity between the Hafnian of a symmetric matrix
and the Pfaffian of an antisymmetric matrix, where the Hafnian is simply the
Pfaffian with the signature of the permutation omitted. Remarkably, this omission
makes the Hafnian, in practice, significantly more difficult to compute!

To see why the Bosonic Wick formula holds, define a random n-vector Y
by ¥; = fi(X) and let A be the matrix so that Y = AX. Then (f;--- f.) =
E[Y; ---Y,]. Since X is multivariate Gaussian with covariance matrix Ky, then Y
is also multivariate Gaussian, with covariance matrix Ky = AKxAT. Thus, the

moment-generating function my (t) of Y is given by
]' /
Elexp(t-Y)] =exp §t Syt ).

Assuming n = 2N, expand the nth order terms of both sides:

1
E t-Y)"| = t'ESyt)".
[n' ( ) } 2nn! (€2vt)
Matching the ¢, ...t, terms gives
EY:... Yt ta=| Y ENoq)Yeel  EYow1Yow] |t to,

o€Sh°(AN)

as desired
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The Berezin Integral

In the following section, it is best to view the exterior algebra as an
anticommuting analogue of a polynomial algebra Rz, ..., x,|, rather than as an
extension of an R-module. To emphasize this change in perspective, we adopt the
following notation. Let n = {ny,...,nnr} be an ordered set of N L anticommuting
variables, let R be a commutative ring with unity, and let /\(n) be the R-algebra
generated by these variables. We can, of course, identify /\(n) with /\zV, where V
is a free R-module of rank N L with basis {m,...,nn5}.

For each i, define 9/0n; to be the left anti-derivation given by

0
1 0;
amﬁk k
0
2. 1=
on; 0
B} dar 03 B
. = —1)P h P "P(n).
3 o (ap) amﬁ +(-1) Gy Where a € Nic(n) and 8 € N "(n)

Alternatively, 0/0n; acts on a word in the 7; by moving n; to the leftmost position
(with sign) and deleting it.
The Berezin (or Grassmann) integral of a linear function f of one

anticommuting variable is defined by

JEL )b = 250

And the Berezin integral of a polynomial f in n anticommuting variables

M, - ..,y is defined by

0
/f(771,--->77n)d771---d77n—a—nn-- o —— (s )
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Let nT denote the row vector [m

m ). For any anti-symmetric matrix A, the
associated 2-form w is given by

1T
= T A,
w 277 n

And conversely, given any alternating 2-form w, the associated antisymmetric
matrix A is given by

Aij = /wdm d’f]J

Like the classic integral, there is a change-of-variables formula for the Berezin
integral. Let B be an invertible N x N matrix and define anticommuting variables
9 - (91, e

,0n) by 6 = Brn. Then for any polynomial f in n anti-commuting
variables 6,

/ £(6) d6 = det(B) / F(B()) dy

which follows from the observation that 6; = BTn; and

01O = (BTm) - (Bl ) = det(B) 1w

The Fermionic Wick Formula

Now, suppose w € /\2V, and let A be the associated antisymmetric matrix. If

A is invertible, we may define the “fermionic Gaussian probability measure” dju(n)
by

1
du(n) = Cexp <§nTA_177) dn, where C' is such that /du(n) =1.

Forn € N,let fi,..., f, be linear forms in 7,

..,mn (so that fi...f,is a
homogeneous polynomial of degree n). Note that if n > N, then f;---f, = 0
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To emphasize the connection between the Fermionic and Bosonic Wick Formulas,

define the anticommuting ‘expectation’ operator (f) by

(1 = [ s duto)

The fermionic Wick formula can then be stated as

0, if n is odd,
Pt ((fif;)), ifniseven.

In the special case when f; = 7 for 1 < ¢ < 2k and an increasing function

t: 2k 7 2N, then the Wick formula can be stated as

. . 3 o 1 , N—k
(fi-+ for) = m /T]texp (inTA n) dn = m/ﬁt (§T]TA 77> dn.

But this, it turns out, is simply an equivalent formulation for the Jacobi Minor
Inverse Formula in Theorem [20] In fact, each of the other Pfaffian identities in
this section can be expressed using the Berezin integral. The following theorem

summarizes this correspondence, with proofs adapted from those which appear in

5.

Theorem 23 (Berezin Integral Formula for Pfaffian Identities). Let R be a
commutative ring with unity and let A be a 2N x 2N antisymmetric matriz over

R. Then
1. (The Gaussian Integral)

1
/exp (577TA77) dn = PfA.
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. (Pfaffian Summation Formula) If A is an invertible 2N X 2N antisymmetric
matriz and X\ = [\ .. don ] are anticommuting variables not contained in

/\(n), then
1 1
/exp (57]TA77 + )\T77> dn = (PfA)exp <§)\TA_1/\) )

. (The Laplace Formula) For any t:k / 2N we have

1, 0, if k is odd,
/meXp (577 An) dn =
sgn(H)PI(YAY), if k is even.

. (The Jacobi Minor Inverse Formula) For any t : k / 2N, if A is invertible,

then

1, 0, if k is odd,
/mexp <§n An) dn =
(PIA)PE (tA~Tt), if k is even.

. (The Cauchy-Binet Formula) More generally, for any k x 2N matriz C over

R,

1
/(Cn)l ... (Cn)rexp (577TA77) dn
0, if k is odd,

Z sgn(t) det(tCt)Pf (YAL), if k is even.
tk /2N

7



and if A is invertible, then

1

. 0, if k is odd,
J©nmiCaesn (Gr7an) dn=

(PTA)Pf (CATTCT), ifk is even.

Proof. For part (1), observe

1, B 0 1 (1 . )’“
exp (=n"An) dp=—-- =—S" = [ =TA
/ XPp (277 n) = B k§:1 1\ 7 AT

For part (2), we make the substitution n = 6 + A=t and note that as AT =

—0T X and A=T = —A~! then

' A =(0" + ANTATT)(AD + )
—0TAG + YA+ ATATAG+ ATA N

=0TAH — 2070 — NTAIA
Therefore, since the Berezin integral is translation invariant,

/exp (%nTAn + /\Tn) dn = / exp <% [HTAX —2\Tg — /\TA_l)\]
+ Ao+ ATATIA] ) df
:/exp (%QTAG) exp (%)\TA_I)\) do
=Pf(A)exp (%/\TA_I)\> :
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For part (3), compute

1 1
/ N exp (577TA77> dn = / 1t exXp (5775 (f’A’t’)m/) dn

1
=sgn(t) / ) eXp (5773 (f’Af/)m/) dny dny

=sgn(t)(—1)* P ( / T dm) ( / exp (%77? (f’Af’)ntI> dm)

=sgn(t)Pf(Y At').

For part (4), we first differentiate the result of part (b) with respect to

0 d _
Ta B, and then set A = 0.

ir

) )
N, O,

Pf(A) exp <1ATA1A)
2 A=0
0 0 j T
B /exp <§77 An+ A 7]) dn
1
:/ (/exp <§nTAn+ )\Tn) dn) dA¢
A=0
1
= / (/ exp ()\Tn) d X )exp (EWTATI) dn
A=0

1
= / 1 exp (577TA77> dn

A=0
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On the other hand,

0 0
o\, O\, A<D

1
= (PfA) /exp <§ATA1)\) d
A=0
1
= (PfA) / exp (gAf(tAt)U\t) d\
1
— (PfA) (—1)kk-1)/2 / exp (§A? (tAt)‘l)\t) d)

Pf(A) exp (%ATA_1A>

= (PfA) (—1)**=1/2pf (tA~'t)
= (PfA) (—1)MFD2(—1)2Pf (tA™TY)

= (PfA) Pf (tA™"t)

Finally, for part (5), observe

/(Cn) (Cﬂ)kexp< TA??) dn = Z ngﬂ )Chtoo (1) * Chtoo()

tk 2N 0€S),

1
'/nt(l)"'nt(k) exp <§77TA77) dn

= ) sgn(t) det(tCHPI(Y At)
tk, /2N

And when A is invertible,

1 0 0 . .
/(Cn)l-.-(Cn)keXp< n An) dn = o ---W/exp< An+A Cn) ( o

— 2 2 pi(A)exp (§ATCA-1CTA)]

A=0

=Pf(A)Pf(CA~TCT)
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Hyperpfaffian Identities

Before presenting the Hyperpfaffian analogues for the fermionic Wick
formulas, it will be useful to define a few important operations on the exterior

algebra, which act as extensions of familiar matrix operations.

Even and Odd Components of /\(n)

Let /A" (n) denote the subalgebra of /\(n) generated by all homogeneous
forms of even degree, let AN (n) denote the subalgebra of /\(n) generated by
all homogeneous forms of odd degree, and let /\ivgn(n) denote the subalgebra
of A (n) generated by all non-constant homogeneous forms of even degree.

Evidently,

/\< /\even @/\odd R@/\even )@/\Odd<77)

Minors of L-Forms

The first task is to extend the notion of matrix minors to arbitrary forms. For
each increasing function t : £~ NL with 0 < &k < NL, and for each w € /\L(n)
with w = >, A¢ 1, define w; € A*(n) by

Z Asns.

s:L M(k

That is, wy is the L-form obtained by evaluating w at n; = 0 for all ¢ outside the

range of t. Note that in the special case when L = 2, if w € /\2(77) is a 2-form
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with associated antisymmetric matrix A, then wy is the 2-form associated to the

antisymmetric matrix tAt, as defined previously.

The Exponentiation Map

As before, for any o € A" (n) with L > 1, we let exp(a) € /\(n) be given by
n

expl) = 30 G
k=1

Now, if a, 8 € /\L(n) with L > 1 even, then aff = fa, and so we may expand

(o + )™ using the binomial theorem:

(a+ B)" = (Z) ok,

k=0

Hence,

exp(a + ) = exp(a) exp(B).

Change-of-Basis

Suppose « € /\L(n) with

and that C is a K x NL matrix. We let C - a denote the L-form given by

C.-a= Z Ay C77t(1) T Cm(L)

tL/NL
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By Theorem [13] if K > L, then

C-a= Z Z A¢ det(uCt)n,. (4.2)
L/ NLw:L K
Observe that if @ € /A*(5) with associated antisymmetric matrix A, then C - « is
the 2-form associated to the antisymmetric matrix CACT, as shown in Corollary @
More generally, if A € /\(n) is not homogeneous, we may define C - \ first on
the homogeneous components of A as above, and then extend linearly. We observe

now that for A € /\54(n), then
exp(C - \) = C - exp(N). (4.3)

The Hodge Dual

The discussion of the Hodge dual operator here follows R. W. R. Darling’s
treatment of the topic in [7]. Let (-|-) denote the symmetric inner product on V'
which is orthonormal with respect to the basis 7, and for each 1 < k < N L, extend

(+]+) to a symmetric inner product on /\(n) by

(fifor-- frlgrga - ge) = Opedet (<fi|gj>>ij:1 for fi, ..oy fir g - 90 € N'(n).

Let £ = {n|t:k " NL,0<k<k< NL} denote the basis for /\(). The Hodge

dual is the operator first defined on & by

«1 = sgn(t)ny where t: & /* NL (4.4)
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and then extended linearly to all of /\(n). Observe that for n, € € with t: & * NL,

then

(1), (4.5)

* kT =

In particular, this implies that the Hodge star operator is an involution on the
subalgebra /A" (n).
Now, using the formula for multiplication in the exterior algebra provided by

Theorem , if a, 8 € /\k(n), we see that the Hodge dual operator satisfies

a A (x5) = (a|B) 1. (4.6)

In particular,

a A (xa) = |o| "l

Suppose a € /\k(n) and 3 € /\NL_k(n). Then we have
aAf=(=1)NE=Rg A g,
Combining equations (4.5)) and (4.6 with the observation that (- |-) is symmetric,

(] * B) 1ot = A ¥ % 3
:(_1>k(NL—k)a /\ﬁ
=0 A«
:(_Uk(NLik) (Bl * a)nvol

=(=1)"MP (xa| B) .
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In particular, this shows that the Hodge star operator is self-adjoint when restricted

to the subalgebra /A" (n). That is,

(xa) N B = A (xf) (4.7)

for o, B € A" ().
Inverse Forms

For an invertible 2N x 2N antisymmetric matrix A, the Jacobi Minor Inverse

Formula from Theorem 20] states that

which shows that the entries of A can be expressed in terms of Pfaffians of minors

of A~!. Theorem 23| restates this result in terms of antisymmetric forms:

/ 1 exXp (%nTAn) dn = sgn(t)PL(YAt') = (PfA)Pf (tA™"t) t:2k 7 2N.

Alternatively, if w is the 2-form associated with A and w’ is the 2-form associated

with A~!, then

/m exp(w) dn = sgn(t)Pf(wy) = Pf(w)Pf(wy)

In particular, combining Theorem [23| with the definition of the Hodge star operator

in Equation [4.4] shows that

) exp(w) = xexp(w’).
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We now extend this notion of an inverse to forms of higher degree. Suppose
a, o € /\L(n) with PF(a) # 0. We say that o/ is an inverse form to « provided

that

PF(a) exp(a) = *[exp(a’)]. (4.8)

Just as the minors of the inverse to a matrix can be used to generate the entries
of the original matrix, the powers of the inverse form can be used to generate the
coefficients of the original form. But unlike the case when L = 2, when L > 2, the
condition PF(a) # 0 is not sufficient to guarantee the existence of an inverse form,

as the following example shows.

Ezample. Suppose |n| = 16, and define «, 3,7 € /\4(7)) by

Q= MmN2n3N4 + N5M6N7Ns + NoN10M11M12 + N13N14M15716

and

B = mnsnems y=a+p

Observe that as «a, 8 are even forms, then o = [a. Moreover, as [ shares a
variable with each term in the expansion of «, then af = 0. Finally, as § is a pure
form, then 3% = 0. Hence, for any n > 1, the binomial expansion of 7" = (a + 3)" is

given by

=t ar =3 (et =

k=0

and so

exp(7) = exp(a) + f.
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But note that PF(a) = PF(y) = 1 and that « satisfies

exp(a) = *xexp(a).

Thus, if v € A*(n) satisfies

exp(y) = xexp(v'),

then in particular,

1
04/25*(3)_5*(73)27/
which would imply that
a4B=v= () = (@) =a
Tyt Ty ’

a contradiction.

Hyperpfaffian Formulas

With the preceding conventions in hand, we now present Hyperpfaffian
analogues for the Laplace, Jacobi Minor Inverse, and Cauchy-Binet Formulas, as

well as the Sylvester Identity.

Theorem 24. Let R be a commutative ring with unity, let n = {n1,--- ,nyr} be a

collection of N L anticommuting variables, and let o, ( € /\L(n).

1. (The Laplace Formula)



2. (The Jacobi Minor Inverse Formula) If o/ € \"(n) is an inverse form for .,

then

exp(a sgn(t)PF(ay )n

k 1tkL "NL

3. (The Cauchy-Binet Formula) For any ML x N L matriz C over R with M <
N

)

exp(C - a) Z Z Z PF(ay) det(uCt)n,

k=1 tkL /NLukL /ML
4. (The Sylvester Identity) If L is even, if o/, € /\L(n) are inverse forms for

a,C, and if C is a NL x NL matriz, then

PF(('+C-a) PF('+C"-()
PF(¢)  PF(e)

Proof. Part (1) follows by relabeling indices according to t and applying Corollary
[ Part (2) then follows by combining part (1) with Equations [£.4] and while
part (3) follows by combining part (1) with Equations and [4.3]

For part (4), observe

exp(¢' 4 C - @) =exp(¢’) exp(C - @)
=exp(C" - () exp(a)

[xexp(C" - ()] exp(a)

p_U
=
o

—_

exp(C" - () [+ exp(a)]

g g
=3
TR

exp(CT - ) exp(a)

3
Lo

U
=

= exp(a/ + C* - (),

_U
=
&

020]
oo



where the first and sixth equalities follow from [4.1] the second from part (3) of this
theorem, the third and fifth from [£.8] and the fourth from [£.7] The result then
follows by using part (1) of this theorem to express the coefficients on term in the

exponential series as hyperpfaffians.

Hyperpfaffian Wick Formulas
The Berezin integral may also be used to restate the preceding identities in
the guise of Wick Formulas, analogous to Theorem [23|
Theorem 25 (Berezin Integral Formula for Hyperpfaffian Identities). Let R be a
commutative ring with unity, let nT = [m - a~xc] be a vector of NL anticommuting

variables, and let o« € N"(n). Then

1. (The Gaussian Integral)
/exp (o) dn = PF(a).
2. (The Laplace Formula) For any t: k /* NL we have

0, if LYk,
/ neexp (o) dn =
sgn(t)PF(aw), if L | k.
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3. (The Jacobi Minor Inverse Formula) For any t: k /' NL, if o has an inverse

form o, then

0, i LtE,
[ mesp @) dn =
PF(a)PF (o), if L | k.

4. (The Cauchy-Binet Formula) More generally, for any k x NL matriz C over

0, if L1k,

> ek o Sen(t) det(tCHPE (aw),  of L | k.

and if o has a inverse form o/, then

0, FLIE,
/ (C0)s ... (C)exp (o) dn =
PF(a)PF (C- o), ifL|k.
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