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Foreword

These notes correspond to the Advanced Course on Quasideterminants and
Universal localization that will take place from January 30 to February 10, 2007
at the Centre de Recerca Matematica (CRM) in Bellaterra (Barcelona). It is one
of the activities of the Research Programme on Continuous and Discrete Methods
on Ring Theory.

The Advanced Course is organized in three, largely independent, series of
lectures delivered by Professors Robert Lee Wilson and Vladimir Retakh both
from Rutgers University. The first series will concentrate on the topic of Quaside-
terminants, a non commutative approach to the determinants introduced by I. S.
Gelfand and V. Retakh. The aim of the theory of quasideterminants is to be an
organizing tool in noncommutative algebra. The second series of lectures Factor-
ization of noncommutative polynomials and noncommutative symmetric functions
as well as the third one on Universal localization will show this point of view.

We thank the lecturers for their effort in the preparation of these notes and
for having them on time to assure that the volume will be ready at the beginning
of the course. We believe it will be of great help to the participants.

We want to express our gratitude to the director and the staff of the CRM
who helped us in the organization of this course. We hope that this course will be
profitable to all the participants and that all of us will remember these days with
great pleasure.

Silvana Bazzoni
Universita di Padova

Dolors Herbera
Universitat Autonoma de Barcelona

Co-ordinators



The notes contained in this booklet were printed directly from files supplied by the
authors before the course.
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Introduction

The ubiquitous notion of a determinant has a long history, both visible and in-
visible. The determinant has been a main organizing tool in commutative linear
algebra and we cannot accept the point of view of a modern textbook [FIS] that
“determinants ... are of much less importance than they once were”.

The history of commutative determinants can be described by the following
quotation from Wikipedia.

“Historically, determinants were considered before matrices. Originally, a de-
terminant was defined as a property of a system of linear equations. The deter-
minant ”determines” whether the system has a unique solution (which occurs
precisely if the determinant is non-zero). In this sense, two-by-two determinants
were considered by Cardano at the end of the 16th century and larger ones by
Leibniz about 100 years later. Following him Cramer (1750) added to the theory,
treating the subject in relation to sets of equations. The recurrent law was first
announced by Bezout (1764).

“It was Vandermonde (1771) who first recognized determinants as indepen-
dent functions. Laplace (1772) gave the general method of expanding a determi-
nant in terms of its complementary minors: Vandermonde had already given a
special case. Immediately following, Lagrange (1773) treated determinants of the
second and third order. Lagrange was the first to apply determinants to questions
outside elimination theory; he proved many special cases of general identities.

“Gauss (1801) made the next advance. Like Lagrange, he made much use
of determinants in the theory of numbers. He introduced the word determinants
(Laplace had used resultant), though not in the present signification, but rather
as applied to the discriminant of a quantic. Gauss also arrived at the notion of
reciprocal (inverse) determinants, and came very near the multiplication theorem.

“The next contributor of importance is Binet (1811, 1812), who formally
stated the theorem relating to the product of two matrices of m columns and n
rows, which for the special case of m = n reduces to the multiplication theorem.
On the same day (Nov. 30, 1812) that Binet presented his paper to the Academy,
Cauchy also presented one on the subject. (See Cauchy-Binet formula.) In this he
used the word determinant in its present sense, summarized and simplified what
was then known on the subject, improved the notation, and gave the multiplication
theorem with a proof more satisfactory than Binet’s. With him begins the theory
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in its generality.

“The next important figure was Jacobi (from 1827). He early used the func-
tional determinant which Sylvester later called the Jacobian, and in his memoirs
in Crelle for 1841 he specially treats this subject, as well as the class of alternating
functions which Sylvester has called alternants. About the time of Jacobi’s last
memoirs, Sylvester (1839) and Cayley began their work.

Attempts to define a determinant for matrices with noncommutative en-
tries started more than 150 years ago and also include several great names. For
many years the most famous examples of matrices of noncommutative objects
were quaternionic matrices and block matrices. It is not suprising that the first
noncommutative determinants or similar notions were defined for such structures.

A. Cayley [C] was the first to define, in 1845, the determinant of a matrix
with noncommutative entries. He mentioned that for a quaternionic matrix A =
(Z; Z;z) the expressions aj1a22 — a12a21 and aj1a29 — agiaqe are different and
suggested choosing one of them as the determinant of the matrix A. The analog of
this construction for 3 x 3-matrices was also proposed in [C] and later developed in
[J]. This “naive” approach is now known to work for quantum determinants and
some other cases. Different forms of quaternionic determinants were considered
later by E. Study [St], E.H. Moore [Mo] and F. Dyson [Dy].

There were no direct “determinantal” attacks on block matrices (excluding
evident cases) but important insights were given by G. Frobenius [Fr] and I. Schur
[Schur] who introduced Schur compliments for such matrices.

A theory of determinants of matrices with general noncommutative entries
was in fact originated by J.H.M. Wedderburn in 1913. In [W] he constructed a the-
ory of noncommutative continued fractions or, in modern terms, “determinants”
of noncommutative Jacobi matrices.

In 1926-1928 A. Heyting [H] and A. Richardson [Ri, Ril] suggested analogs
of a determinant for matrices over division rings. Heyting is known as a founder of
intuitionist logic and Richardson as a creator of the Littlewood-Richardson rule.
Heyting tried to construct a noncommutative projective geometry. As a compu-
tational tool, he introduced the “designant” of a noncommutative matrix. The
designant of a 2 X 2-matrix A = (a,;) is defined as a1; — a12a2_21a21. The desig-
nant of an n X n-matrix is defined then by a complicated inductive procedure.
The inductive procedures used by Richardson were even more complicated. It is
important to mention that determinants of Heyting and Richardson in general are
rational functions (and not polynomials!) in matrix entries.

The idea to have non-polynomial determinants was strongly criticized by O.
Ore [O]. In [O] he defined a polynomial determinant for matrices over an imporatnt
class of noncommutative rings (now known as Ore rings).

The most famous and widely used noncommutaive determinant is the
Dieudonne determinant. It was defined for matrices over a division ring R by
J. Dieudonne in 1943 [D]. His idea was to consider determinants with values in
R*/[R*, R*] where R* is the monoid of invertible elements in R. The properties
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of Dieudonne determinants are close to those of commutative ones, but, evidently,
Dieudonne determinants cannot be used for solving systems of linear equations.

An interesting generalization of commutative determinants belongs to F.
Berezin [B, Le]. He defined determinants for matrices over so called super-
commutative algebras. In particular, Berezin also understood that it is impossible
to avoid rational functions in matrix entries in his definition.

Other famous examples of noncommutative determinants developed for dif-
ferent special cases are: quantum determinants [KS, Ma], Capelli determinants
[We], determinants introduced by Cartier-Foata [CF, F] and Birman-Williams
[BW], Yangians [MNO], etc. A relation of noncommutative determinants with
noncommutative generalization of the MacMahon Master Theorem can be found
n [KP]. As we explain later (using another universal notion, that of quasideter-
minants) these determinants and the determinants of Dieudonne, Study, Moore,
etc., are related to each other much more than one would expect.

In particular, one can formulate the following experimental principle:

e All well-known noncommutative determinants are products of a commuting
family of quasiminors (may be with a shift) or their inverses.

The notion of quasideterminants for matrices over a noncommutative divi-
sion ring was introduced in [GR, GR1, GR2]. Quasideterminants are defined in
the “most noncommutative case”, namely, for matrices over free division rings.
We believe that quasideterminants should be one of main organizing tools in non-
commutative algebra giving them the same role determinants play in commutative
algebra. The quasideterminant is not an analog of the commutative determinant
but rather of a ratio of the determinant of an n x n-matricx to the determinant
of an (n — 1) X (n — 1)-submatrix.

Another experimental principle says

e All commutative formulas containing a ratio of determinants have their
noncommutative analogues.

The main property of quasideterminants is a “heredity principle”: let A be
a square matrix over a division ring and (A4;;) a block decomposition of A (into
submatrices of A). Consider the A;;’s as elements of a matrix X. Then the quasi-
determinant of the matrix X will be a matrix B, and (under natural assumptions)
the quasideterminant of B is equal to a suitable quasideterminant of A. Since de-
terminants of block matrices are not defined, there is no analog of this principle
for ordinary (commutative) determinants.

Quasideterminants have been effective in many areas including noncommu-
tative symmetric functions [GKLLRT, GR3, GR4], noncommutative integrable
systems [RS, EGR, EGR1, Ha|, quantum algebras and Yangians [GR, GR1, GR2,
KL, Mol, Moll, MolR ], and so on [P, Sch, RSh, RRV]. Quasideterminants and
related quasi-Pliicker coordinates are also important in various approches to non-
commutative algebraic geometry (e.g., [K, KR, SvB, BR])

Many areas of noncommutative mathematics (Ore rings, rings of differen-
tial operators, theory of factors, “quantum mathematics”, Clifford algebras, etc)
were developed separately from each other. Our approach shows an advantage
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of working with totally noncommutative variables (over free rings and division
rings). It leads us to a large variety of results, and their specialization to different
noncommutative areas implies known theorems with additional information.

The price one pays for this is a huge number of inversions in rational non-
commutative expressions. The minimal number of successive inversions required
to express an element is called the height of this element. This invariant (inversion
height) reflects the “degree of noncommutativity” and it is of a great interest by
itself.

Our experience shows that in dealing with noncommutative objects one
should not imitate the classical commutative mathematics, but follow “the way
it is” starting with basics. In these series of lectures we concentrate on two prob-
lems: noncommutative Pliicker coordinates (as a background of a noncommutative
geometry) and the noncommutative Bezout and Viete theorems (as a background
of noncommutative algebra). We apply the obtained results to the theory of non-
commutative symmetric functions started in [GKLLRT].

We have already said that the universal notion of a determinant has a long
history, both visible and invisible. The visible history of determinants comes from
the fact that they are constructed from another class of universal objects: matrices.

The invisible history of determinants is related with the Heredity principle
for matrices: matrices can be viewed as matrices with matrix entries (block matri-
ces) and some matrix properties come from the corresponding properties of block
matrices. In some cases, when the matrix entries of the block matrix commute,
the determinant of a matrix can be computed in terms of the determinants of its
blocks, but in general it is not possible: the determinant of a matrix with matrix
entries is not defined because the entries do not commute. In other words, the
determinant does not satisfy the Heredity principle.

Quasideterminants are defined for matrices over division rings and satisfy
the Heredity Principle. Their definition can be specialized for matrices over a ring
(including noncommutative rings) and can be connected with different “famous”
determinants. This reflects another general principle:

e In many cases noncommutative algebra can be made simpler and more
natural than commutative algebra.

These lectures describe the first 15 years of development of this very active
area, and we hope that future work will bring many new interesting results.

The first ten years of the theory are described in [GGRW].

The paper is organized as follows. In Section 1 a definition of quasideter-
minants is given and the main properties of quasideterminants (including the
Heredity principle) are described.

In Section 2 we discuss an important example: quasideterminants of quater-
nionic matrices. These quasideterminants can be written as polynomials with real
coefficients in the matrix entries and their quaternionic conjugates.

As we already mentioned, mathematics knows a lot of different versions of
noncommutative determinants. In Section 3 we give a general definition of deter-
minants of noncommutative matrices (in general, there are many determinants of
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a fixed matrix) and show how to obtain some well-known noncommutative deter-
minants as specializations of our definition.

In Section 4 we introduce noncommutative versions of Pliicker and flag co-
ordinates for rectangular matrices over division rings and discuss some results
related to the theory of noncommutative double Bruhat cells for GL,,(R) devel-
oped in [BR] where R is a noncommutative associative division ring.

In Section 5 we present another approach to the theory of noncommutative
determinants, traces, etc., and relate it to the results presented in Section 3.

Some applications to noncommutative continued fractions, characteristic
functions of graphs, noncommutative orthogonal polynomials and integrable sys-
tems are given in Section 6.

We are very grateful to I. Gelfand who suggested to one of us (V.R.) in
1989 to study the very non-fashionable subject of noncommutative determinants
and proposed to start the theory by looking onto systems of linear equations over
noncommutative rings.






Chapter 1

General theory and main
identities

All rings considered in this paper are associative unital rings.

1.1 Definition of quasideterminants

Quasideterminants were defined by I. Gelfand and V. Retakh in 1991 by returning
to the “roots” of linear algebra, i.e. as a tool for solving system of linear equations
over noncommutative rings (cf. the approach by Cardano). We will present here
several definitions of quasideterminants starting with an approach suggested by
B. Osofsky twelve years later.

An n by n matrix A over a not necessarily commutative ring R has, in general,
n? quasideterminants, denoted |A|;;,1 < 4,7 < n. If |A|;; exists it is a rational
function in the entries of A. Here are several essentially equivalent definitions of
| Alis -

I. Definition of quasideterminant via Gaussian elimination (following B. Osofsky):
Let where Ij is the identity k& by k matrix. Suppose the matrix A can be
transformed into a matrix of the form

I,1 b
0 c
by a sequence of elementary row operations which do not interchange rows, which

do not multiply the n-th row by a scalar and which do not add add multiples of
the n-th row to any other row, i.e., by operations of the following forms:

e multiply each entry of the i-th row (where 1 < i < n) on the left by some
r € R and leave all other rows unchanged;

11
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e replace the i-th row (where 1 < ¢ < n) by the sum of the i-th row and the
j-th row (where 1 < j < n) and leave all other rows unchanged.

(These operations allow us to replace A by M A where M = [m;;] is an n by
n matrix with my, = d§;, for 1 <i < n.)

Then the quasideterminant |A|,,, exists and
| Al = c.

If P and @ are the permutation matrices corresponding to the transpositions (in)
and (jn) respectively and |[PAQ)|,y exists, then |Al;; exists and

|A|ij = ‘PAQ|nn

II. Definition of quasideterminants of A via the inverse of A: Suppose the matrix

A is invertible with inverse B = (b;;) and that bj; is invertible in R. Then the
quasideterminant |A|;; exists and

|Alij = b3

II1. Definition of quasideterminants of A via inverses of minors of A:

For 1 <i,j < n let AY denote the matrix obtained from A by deleting the
i-th row and the j-th column. Let r] denote the (row) vector obtained from the
k-th row of A by deleting the j-th entry and let s! denote the (column) vector
obtained from the I-th column of A by deleting the i-th entry. Assume that A% is
invertible. Then |Al;; exists and

|Alij = aij —r] (A7) s},
We will refer to this definition as the basic definition.

IV. Inductive definition of quasideterminant: If A = (a) is a 1 by 1 matrix define
|Al11 = a. Assume quasideterminants have been defined for n—1 by n—1 matrices
and that A = (a;;) is an n by n matrix. Using the notation of (3), assume that
each quasideterminant of A" exists and is invertible. Let C' denote the n — 1 by
n — 1 matrix with rows indexed by {k|1 < k < mn,k # i} and columns indexed by
{Ill <1< mn,l# j}and whose entry in the (k,l) position is [A¥];;'. Then the
quasideterminant |A[;; exists and

|Aij] = ai; — rsz;

Equivalence of these definitions:

In—l
0
matrices. Then if ¢ is invertible

Infl _b071 _ Infl 0
< 0 1 MA = 0 ¢

Suppose M A = i) where M is a product of appropriate elementary
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and so, ¢! is the entry (n,n) entry of A~L. This shows the equivalence of (1) and
(2).

A A
Ao1 Az

is an n — 1 by n — 1 matrix and assume that A;; is invertible, then

Inow 0\ (A7 0 g (T ATl A
A I 0 I 0 Agp— Ay AT A )

Since A1; = A", Aoy = ', Ajo = s, this shows the equivalence of (1) and (3).

n’

The equivalence of (3) and (4) now follows from (2).

If we write the n by n matrix A as the block matrix ( ) where A1,

If A is the 2 by 2 matrix (all aw) then we have
az1  a22

|Al11 = a11 — a12a5; as1,
|Al12 = a12 — (111002_11@227
|Al2o1 = as1 — axaiy ain,
|Al22 = a2 — a21a1_116l12‘

For the 3 x 3-matrix A = (a;5), 4,j = 1,2, 3, there are 9 quasideterminants.
One of them is

(1.1) Al = a11 — a12(az2 — azsazs aze) tasr — arz(aze — ass - ay3 aze) az

(1.2) — ar3(as — agzazy asz)”az — arz(ass — aze - agy ass)”las:.

One can see a pattern of “noncommutative continued fraction” in this for-
mula. We will explore this line later.

1.2 Comparison with the commutative determinants

Suppose A is a matrix over a commutative ring R. How is the quasideterminant
|A|;; related to det A?

It is well known that, if A is invertible, the (j,i) entry of A7l s
(—1)i*idet A Thus, in view of characterization (2) of |Al;; we have

det A

Al = (=1)"
[Alij = (=)™ =5
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1.3 Effect of row and column operations on quasideter-
minants

We now describe the effect of certain row and column operations on the values
of quasideterminants. This is useful for comparison with properties of determi-
nants over commutative rings and will also be used for some computations in later
lectures.

(i) The quasideterminant |A|,, does not depend on permutations of rows and
columns in the matrix A that do not involve the p-th row and the ¢-th column.

(ii) The multiplication of rows and columns. Let the matrix B = (b;;) be
obtained from the matrix A by multiplying the i-th row by A € R from the left,
ie., bj; = Aa;; and by; = ay; for

k # 4. Then

|Blij = A Al if k=1,
and
|Blkj = |Alg; if k # i and X is invertible.

Let the matrix C' = (¢;;) be obtained from the matrix A by multiplying the
j-th column by p € R from the right, i.e. ¢;; = a;jp and ¢;; = a;; for all ¢ and
I # j. Then

Clie = [Alsjn if 1 = j,
and
|Clie = |Alir if I # j and p is invertible.

(iii) The addition of rows and columns. Let the matrix B be obtained from
A by replacing the k-th row of A with the sum of the k-th and I-th rows, i.e.,
bkj = agj + aij, b,;j = Q5 for 4 7é k. Then

Let the matrix C' be obtained from A by replacing the k-th column of A with
the sum of the k-th and I-th columns, i.e., c;x = air + aiu, ¢ij = a;; for j # k.
Then
|A|”:|O|ZJ7 i:l,...7n, ,...,Z—l,f—l—l,...n.

1.4 Applications to linear systems

Solutions of systems of linear systems over an arbitraty ring can be expressed in
terms of quasideterminants.

Let A = (a;;) be an n X n matrix over a ring R.

Theorem 1.4.1.  Assume that all the quasideterminants |A|;; are defined and
invertible. Then the system of equations

anzi+- -+ amTy, =b;, 1<1<n
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has the unique solution

n
{El:Z‘A‘j_Zlbj 7;:1,.4.,’[1.
j=1

Proof: In view of characterization (2) of quasideterminants, the assumption that
every |Al; ; is defined and invertible implies that A is invertible. The result now
follows by using A~! to write the solution of the system and replacing the elements
of A~! by quasideterminants.

Cramer’s rule. Let A(b) be the n x n-matrix obtained by replacing the ¢-th column
of the matrix A with the column (by,...,by,).

Theorem 1.4.2. In notation of Theorem 1.1.1, if the quasideterminants |Al;; and
|A;(b)]s; are defined, then
|Alijz; = |A;(b)]i;-

1.5 Further properties of quasideterminants

In many cases it is more convenient to define quasideterminants for matrices whose
entries are indexed by two finite sets of the same cardinality n.

Denote those sets by I and J. Let A = (a;5), i € I, j € J. Suppose that
n > 2 and let AY be the (n — 1) x (n — 1)-matrix obtained from A by deleting the
i-th row and the j-th column. Then the basic definition for the quasidetrminant
| Alij is

Alij = aij = Y air (A7 |jri) " aje;.

Here the sum is taken over i/ € I~ {i}, j/ € J~ {j}.

It sometimes convenient to use another notation for quasideterminants by
boxing the leading element, i.e.

|A|”: Qjj

Note that according to our definitions, the quasideterminant | A|;; of a matrix
A over aring R is an element of R. The action of the product of symmetric groups
Sp X Spon I x J, |I| =|J| = n, induces the action of S,, x S,, on the the set of
variables {a;;}, i € I, j € J. The following proposition shows that the definition
of the quasideterminant is compatible with this action.

Proposition 1.5.1. For (0,7) € S,, x S, we have (0,7)(|Ali;) = |Als(iyrj)-
In particular, the stabilizer subgroup of |Al;; under the action of S, x S, is
isomorphic to S, 1 X Sp_1.
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Proposition 1.2.4 shows that in the definition of the quasideterminant, we do
not need to require I and J to be ordered or a bijective correspondence between
I and J to be given.

If A is a generic n X n-matrix (in the sense that all square submatrices of A
are invertible), then there exist n? quasideterminants of A. However, a non-generic
matrix may have k quaisdeterminants, where 0 < k < n?. Example 1.2.3(a) shows
that each of the quasideterminants |A|11, | 4|12, |A|21, |Al22 of a 2 x 2-matrix A is
defined whenever the corresponding element ass, a1, a1z, aip is invertible.

Remark. The definition of the quasidereminant can be generalized to define |A|;;

for a matrix A = (a;;) in which each a;; is an invertible morphism V; — V; in an

additive category C and the matrix AP? of morphisms is invertible. In this case

the quasideterminant |A[,, is a morphism from the object V; to the object V.
Recall that if the elements a;; of the matrix A commute, then

det A

[Alpg = (~1)pro 0

This example shows that the notion of a quasideterminant is not a general-
ization of a determinant over a commutative ring, but rather a generalization of
a ratio of two determinants.

We will show in Section 3 that similar expressions for quasideterminants can
be given for quantum matrices, quaternionic matrices, Capelli matrices and other
cases listed in the Introduction.

In general quasideterminants are not polynomials in their entries, but (non-
commutative) rational functions. Very interesting properties of these rational func-
tions will be discussed in other series of these lectures.

In the commutative case determinants are finite sums of monomials with
appropriate coefficients. As is shown in [GR1, GR2], in the noncommutative case
quasideterminants of a matrix A = (a;;) with formal entries a;; can be identified
with formal power series in the matrix entries or their inverse. A simple example
of this type is described below.

Let A = (a;5), t,j =1,...,n, be a matrix with formal entries. Denote by I,
the identity matrix of order n and by I';, the complete oriented graph with vertices
{1,2,...,n}, with the arrow from i to j labeled by a;;. A pathp:i — k; — ks —

- — k; — j is labeled by the word w = a;g, Gk, kyCkoks - - - Ckyj-

Denote by P;; the set of words labelling paths going from 4 to j, i.e. the set
of words of the form w = @ik, Gk by Ahoks - - - Ak, - A simple path is a path p such
that ks # i, j for every s. Denote by P;; the set of words labelling simple paths
from i to j.

Let R be the ring of formal power series in x;; over a field. From [Co], Section
4, it follows that there is a canonical embedding of R in a division ring D such
that the image of R generates D. We identify R with its image in D.
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Proposition 1.5.2. Let i,j be two distinct integers between 1 and n. The rational
functions |I, — Alg, |1, — A|i_j1 are defined in D and

[In — Al =1- Z w, |1'an|;]-1: Z w.

weP/; wE Py

Example. For n =2,

_ p
I — Alin=1—a1 — E (12055021 .
p>0

For some matrices of special form over a ring, quasideterminants can be
expressed as polynomials in the entries of the matrix. The next proposition shows
that this holds, in particular, for the so-called almost triangular matrices. Such
matrices play am important role in many papers, including [DS, Ko, Gi].

Proposition 1.5.3. The following quasideterminant is a polynomial in its entries:

ay; aiz aiz ...

—1 asy a23 e a2n,
0 —1 asz ... asn, | = Q1n + E A1jy Qjy 41,55 Vjo+1,53 + - - Bj+1,m-
1<j1<ja < <jrp<n
0 e T
Remark. Denote the expression on right-hand side by

P(A). Note that (—1)""1P(A) equals to the determinant of the almost upper-
triangular matrix over a commutative ring. For non-commutative almost upper tri-

angular matrices, Givental [Gi] (and others) defined the determinant as
(—=1)"1P(A).

Example. For n = 3 we have

P(A) = a13 + ai1a23 + a12a33 + a11a22033.

1.6 General properties of quasideterminants

1.6.1 Two involutions (see [GR4]).

For a square matrix A = (a;;) over a ring R, denote by JA = A™! the inverse
matrix (if it exists), and by HA = (a;il) the Hadamard inverse matrix (a;so if
it exists). It is evident that if TA exists, then I2A = A, and if HA exists, then
H?A = A.
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Let A1 = (b;;). According to Theorem 1.2.1, b;; = |A|;Z1 This formula can
be rewritten in the following form.

Theorem 1.6.1. For a square matrix A over a ring R,
HI(A) = (|Al3)

provided that all quasideterminants |A|;; exist.

1.6.2 Homological relations (see [GR])

Let X = (x;;) be a square matrix of order n with formal entries. For 1 < k,l <n
let X* be the submatrix of order n — 1 of the matrix X obtained by deleting
the k-th row and the [-th column. Quasideterminants of the matrix X and the
submatrices are connected by the following homological relations.

Theorem 1.6.2. (i) Row homological relations:
—|Ali; - [A* |G = AL - |AYLY, s #d
(ii) Column homological relations:

— AN AL = AT ALy, t £

The same relations hold for matrices over a ring R provided the corresponding
quasideterminants exist and are invertible.

A consequence of homological relations is that the ratio of two quasideter-
minants of an n x n matrix (each being a rational function of inversion height
n — 1) actually equals a ration of two rational functions each having inversion
height < n — 1.

1.6.3 Heredity

Let A = (a;;) be an n X n matrix over a ring R, and let

A11 . Als
(1.6.2) A=
Agq ... Ags

be a block decomposition of A, where each A, is a k, x {; matrix, k1 +- -+ ks =
li +---+ 1, = n. Let us choose p’ and ¢’ such that k, = Iy, so that Ay is a
square matrix.

Let also X = (xp4) be a matrix with formal variables and |X|, 4 be the
p'¢’-quasideterminant of X. In the formula for |X|,, as a rational function in
variable x,, we can substitute each variable z,, with the corresponding matrix
Apq, obtaining a rational expression F'(Ap,). Let us note that all matrix operations
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in this rational expression formally make sense, i.e., in each addition, the orders
of summands coincide, in each multiplication, the number of columns of the first
multiplier equals the number of rows of the second multiplier, and each matrix
that has to be inverted is a square matrix. Let us assume that all matrices in
this rational expression for that need to be inverted, are indeed invertible over R.
Computing F'(A,,), we obtain an k, X [, matrix over R, whose rows are naturally
numbered by indices

(1.6.3) i=ki+-Fkya+1 . k4 kY
and columns are numbered by indices
(1.6.4) j=b+ o Flga+1, o b+ g

We denote this matrix by | X |, (A4).
Let us note that under our assumptions, k, = [y, so that | X[, (A4) is a
square matrix over R.

Theorem 1.6.3. Let the index i lies in the range (1.4.3) and the index j lies in the
range (1.6.4). Let as assume that the matriz | X |, o (A) is defined. Then each of
the quasideterminants |A|;; and || X|pq (A)]i; exist if and only of the other exists,
and in this case

(1.6.5) [Alij = || X prg (A)ls5-

Example 1. Let in (1.4.2) s =2,p' =¢ =1 and k; =1+ 1 = 1. Then formula
(80) becomes the inductive definition of the quasideterminant |A|;; (see Definition
1.2.5).

Example 2. Let
a11 @12 a1z ai4
A= a21 G222 Aa23 Q24
aszy az2 as3z as34
41 (42 43 Q44

A A
Axy Ao

ail a2 a3 aiq asy as2 azs as4
A = A = , Aoy = , Ago = .
" <a21 azz) P <a23 CL24> 2 <a41 Cl42> 2 <a43 a44)
Let us use formula (1.4.5) to find the quasideterminant |A|;3. We have
|X|12(A) = A1z — A1 Ay Agy

-1
_ (013 a14) [(G11 Q12 az1  as2 a3z 34
a23 (24 a1  Ga22 41 (42 a43 Q44
_ aiz — ... alqg — ...
a3 — ... a4 — ...

Take the decomposition A = ( ) of A into four 2 x 2 matrices, so that
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Denote the matrix in the right-hand side of this formula by <213 214) . Then

23 C24
|A|13 = ’(013 014> 7

€23 €24/ |5

C13 C14
=[G Sl
C23 C24

1.6.4 A generalization of the homological relations

or, in other notation,

Homological relations admit the following generalization. For a matrix A = (a;;),
iel,je J, and two subsets L C I, M C J denote by AXM the submatrix
of the matrix A obtained by deleting the rows with the indexes £ € L and the
columns with the indexes m € M. Let A be a square matrix, L = ({1,...,0;), M =
(mo,...,mg). Set M; = M ~ {m;},i=0,...,k.

Theorem 1.6.4. [GR1, GR2] For p ¢ L we have

k
D JARM Al = by,

=0

k
SIALY, - [AME = by,
=0

provided the corresponding quasideterminants are defined and the matrices

|A|;ﬁ_w |A|Znii are invertible over R.

1.6.5 Quasideterminants and Kronecker tensor products

Let A = (a;5), B = (bag) be matrices over a ring R. Denote by C = A® B
the Kronecker tensor product, i.e., the matrix with entries numbered by indices
(tr, 78), and with the (i, j5)-th entry equal to cja,j3 = aijbags-

Proposition 1.6.5. If quasideterminants |Al;; and |Blag are defined, then the
quasideterminant |A ® Bliqa,jg is defined and

|A® Blia,js = |Alij| Blag-

Note that in the commutative case the corresponding identity determinants
is different. Namely, if A is a m x m-matrix and B is a n X n-matrix over a
commutative ring, then det(A ® B) = (det A)"™(det B)™.
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1.6.6 Quasideterminants and matrix rank
Let A = (a;;) be a matrix over a division ring.

Proposition 1.6.6. If the quasideterminant |A|;; is defined, then the following
statements are equivalent.

(i) [Ali; =0,
(i) the i-th row of the matriz A is a left linear combination of the other rows of
A;

(iii) the j-th column of the matriz A is a right linear combination of the other
columns of A.

Example. Let 4,5 = 1,2 and |A|1; = 0, ie., a11 — a12a2_21a21 = 0. Therefore,
ai1 = a1, where \ = a12a521. Since aja = (alzag;)agg, the first row of A is
proportional to the second row.

There exists the notion of linear dependence for elements of a (right or left)
vector space over a division ring. So there exists the notion of the row rank (the
dimension of the left vector space spanned by the rows) and the notion of the
column rank (the dimension of the right vector space spanned by the columns)
and these ranks are equal [Ja, Co]. This also follows from Proposition 1.6.6.

By definition, an r-quasiminor of a square matrix A is a quasideterminant of
an r X r-submatrix of A.

Proposition 1.6.7. The rank of the matrix A over a division algebra is > r if and
only if at least one r-quasiminor of the matriz A is defined and is not equal to
zero.

1.7 Basic identities

1.7.1 Row and column decomposition

The following result is an analogue of the classical expansion of a determinant by
a row or a column.

Proposition 1.7.1. Let A be a matrixz over a ring R. For each k # p and each { # q
we have

|Alpg = apq — Zapj(‘Ap”kj)_lij‘kqv
J#q

|Alpg = apq — Z | A% i (| AP ]i0) ™ g,
1#p

provided all terms in right-hand sides of these expressions are defined.
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As it was pointed out in [KL], Propostiion 1.7.1 immediately follows from
the homological relations.

1.7.2 Sylvester’s identity

Let A = (4;5),i,j = 1,...,n, be a matrix over a ring R and Ay = (a;;),%,j =
1,...,k, a submatrix of A that is invertible over R. For p,gq=k+1,...,n set
alq
Cpg = AO
Akq
ap1 ... Apk Gpq »q
These quasidetrminants are defined because matrix Ag is invertible.
Consider the (n — k) x (n — k) matrix

C=(cp), pa=k+1,....,n
The submatrix Ag is called the pivot for the matrix C.

Theorem 1.7.2. (see [GR]) Fori,j=k+1,...,n,

|Alij = |Cli

The commutative version of Theorem 1.7.2 is the following Sylvester’s theo-
rem.

Theorem 1.7.3. Let A = (a;5),%,j = 1,...,n, be a matriz over a commutative
ring. Suppose that the submatriz Ag = (a;j),%,j =1,...,k, of A is invertible. For
pg=k+1,...,n set

Cqu
~ _ A N
bpq = det 0 ,
akq
Ap1 -+ Qpk  Qpg

B= (b)) pra=k+1,....n.

Then

det B
det A= — 2
¢ (det Ag)n—F-1

Remark 1. A quasideterminant of an n X n-matrix A is equal to the corresponding
quasideterminant of a 2 x 2-matrix consisting of (n — 1) x (n — 1)-quasiminors of
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the matrix A, or to the quasideterminant of an (n — 1) x (n — 1)-matrix consisting
of 2 x 2-quasiminors of the matrix A. One can use any of these procedures for an
inductive definition of quasideterminants. In fact, Heyting [H] essentially defined
the quasideterminants |A|,, for matrices A = (a;;), 4,7 = 1,...,n, in this way.

Remark 2. Theorem 1.7.2 can be generalized to the case where Ag is a square
submatrix of A formed by some (not necessarily consecutive and not necessarily
the same) rows and columns of A. In particular, in the case where Ay = (a;;),1,j =
2,...,n— 1, Theorem 1.7.2 is an analogue of a well-known commutative identity
which is called the “Lewis Carroll identity” (see, for example, [Hol).

1.7.3 Inversion for quasiminors

The following theorem was formulated in [GR]. For a matrix A = (ay;), i € I,
j € J, over aring A and subsets P C I, Q C J denote by Apg the submatrix

APQ:(aaﬁ)7 O[GP, ﬁeQ

Let |I] = |J| and B = A~! = (b,). Suppose that |P| = |Q).
Theorem 1.7.4. Let k ¢ P, ¢ Q). Then

|[Apuiry.quieylke - IBnpngle = 1.
Set P =1~ {k},Q = J~ {¢}. Then this theorem leads to the already mentioned

identity
‘A‘kp . bgk =1.

Example. Theorem 1.7.4 implies the following identity for principal quasiminors.
Let A = (a;;), 4,7 = 1,...,n be an invertible matrix over R and B = (b;;) = A~
For a fixed k, 1 < k < n, set Ay = (ay5), 4,5 = 1,...,k and B®) = (b;),
i,j=k,...,n. Then

| Ay liok - [ B® s, = 1.

1.7.4 Multiplicative properties of quasideterminants

Let X = (2pq),Y = (yrs) be n X n-matrices. The following statement follows
directly from from Definition 1.2.2.

Theorem 1.7.5. We have

n
XY=V
p=1
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1.7.5 Cayley—-Hamilton theorem

Let A = (a;;),1,j = 1,...,n, be a matrix over a ring R. Denote by E,, the identity
matrix of order n.

Let ¢ be a formal variable. Set f;; = [tE,, — Al;; for 1 <i,5 <n. Then f;;(t)
is a rational function in ¢. Define the matrix function f;-j (t) by replacing in f;;(t)
each element a;; with the matrix a;; = a;; E,, of order n and the variable ¢ by the
matrix A. The functions f;;(¢) are called the characteristic functions of the matrix
A.

The following theorem was stated in [GR1, GR2].

Theorem 1.7.5. f,»j(A) =0 foralli,j=1,...,n.
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Important example:
quaternionic quasideterminants

As an example, we compute here quasideterminants of quaternionic matrices.

2.1 Norms of quaternionic matrices

Let H be the algebra of quaternions. Algebra H is an algebra over the field of real
numbers R with generators i, j, k such that i> = j2 = k% = —1 and ij = k, jk =i,
ki = j. It follows from the definition that ij + ji = 0, ik + ki = 0, jk + kj = 0.

Algebra H posseses a standard anti-involution a +— a: if @ = x + yi+ zj + tk,
z,y, 2t €R, then a = x — yi — 2j — tk. It follows that aa = 2% + 2 + 22 +t2. The
multiplicative functional v : H — Rx>( where v(a) = aa is called the norm of a.
One can see that a=! = D(aa) for a # 0.

We will need the following generalization of the norm v to quaternionic ma-
trices. Let M (n,H) be the R-algebra of quaternionic matrices of order n. There
exists a unique multiplicative functional v : M (n, H) — R such that

(i) ¥(A) = 0 if and only if the matrix A is non-invertible,

(i) If A’ is obtained from A by adding a left-multiple of a row to another
row or a right-multiple of a column to another column, then v(A’") = v(A).

(iii) v(E,) = 1 where E,, is the identity matrix of order n.

The number v(A) is called the norm of the quaternionic matrix A.

For a quaternionic matrix A = (a;;), ¢,j = 1,...,n, denote by A* = (a;;) the
conjugate matrix. It is known that v(A) coincides with the Dieudonne determinant
of A and with the Moore determinant of AA* (see [As] and Subsections 3.2-3.4
below). The norm v(A) is a real number and it is equal to an alternating sum
of monomials of order 2n in the a;; and a;;. An expression for v(A) is given by
Theorem 2.1.2 below.

25
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Let A = (a;j), t,j =1,...,n, be a quaternionic matrix. Let I = {i1,...,%z},
J = {j1,...,jr} be two ordered sets of natural numbers such that all i, and all
Jp are distinct. Set

210 = @iy Qigjy Qg - - - Qi B -
Denote by p1;(A) the sum of all zr j(A) such that ¢; = 4. One can easily see

that £;(A) is a real number since with each monomial z;7 ; it contains the conjugate
monomial §[7J =Zr,J, where I’ = {il, ik, Z'k,1 ey i2}7 J = {jk,jkfl, .o ,jl}.

Proposition 2.1.1. The sum p;(A) does not depend on i.

Example. For n = 1 the statement is obvious. For n = 2 we have

p1(A) = a11a21a22012 + 12022021011,

p2(A) = agea12a11G21 + A21G11012G22.

Note that for two arbitrary quaternions x,y we have zy + yz = 2R(zy) =
2R(yx) = yx + Ty, where R(a) is the real part of the quaternion a. By setting
T = a11d21, Y = G2d12 one see that pi(A) = pa(A).

Proposition 2.1.1 shows that we may omit the index 7 in u;(A) and denote it
by 1u(A).

Let A = (ai;), 4,5 = 1,...,n be a matrix. We call an (unordered) set of
square submatrices {A,..., A;} where A, = (ai;), ¢ € Ip, j € Jp a complete set
if I,NI,=J,NJy=0forall p+#qand Upl, =U,J, ={1,...,n}.

Theorem 2.1.2. Let A = (a;;), t,j =1,...,n be a quaternionic matriz. Then

p(A) = D (~D)PHE R (A L a(4),
where the sum is taken over all complete sets (A1, ..., Ap) of submatrices of A,
k; is the order of the matriz A;.

Example. For n =2 we have

v(A) = v(ai)v(age) + v(a12)v(az1) — (a11G21a22012 + a12G22021G11)-

Corollary 2.1.3. Let A be a square quaternionic matriz. Fiz an arbitrary i €
{1,...,n}. Then

v(A) = (=DM (Byu(By)
where the sum is taken over all complete sets of submatrices (By, B2) such that

By contains an element from the i-th row, k(B1) the order of By, and v(By) =1
if B = A.
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2.2 Quasideterminants of quaternionic matrices

This section contains results from [GRW1].

Let A = (as5) , 4,5 =1,...,n, be a quaternionic matrix. Let I = {i,...,ix}
and J = {j1,...,jkx} be two ordered sets of natural numbers 1 <iy,4a,...,ip <n
and 1 < j1, j2,..., 7% < n such that all ¢, are distinct and all j, are distinct. For

k=1 set mr j(A) = ay,;,. For k > 2 set
my,g(A) = Qiyjy Qg jo iy Tig o Qg - - - T Vi -
If the matrix A is Hermitian, i.e., aj; = a;; for all 7, j, then
My, (A) = @iy Wgin iy Vi igjis - - - Ujnin Vi -

To a quaternionic matrix A = (ap,), p,g =1,...,n, and to a fixed row index
¢ and a column index j we associate a polynomial in a,q, @p¢, which we call the
(4,7)-th double permanent of A.

Definition 2.2.1. The (4, j)-th double permanent of A is the sum

mig(A) =Y mrs(A),

taken over all orderings I = {i1,...,in}, J = {j1,-..,4n} of {1,...,n} such that
i1=tand j; =7 .
Example. For n =2

m11(A) = a12822021.

Forn=23

m11(A4) = a12G32a33023021 + A12822023G33031 + A13033032022021 + A13G23022032031 -

For a submatrix B of A denote by B¢ the matrix obtained from A by deleting
all rows and columns containing elements from B. If B is a k x k-matrix, then B¢
is a (n — k) x (n — k)-matrix. B¢ is called the complementary submatrix of B.

Quasideterminants of a matrix A = (a;;) are rational functions of elements
a;;. Therefore, for a quaternionic matrix A, its quasideterminants are polynomials
in a;; and their conjugates, with coefficients that are rational functions of a;;
always taking rational values. The following theorem gives expressions for these
polynomials.

Theorem 2.2.2 If the quasideterminant |A[;; of a quaternionic matrix is defined,
then

(2.2.1) v(AD)|Ali; =Y (=1)HB (B (B)
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where the sum is taken over all square submatrices B of A containing a;;, k(B) is
the order of B, and we set v(B¢) =1 for B = A.

Recall that the quasideterminant |A|;; is defined if the matrix A% is in-
vertible. In this case v(A%Y) is invertible, so that formula (2.2.1) indeed gives an
expression for |A|;;.

The right-hand side in (2.2.1) is a linear combination with real coefficients
of monomials of lengths 1,3,...,2n — 1 in a;; and a;;. The number p(n) of such
monomials for a matrix of order n is u(n) =1+ (n — 1)2u(n — 1).

Example. For n =2

V(G22)|A\11 = V(a22)al1 — 112022021 -

Forn=23

V(A Al = v(A™M)arr — v(ass)aia@azast — v(ass)ai2@szeaz —
— v(asz)ai3G3a21 — v(a22)a13G33031 + G12832a33023021+

+ @12022023033031 + A13G33032022021 + A1302302203203] -

The example shows how to simplify the general formula for quasideterminants
of matrix of order 3 for quaternionic matrices.

The following theorem, which is similar to Corollary 2.1.3, shows that the
coefficients in formula (2.2.1) are uniquely defined.

Theorem 2.2.3. Let quasideterminants |A|;; of quaternionic matrices are given by
the formula

E(AD)| Al = S (~ 1) B 1By (B)

and all coefficients £(C) depend of submatrix C only, then £(C) = v(C) for all
square matrix C.

Example. For n = 2 set a;; = 0. Then §(a22)a12a521a21 = @1222021. This implies
that £(a22) = Ggea22 = v(az).
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Noncommutative determinants

Noncommutative determinants were defined in different and, sometimes, not re-
lated situations. In this section we present some results from [GR, GR1, GR2,
GRW1] describing a universal approach to noncommutative determinants and
norms of noncommutative matrices based on the notion of quasideterminants.

3.1 Noncommutative determinants as products of
quasiminors

Let A = (ai;), 4,7 = 1,...,n, be a matrix over a division ring R such that all
square submatrices of A are invertible. For {i1,... i}, {j1,-..,7x} € {1,...,n}
define A'tidi-dk to be the submatrix of A obtained by deleting rows with
indices 41,...,%; and columns with indices ji,...,jr. Next, for any orderings
I=(i1,...,0n), J = (j1,.--,Jn) of {1,...,n} set

DI,J(A) = |A|i1j1 ‘Ailjl |i2j2 |14i1i2’j1j2 ‘izjs e Qi g

In the commutative case Dy, ;(A) is, up the the sign, the determinant of A.
When A is a quantum matrix Dy j(A) differs from the quantum determinant of A
by a factor depending on ¢ [GR, GR1, KL]. The same is true for some other non-
commutative algebras. This suggests to call D; ;(A) the (I, J)-predeterminants
of A. From the “categorical point of view” the expressions D; j(A) where I =
(i1,i,- - in), I = (ig,is,...,in,i1) are particularly important. We denote
Dy(A) =
D ;(A). It is also convenient to have the basic predeterminant

(3.1.1) A(A) = Dy12..n} {2301}

We use the homological relations for quasideterminants to compare different
Dy, j. Here we restrict ourselves to elementary transformations of I and J.

29
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Let I = (il,...,ip,ip+1,...,7:n) and J = (jl:---»jp:jp-ﬁ—l:w-»jn)- Set I' =
(ilv' "7Z.p+1aip7"'7i’n)7 ‘]/ = (jlv"~’jp+1’jp7"'ajn)' Set also

X = |A|i1,j1 ‘Ail’jl ‘i27j2 s ‘Ailmip_zyjl’m’jp_Q|

ip—1,Jp—1

— | AP lpt1sJ1se s dpt1 | . o
Y - |A P P ‘1p+25]p+2 e aln;]n’
— | At1-lpsd1sdp | .
U= |A ’ ’ p|2p+1,Jp+17
_ i1 dp—1%pt1,J1,0p|. .
w, = |A P p+1:71, p|2p,jp+17
| ALy Epsd1sedp—1] . .
wy = |A o P lips1sdpa
Proposition 3.1.1. We have
Dy y = —DI’JYfluflwgluuuY,

Dy y= —qul_lxilD],inluflwly

Let C' be a commutative ring with a unit and f : R — C be a multiplicative
map, i.e. f(ab) = f(a)f(b) for all a,b € R.

Let I = (i1,...,%n), J = (J1,...,Jn) be any orderings of (1,...,n). For an
element o from the symmetric group of n-th order set o(I) = (o(i1),...,0(in)).
Let p(o) be the parity of o.

Proposition 3.1.1 immediately implies the following theorem.

Theorem 3.1.2. In notations of Section 3.1 we have

F(Dy.(A)) = f‘(_l)P(al)+P(0'2)f(Do_(1>,O_(J)(A)).

It follows that f(Dy,;(A) is uniquely defined up to a power of f(—1). We call
f(D1..m,1..n)(A)) the f-determinant A and denote it by fD(A). Note that if f is
a homomorphism then f-determinant fD(A) equals to the usual determinant of
the commutative matrix f(A).

Corollary 3.1.3. We have

fD(AB) = fD(A) - fD(B).

When R is the algebra of quaternions and f(a) = v(a) = aa, or, in other
words, f is the quaternionic norm, then one can see that fD(a) is the matrix
quaternionic norm v(A) (see Section 2.1).

In Theorems 3.1.4-3.1.6 we present formulas for determinants of triangular
and almost triangular matrices. A matrix A = (a;;), ¢,j = 1,...,n, is called an
upper-triangular matrix if a;; = 0 for ¢ > j. An upper-triangular matrix A is
called a generic upper-triangular matrix if every square submatrix A consisting of
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the rows 47 <19 < --- <4 and the columns j; < jo < --- < ji such that i1 < ji,
t2 < J2, ..., ik < Ji, is invertible.

Theorem 3.1.4. Let A = (aq;), 1,7 = 1,...,n, be a generic upper-triangular matriz.
The determinants Dy, ,. 4, (A) are defined if and only if i1 = n. In this case

Dni2-~-i71,71(A) =
= . n,i2|—1 Qs | n,i2|, | ni27i2i3|—1 s | niQ,his‘, .
=app - |A jan  Qigis  [A in | A ign * Qizis A ign .-

J AMi2is . in tsiisein | =L | ATz din_1,i2is.in
iy,

inm InT*

lll par l’CulaI7
L — ( ) — - - -
n,n—1...2,1 41 annan ,nan 1,n 10n 1,n--- a n a110A1n-

A matrix A = (a;5), 4,7 = 1,...,n, is called an almost upper-triangular
matrix if a;; = 0 for ¢ > j + 1. An almost upper-triangular matrix A is called
a Frobenius matrix if a;; = 0 for all j # n and ¢ # j + 1, and aj4q; = 1 for
j=1,...,n—1.

Theorem 3.1.5. If A is invertible upper-triangular matrix, then

Dl,n,n—l...Z(A) = |A|1nan,n—1<ln—1,n—2 ... Q21

By Proposition 1.2.7, the determinant D1 ,, ,,—1...2(A) of an uppen-triangular
matrix A is polynomial in a;;.
Let p(I) be the parity of the ordering I = (i1, ...,iy)-

Theorem 3.1.6. If A is a Frobenius matriz and the determinant Dy(A) is defined,
then Dr(A) = (=1)P(D+1q,,,.

Now let R be a division ring, R* = R~ {0} the monoid of invertible elements
in R and 7 : R* — R*/[R*, R*] the canonical homomorphism. To the abelian
group R*/[R*, R*] we adjoin the zero element 0 with obvious multiplication, and
denote the obtained semi-group by R. Extend 7 to a map R — R by setting
7(0) = 0.

We recall here the classical notion of the Dieudonne determinant (see [D, A]).
There exists a unique homomorphism

det : M,,(R) — R

such that

(i) det A’ = fidet A for any matrix A’ obtained from A € M,,(R) by multi-
plying one row of A from the left by p;

(ii) det A” = det A for any matrix A” obtained from A by adding one row to
another;

(iii) det(F,) = 1 for the identity matrix E,,.
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The homomorphism det is called the Dieudonne determinant.

It is known that det A = 0 if rank(A) < n (see [A], Chapter 4). The next
proposition gives a construction of the Dieudonne determinant in the case where
rank(A) = n.

Proposition 3.1.7. Let A be an n X n-matriz over a division ring R. If rank(A) = n,
then

(i) There exist orderings I and J of {1,...,n} such that Dy j(A) is defined.

(ii) If Dy j(A) is defined, then the Diedonne determinant is given by the
formula det A = p(I)p(J)nw(Dr, 7(A)), where p(I) is the parity of the ordering I.

Note that in [Dr] Draxl introduced the Dieudonne predeterminant, denoted
der. For a generic matrix A over a division ring there exists the Gauss decomposi-
tion A = UDL where U, D, L are upper-unipotent, diagonal, and lower-unipotent
matrices. Then Draxl der(A) is defined as the product of diagonal elements in D
from top to the bottom. For nongeneric matrices Draxl used the Bruhat decom-
position instead of the Gauss decomposition.

Proposition 3.1.8. der(A) = A(A), where A(A) is given by (3.1.1).

Proof (for a generic A)Let y1,...,y, be the diagonal elements in D from top
to the bottom. As shown in [GR1, GR2| (see also 4.9), yj, = |A12-k-L12k=1)
Then deT(A) = y1y2 ... yn = A(A). O

Below we consider below special examples of noncommutative determinants.

3.2 Dieudonne determinant for quaternions

Let A = (a;5), i,j = 1,...,n, be a quaternionic matrix. If A is not inverstible,
then the Dieudonne determinant of A equals zero. By Proposition 3.1.7, if A is
invertible, there exist orderings I = (i1,...,%,), J = (j1,...,Jn) of {1,...,n} such
that the following expressions are defined:

Dy (A) = |Aliyj, |[AM iy 5y | AT 205250 ag g,

By Theorem 2.2.2, Dy ;(A) can be expressed as a polynomial in a,;; and @;; with
real coefficients.
In the quaternionic case the Dieudonne determinant D coincides with the
map
det : M, (H) — Rxg
(see [As]).

The following proposition generalizes a result in [VP].
Proposition 3.2.1 In the quaternionic case for each I, J we have
det A = I/(D[’J(A))l/2

(the positive square root).
The proof of Proposition 3.2.1 follows from the homological relations for
quasideterminants.
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3.3 Moore determinants of Herimitian quaternionic

matrices
A quaternionic matrix A = (a;5), 4,5 = 1,...,n, is called Hermitian if aj; = aj;
for all 4, j. It follows that all diagonal elements of A are real numbers and that the
submatrices A, 41212 are Hermitian.

The notion of determinant for Hermitian quaternionic matrices was intro-
duced by E. M. Moore in 1922 [M, MB]. Here is the original definition.

Let A = (ai;), ,j = 1,...,n, be a matrix over a ring. Let ¢ be a permutation
of {1,...,n}. Write o as a product of disjoint cycles. Since disjoint cycles commute,
we may write

g = (kll .. .kljl)(k‘gl .. .k2j2) e (,lﬂml .. 'k’mjm)

where for each 4, we have k;; < k;; for all j > 1, and ki1 > ko1 > -+ > k1. This
expression is unique. Let p(o) be the parity of o. The Moore determinant M (A)
is defined as follows:

(331) M(A) = Z p(o-)akn,klz o Ok by Qkgy koo - v s Qg Ko -
o€eSy

(There are equaivalent formulations of this definition; e.g., one can require k;; >
k;; for all j > 1.) If A is Hermitian quaternionic matrix then M(A) is a real
number. Moore determinants have nice features and are widely used (see, for
example, [Al, As, Dyl]).

We will show (Theorem 3.3.2) that determinants of Hermitian quaternionic
matrices can be obtained using our general approach. First we prove that for a
quaternionic Hermitian matrix A, the determinants D; s (A) coincide up to a sign.

Recall that A(A) = Dy p(A) for I = {1,...,n} and that A(A) is a pre-
Dieudonne determinant in the sense of [Dr]. If A is Hermitian, then A(A) is a
product of real numbers and, therefore, A(A) is real.

Proposition 3.3.1. Let p(I) be the parity of the ordering I. Then A(A) =
p(I)p(J)Dy,;7(A). The proof follows from homological relations for quasideter-
minants.

Theorem 3.3.2. Let A be a Hermitian quaternionic matrix. Then A(A) = M(A)
(see (3.3.1)).

Proof. We use the noncommutative Sylvester formula for quasideterminants (The-
orem 1.5.2).
For i,j =2,...,n define a Hermitian matrix B;; by the formula

air  aij
Bi]‘ - .
a1 Ay

Let bij = M(B”) and Cij = |Bij|11~



34 Chapter 3. Noncommutative determinants

Note that B = (b;;) and C = (c¢;;) also are Hermitian matrices. It follows
from (3.3.1) that M(A) = a2,"M(B). Note, that M(B) = a™,* M (C), therefore,
M(A) = annM(C).

By noncommutative Sylvester identity, |A]11 = |C|11, [A*]22 = |C a2, - ...
So,

|All|22|All|22 o |A12...n71,12...n71|n717n71 _

— ‘Cll|22|011‘22 . |012mn_1’12mn_1‘n—l,n—l-

The product on the left-hand side equals A(A)a;! and the product on right-hand

nn

side equals A(C), so A(A) = A(C)an, = M(A). O O

3.4 Moore determinants and norms of quaternionic ma-
trices

Proposition 3.4.1. For generic matrices A, B we have

V(A) = A(A)A(A) = A(AAY).

Since AA* is a Hermitian matrix, one has the following

Corollary 3.4.2. v(A) = M(AA*).

3.5 Study determinants

An embedding of the field of complex numbers C into H is defined by an image of
i € C. Chose the embedding given by x4 yi — x+yi+0j+ 0k, where x,y € R and
identify C with its image in H. Then any quaternion a can be uniquely written as
a = a+ jF where o, 3 € C.

Let M(n, F) be the algebra of matrices of order n over a field F. Define a
homomorphism 6 : H — M(2,C) by setting

0(a) = (g _@B) .

For A = (a;;) € M(n,H), set 6,(A) = (6(ai;)). This extends 6 to homomorhism
of matrix algebras
0, : M(n,H) - M(2n,C).

In 1920, Study [S] defined a determinant S(A) of a quaternionic matrix A of
order n by setting S(A) = det d,,(A). Here det is the standard determinant of a
complex matrix. The following proposition is well known (see [As]).
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Proposition 3.5.1. For any quaternionic matriz A

S(A) = M(AA®).

The proof in [As] was based on properties of eigenvalues of quaternionic ma-
trices. Our proof based on Sylvester’s identity and homological relations actually
shows that S(A) = v(A) for a generic matrix A.

3.6 Quantum determinants

Note, first of all, that quantum determinants and the Capelli determinants (to be
discussed in Section 3.7) are not defined for all matrices over the corresponding
algebras. For this reason, they are not actual determinants, but, rather, “determi-
nant-like” expressions. However, using the traditional terminology, we will talk
about quantum and Capelli determinants.

We say that A = (ai;),%,5 = 1,...,n, is a quantum matriz if, for some cen-
tral invertible element ¢ € F', the elements a;; satisfy the following commutation
relations:

aixaq = q ‘agay for k <1,
-1 . .
aikajr = q ajpa for i < j,
(3.6.1) aiajk = ajray for i < j k<l

;G5 — QjiGik = - q)aya;, for i < j k<l

Denote by A(n,q) the algebra with generators (a;;), 1,7 = 1,...,n, satisfy-
ing relations (3.6.1). The center of this algebra is the one-dimensional subspace
generated by the so called quantum determinant of A.

The quantum determinant det, A is defined as follows:

det qA = Z (7(])7“0)&10(1)(@0(2) - Qno(n)s
ocES,

where [(0) is the number of inversions in o.

If A is a quantum matrix, then any square submatrix of A also is a quantum
matrix with the same gq.

Note that the algebra A(n, q) admits the ring of fractions.

Theorem 3.6.1. ([GR, KL]) In the ring of fractions of the algebra A(n,q) we have
we have

det ;A = (—q) 7| Al;; - det (AY = (—q)" 7 det ;A" - | Al;;.
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Corollary 3.6.2. ([GR, KL]) In the ring of fractions of the algebra A(n,q) we have
det qA = |A|11|A11‘22 R 0 -

and all factors on the right-hand side commute.
An important generalization of this result for matrices satisfying Faddeev—
Reshetikhin-Takhtadjan relations is given in [ER].

3.7 Capelli determinants

Let X = (), 4,j = 1,...,n be a matrix of formal commuting variables and
X7 the transposed matrix. Let D = (0i5), 0i; = 0/0x;;, be the matrix of the
corresponding differential operators. Since each of the matrices X, D consists of
commuting entries, det X and det D make sense. Let us set X7 D = (f;;), so that
fij = 225, w10/ Oy

Let W be a diagonal matrix, W = diag(0, 1,2,...,n).

By definition, the Capelli determinant detcqp, of X TD — W equals to the
sum

> (D' fo 1 (Foz = o@2)2) - - (Fomyn — (0 = Ddo(ayn)-

o€S,
The classical Capelli identity says that the sum is equal to det X det D.
Set Z = XTD—1,,. It was shown in [GR1, GR2] that the Capelli determinant
can be expressed as a product of quasideterminants. More precisely, let D be the
algebra of polynomial differential operators with variables x;;.

Theorem 3.7.1. In the ring of fractions of the algebra D we have
|Z]11]1Z 22 - . . 2pn = det X det D

and all factors on the left-hand side commute.

It is known [We] that the right-hand side in the theorem is equal to the
Capelli determinant.

This theorem can also be interpreted in a different way.

Let A = (e;;), ©,j = 1,...n be the matrix of the standard generators of
the universal enveloping algebra U(gl,). Recall that these generators satisfy the
relations

[€ij, ert]) = jneq — Orien;.

Let E, be the identity matrix of order n. It is well known (see, for example,
[Ho]) that coefficients of the polynomial in a central variable ¢

det(I, +tA) = Z (—1)1(0)(50(1)1 +t60(1)1) . (50(n)n +t(eg(n)n — (n— 1)50(n)n))
oeS,

generate the center of U(gl,).
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Theorem 3.7.1 can be reformulated in the following way [GKLLRT].

Theorem 3.7.2 det(1,, + tA) can be factored in the algebra of formal power series
in ¢ with coefficients in U(gl,):

det(I, +tA |t teyy [P e~ ez
et(I, +tA) = (1+teq) teay il 1]
1+t(€11—n+1) teln
ten1 ‘1+t(emfn+1)‘

and the factors on the right-hand side commute with each other.

The above version is obtained by using the classical embedding of U(gl,,) into
the Weyl algebra generated by (x;;,0/0x;;), ¢,j = 1,...,n, where e;; corresponds
to

fij = Z T 0/ 0T,

k=1

3.8 Berezinians

Let p(k) be the parity of an integer k, i.e. p(k) = 0 if k is even and p(k) = 1 if k
is odd. A (commutative) super-ring over R° is a ring R = R @ R! such that

(i) a;a; € RPUHI) for any a,, € R™, m = 0,1,

(ii) ab = ba for any a € R°, b € R, and cd = —dc for any c,d € R!.

Let A = <)Z( 1;) be an (m + n) x (m + n)-block-matrix over a super-ring
R = R®R', where X is an m x m-matrix over R?, T is an n x n-matrix over R?,
and Y, Z are matrices over R!. If T is an invertible matrix, then X —YT~1Z is an
invertible matrix over commutative ring R°. Super-determinant, or Berezinian, of
A is defined by the following formula:

Ber A=det(X — YT 'Z)det T

Note that Ber A € RO.

Theorem 3.8.1 Let R be a field. Set J;, = {1,2,...,k}, k < m +n and A®) =
A7k:Je Then Ber A is a product of elements of RY:

Ber A = |A]11|AW gy .. |ATD |0 | AT |-

1 —1)1—1
m+1m+1""" |A(m+n )‘

m4n,m+n"
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3.9 Cartier-Foata determinants

Let A = (as5),4,j = 1,...,n be a matrix such that the entries a;; and ax; commute
when ¢ # k. In this case Cartier and Foata [CF, F] defined a determinant of A as

det CFA = Z (—1)l(g)a1(,(1)a20(2) -+ no(n)-
oeS,

The order of factors in monomials a14(1)026(2) - - - Gno(n) is insignificant.
Let C,, be the algebra over a field F' generated by (ai;), 4,7 = 1,...,n, with
relations a;jar = apaq; if © # k. Algebra C,, admits the ring of fractions.

Theorem 3.9.1. In the ring of fractions of algebra C,, let A = (as5), i, =1,...,n
be a matrix such that the entries a;; and ay; commute when i # k.

|Alpg = (—=1)P 0 det o (AP9) " det o A3.9.1

and all factors in (3.9.1) commute.

Corollary 3.9.2. In the ring of fractions of algebra C,, we have
detCF = |A|11|A11|22 e Qpn

and all factors commute.



Chapter 4

Noncommutative Plucker and
Flag Coordinates

Most of the results described in this section were obtained in [GRA4].

4.1 Commutative Pliicker coordinates

Let £k < n and A be a k X n-matrix over a commutative ring R. Denote by
A(iy, ..., 1) the k x k-submatrix of A consisting of columns labeled by the indices
i1,...,1g. Define p;,. 4, (A) := det A(iq,...,4x). The elements p;,. ;, (A) € R are
called Pliicker coordinates of the matrix A. The Pliicker coordinates p;,. i, (4)
satisfy the following properties:

(i) (invariance) pi,. 4, (XA) = det X - p;, . i, (A) for any k x k-matrix X over
R;

(i) (skew-symmetry) p;,. i, (A) are skew-symmetric in indices i1, ..., 4; in
particular, p;, 4, (4) = 0 if a pair of indices coincides;

(iii) (Pliicker relations) Let 41,...,ix—1 be k — 1 distinct numbers which are
chosen from the set 1,...,n, and ji,...,Jk+1 be k + 1 distinct numbers chosen
from the same set. Then

k
Z(_l)tpil-“ik—ljt (A)pj1<-~jt—1jt+1-~-jk+l (A) =0.

t=1

Example. For £ = 2 and n = 4 the Pliicker relations in (iii) imply the famous
identity

(4.1.1) P12(A)p34(A) — p13(A)p2a(A) + p23(A)p14(A4) = 0.

Historically, Pliicker coordinates were introduced as coordinates on Grass-
mann manifolds. Namely, let R = F be a field and Gy, the Grassmannian of

39
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k-dimensional subspaces in the n-dimensional vector space F". To each k X n-
matrix A of rank k we associate the subspace of F™ generated by the rows of A.
By the invariance property (i), we can view each Pliicker coordinate p;,. ,, as a
section of a certain ample line bundle on Gy ,, and all these sections together de-
fine an embedding of G, into the projective space PV of dimension N = (ﬁ) -1
In this sense, Pliicker coordinates are projective coordinates on Gy, .

4.2 Quasi-Pliicker coordinates for n x (n + 1)- and
(n + 1) X n-matrices

Let A = (aj5), ¢ = 1,...,n, j = 0,1,...,n, be a matrix over a division ring
R. Denote by A®) the n x n-submatrix of A obtained from A by removing the
k-th column and suppose that all A®) are invertible. Choose an arbitrary s €
{1,...,n}, and denote

0} (4) = |4V 1140,
Proposition 4.2.1. The element qE;)(A) € R does not depend on s. We denote the

common value of qgj) (A) by g;;(A) and call g;;(A) the left quasi- Pliicker coordinates
of the matrix A.

Proof. of Proposition 4.2.1 Considering the columns of the matrix A as n + 1
vectors in the right n-dimensional space R™ over R, we see that there exists a

nonzero (n + 1)-vector (z1,...,%,11) € R"T! such that
Zo
Al...|] =0.
T

This means that

Zo ay;
@Dz | =_— .
A z; | = a2y
Tn Qnj

Since all submatrices A® are invertible, cach z; is a nonzero element of R.
Cramer’s rule and transformations properties for quasideterminanats imply that
|AD) |z, = —|AD| ;2. Therefore,

(s) _ =11 4| . —1
(4.1) q;; (A) = |A(]>|si |A(l)‘sj = Ty

does not depend on s. O

Proposition 4.2.2. If g is an invertible n x n-matriz over R, then ¢;;(gA) = ¢;;(A).
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Zo
Proof. We have gA | ... | =0. Therefore, g;;(gA) = —xﬁc}l =gq;;(4). O O
Tn

In the commutative case, g;;(A) is a ratio of two Pliicker coordinates: g;;(A) =
ProGom/Pr g = det AG) /det AD).

Sirnilarlgr;';z\;é.deﬁne the right quasi-Pliicker coordinates r;;(B) for (n+1) x n-
matrix B = (bj;). Denote by B (%) the submatrix of B obtained from B by removing
the k-th row. Suppose that all B(*) are invertible, choose s € {1,...,n}, and set

riy (B) = [BO 5| BOL.
Proposition 4.2.3. (i) The element rgj)(B) does not depend of s.

Denote the common value of elements rgj)(B) by r:;(B).
(ii) If g is an invertible n X n-matriz over R, then ri;(Bg) = ri;(B).
In the commutative case, r;;(A) = det BY) /det B(").

4.3 Definition of left quasi-Pliicker coordinates. Gen-
eral case

Let A = (apg), p =1,...,k, ¢ =1,...,n, k < n, be a matrix over a division

ring R. Choose 1 < @,7,41,...,9k—1 < n such that ¢ ¢ I = {i1,...,ik_1}. Let

b

A(i,§yi1,. .. ik—1) be the k x (k + 1)-submatrix of A with columns labeled by
R A

Definition 4.3.1 Define left quasi-Pliicker coordinates ¢;;(A) of the matrix A by
the formula

45(A) = qi; (A6, j,in, - - yik—1)).
By Proposition 4.2.1, left quasi-Pliicker coordinates are given by the formula

a1iQ15; - Al A1jQ1,4y -+ Qlip_y
I _
Qij(A)_ :

kiQkiy -+ Okig_y |, QkjOkiy -+ Qkig_ sj

for an arbitrary s, 1 < s < k.

Proposition 4.3.2. If g is an invertible k X k-matriz over R, then quj (gA) = qf](A)
Proof. Use Proposition 4.2.2. O

In the commutative case quj = pjr/pir, where pa,. .o, are the standard
Pliicker coordinates.
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4.4 Identities for the left quasi-Pliicker coordinates
The following properties of qf] immediately follow from the definition.
1) quj does not depend on the ordering on elements in I;
(ii) ¢f; =0 for j € I;
(ii) qf; =1 and ¢f; - ¢f), = qfy.-
Theorem 4.4.1. (Skew-symmetry) Let N, |N| = k+1, be a set of indices, i,j,m €
N. Then

N~A{i,j N~{j,m N\{m,i
NG im}  N\(mi)

Theorem 4.4.2.(Pliicker relations) Fiz M = (mq,...,mi_1), L = (¢1,...,0). Let
i ¢ M. Then
Ny
>oaf aV =1
jeL
Examples. Suppose that & = 2.
1) From Theorem 4.4.1 it follows that

(0 i} Uy _ g

Q35" "4 "4y
In the commutative case, ql{f} = % so this identity follows from the skew-
symmetry p;; = —pji-

2) From Theorem 4.4.2 it follows that for any 1, j, ¢, m

e

In the commutative case this identity implies the standard identity (cf. (4.1.1))

Dij * Pem — Pit * Djm + Pim - Pej = 0.

{ey, {m}

Remark. The products p;;"pj;

% . g%) can be viewed as noncommutative cross-ratios.
it Pjm

To prove Theorems 4.4.1 and 4.4.2 we need the following lemma. Let A =
(aij), i =1,...,k, j=1,...,n, k < n, be a matrix over a division ring. Denote

by Aj, ... ¢ <n, the k x f-submatrix (a;;),i=1,...,k, j =j1,...,js Consider

the n X n-matrix
_ Al.“k AkJrl“.n
* *< 0 E.x )

(which in the commutative case are equal to
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where E,, is the identity matrix of order m.

Lemma 4.4.3. Let j < k <. If qzljjk(A) is defined, then |X|;; is defined and

(4.4.1) 1X]i; = _qgj..j...k(A).
Proof. We must prove that
(4.4.2) [ Xlij = —|A ]kzls_zl A1 ks

provided the right-hand side is defined. We will prove this by induction on ¢ = n—k.
Let us assume that formula (2.2) holds for [ = m and prove it for £ = m + 1.
Without loss of generality we can take j = 1,7 = k + 1. By homological relations
(Theorem 1.4.3)

Xk-‘rl,l —1 . |Xk+1,k+1‘sl

s,k+1

| X k41,1 = —|

for an appropriate 1 < s < k. Here

k411 _ (A2 k+1 Art2.m

0 En k1
hHLAHL Ak Agson
0 En—k—l
By the induction assumption
k41,1 -1
| XM gk = — Aoz kkrolyo - 1423 krals ket
E+1,k+1]  _ -1
[ XFFEE 0 = —| Aoz kiral; ppo - 141 ks
— .23k
and [X|k11,1 = —ppii- U U

To prove Theorem 4.4.2 we apply the second formula in Theorem 1.6.4 to

the matrix
(A Agtim
X= ( 0 En—k

for M = (k+1,...,n) and any L such that |[L| = n — k — 1. By Lemma 4.4.3,

| X e = fql"'é”'k(A), | XML, = fp},;'i}?\L(A), and Theorem 4.4.2 follows

from Theorem 1.6.4. O

To prove Theorem 4.4.1 it is sufficient to take the matrix X forn = k + 1
and use homological relations. 0

Theorem 4.4.4. Let A = (a;;), i =1,...,k, j=1,...,n, be a matriz with formal
entries and f(a;;) an element of a free skew-field F generated by a;j. Let f be
mwvariant under the transformations

A—gA
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for all invertible k x k-matrices g over F. Then f is a rational function of the
quasi-Pliicker coordinates.

Proof. Let b” = q;; for i,7 = 1,..., k. Consider the matrix B = (b;;). Then
B! = (1B} ). Set C = (ci;) = B~'A. Then

61'] fOI‘j < k‘,
Cii —
" qzj"l“'k(A) for j > k.
By invariance, f is a rational expression of ¢;; with j > k. a

4.5 Right quasi-Pliicker coordinates

Consider a matrix B = (bpg), p = 1,...,m;, ¢ = 1,...,k, k < n over a divi-
sion ring F. Choos 1<14,7, 21,.. Jig—1 < n such that J& T =(i1,...,0k-1)-
Let B(i,j,i1,--.,ik—1) be the (k + 1) x k-submatrix of B with rows labeled by
{ j7717"-7zk—1-

Definition 4.5.1 Define right quasi-Pliicker coordinates ri]j(B) of the matrix B by
the formula

T,LI](B) = T’ij(B(i,j,il, ceey ik—l))-
By Proposition 4.2.3, right quasi-Pliicker coordinates are given by the formula

—1

bz‘l N bik bjl RN bjk
T‘,LIJ(B): bill bilk . bill bilk
bik711 bik,lk it bik711 bik,lk jt

for an arbitrary ¢, 1 <t < k.

Proposition 4.5.2. 7; (Bg) =r! ;(B) for each invertible k x k-matriz g over F.

4.6 Identities for the right quasi-Pliicker coordinates

Identities for ru are dual to correspoding identities for the left quasi-Pliicker co-

ordinates qi ;- Namely,

1) r{j does not depend on the ordering on elements of I;
(i) rf; =0forieI;

(iii) 7], =1 and rin -rjl-k =rk.
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Theorem 4.6.1. (Skew-symmetry) Let N, |N| = k+1, be a set of indices, i,j,m €

N. Then
Na{égy | G NS{gmy  N\{myi}

T J jm mi

Theorem 4.6.2. (Pliicker relations) Fiz M = (mq,...,mg_1), L = (¢1,...,£). Let

i ¢ M. Then
# ZTL\{J'}TM -1
ij i —

JEL

4.7 Duality between quasi-Pliicker coordinates

Let A = (a;5), 1 =1,...,k,j=1,...,n;and B = (bys), r = 1,...,n, s =
1,...,n — k. Suppose that AB = 0. (This is equivalent to the statement that the
subspace generated by the rows of A in the left linear space F™ is dual to the
subspace generated by the columns of B in the dual right linear space.) Choose
indices 1 < i,j5 < n and a subset I C [1,n], |I| = k — 1, such that ¢ ¢ I. Set
J=([La]\ D\ {i,j}-

Theorem 4.7.1. We have

a;(A) +rf(B) =0.

4.8 Quasi-Pliicker coordinates for £ x n-matrices for dif-
ferent £

Let A = (ang), « = 1,...,k, f =1,...,n, be a k X n-matrix over a noncom-
mutative division ring R and A" a (k — 1) X n-submatrix of A. Choose 1 <
Uy 4, My 1y, Jr—2 < n such that i Zm and i,m ¢ J = {j1,..., Jk—2}

Proposition 4.8.1. We have

g (A) = ¢ A) + gl (A - gl (A).

4.9 Applications of quasi-Pliicker coordinates

Row and column expansion of a quasideterminant

Some of the results obtained in [GR], [GR1], [GR2] and partially presented in
Section I can be rewritten in terms of quasi-Pliicker coordinates.
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Let A = (a45),%,§ = 1,...,n, be a matrix over a division ring R. Choose
1 < o, 3 < n. Using the notation of section I let B = At*h0 ¢ = APAP} be the
(n—1) x n and n x (n — 1) submatrices of A obtained by deleting the a-th row
and the (-th column respectively. For j # 3 and i # « set

.
<
w

a5 = q;57 " "(B),

=
;Q>

Tai = Toi

Propoiition 4.9.1. () [Alag = aap — 22;45 @ajdjs:
(i) [Alag = @ap = Xz Taihip
provided the terms in the right-hand side of these formulas are defined.

Homological relations

Proposition 4.9.2. In the previous notation,
(1) |A|;j1 “|Alie = —qje  (row relations)
(i) |Als; - \A\,:jl = —ri;  (column relations).

Corollary 4.9.3. In the previous notation, let (i1,...,%s), (j1,...,Jt) be sequences
Of indices such that i # i17 il # 7‘.27 .- '77:5—1 7é is; .] 7é j17 jl # j2a' ] jt—l # jt~
Then

|A

inje = Qigiay -+ Qinin@ivi * | Alij * TjiaTinga - V1o

. air a2
Example. For a matrix A = we have
a21 @G22
_ -1 -1
|A|22 = @21 Qqyq |A|11 *Qoy - 422,

|Alin = arz - agy - ag1 - ayy - [Al - ag)' - age - agy - ann.

Matrix multiplication

The following formula was already used in the proof of Theorem 4.4.4. Let A =
(aij),t=1,...,n, 5 =1,...om,n<m, B=(a;),i=1,...,n,j=1,...,n,
C=(ay),i=1,....n,k=n+1,...,m.

Proposition 4.9.4. Let the matriz B be invertible. Then q}k“"(A) are defined for
i=1,...n,k=n+1,...m, and

B7IC = (g "™(A), i=1,...,n, k=n+1,...,m.

(2
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Quasideterminant of the product

Let A = (a;j), B = (bi;), i,j = 1,...n be matrices over a division ring R. Choose
1 < k < n. Consider the (n — 1) x n-matrix A’ = (a;;), i # k, and the n x (n —1)-
matrix B” = (b;;), j # k.

Proposition 4.9.5. We have

|Blk - |ABl - |Algr = 1 + Z Tha * Qaks
a#k

where TR, = Té&'d'""(B”) are right quasi-Plicker coordinates and qar =

qé’,’c'é‘"'"(A’ ) are left quasi-Pliccker coordinates, provided all expressions are de-
fined.

The proof follows from the multiplicative property of quasideterminants and
Proposition 4.9.2.

Gauss decomposition

Consider a matrix A = (a;;), 1,7 =1,...,n, over a division ring R. Let Ay, = (a;;),
i,j=kFk...n By =(a;),i=1,...n,j =k,...n, and C, = (a;5), i =k,...n
j =1,...n. These are submatrices of sizes (n—k+1)x (n—k+1),nx (n—k+1),
and (n — k 4+ 1) x n respectively. Suppose that the quasideterminants

yk:|Ak|kk7 k:17"'7n7

are defined and invertible in R.

Theorem 4.9.6. (see [GR1, GR2|)

1 Tag Y1 0 1 0
A= ,
0 1 0 Yn ZBa 1
where
Tap =705 " (Bg), 1<a<B<n,
20 = qgil "(Cp), 1<a<f<n.
Similarly, let A% = (q; ), 1,] = Jky, B®) = (a;5),i=1,...,n, j =
1,...,k C®) = (aij), i =1,. k ...,n. Suppose that the quasidetermi-
nants

y]/c:|A(k)‘kk, k:L...,’rL,
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are defined and invertible in R.
Theorem 4.9.7 We have
1 0\ /vi 0 1 E

where

Tise = ré’é’o‘_l(B(a)), 1<a<f<n,
Zos = q}l'[;a—l(c(“)), 1<a<p<n.

Bruhat decompositions

A generalization of Theorem 4.9.6 is given by the following noncommutative analog
of the Bruhat decomposition.

Definition. A square matrix P with entries 0 and 1 is called a permutation matrix
if in each row of P and in each column of P there is exactly one entry 1.

Theorem 4.9.8 (Bruhat decomposition) For an invertible matrix A over a divi-
sion ring there exist an upper-unipotent matrix X, a low-unipotent matrix Y, a
diagonal matrix D and a permutation matrix P such that

A= XPDY.

Under the additional condition that P~'X P is an upper-unipotent matrix, the
matrices X, P, D,Y are uniquely determined by A.

Note that one can always find a decomposition A = X PDY that satisfies
the additional condition.

The entries of matrices X and Y can be written in terms of quasi-Pliicker
coordinates of submatrices of A. The entries of D can be expressed as quasiminors
of A.

a1 @22
A _ 1 a12a2_21 ‘Alll 0 1 0
0 1 0 29 a2_21a21 1/
If ass = 0 and the matrix A is invertible, then a;s # 0. In this case,
a1 a1 _ 0 1 a1 0 1 0
a1 0 - 1 0 0 a12 a1_21a11 1/)°

An important example of quasi-Pliicker coordinates for the Vandermonde
matrix will be considered later.

Examples. Let A = (a11 a12). If ass # 0, then
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4.10 Flag coordinates

Noncommutative flag coordinates were introduced in [GR1, GR2].

Let A= (ai;),i=1,...,k, j=1,...,n, be a matrix over a division ring R.
Let F), be the subspace of the left vector space R" generated by the first p rows
of A. Then mathcalF' = (Fy C F5 C --- C Fy) is a flag in R™. Put

aljl e aljk
fjl-ujk(}—) =

A, e Afjy, kja

In [GR1, GR2| the functions f;, ;. (F) were called the flag coordinates of F.
Transformations properties of quasideterminants imply that f;, ;. (F) does not
depend on the order of the indices ja, ..., jk.

Proposition 4.10.1. (see [GR1, GR2]) The functions fj,. ;. (F) do not change
under left multiplication of A by an upper unipotent matriz.

Theorem 4.10.2. (see [GR1, GR2]) The functions fj, . ;. (F) possess the following
relations:

fj1j2j3mjk-(f)fjljsu-jk(]:)il = _fj2j1~-jk(]:)fj2j3m]'k(f)ila
Fiveie F) iy s F) ™ Figiin (F) fo g (F) 7
+ooe Tt fjkjlﬂ-j)c—l (f)fjkjl---jkfz(]:)il =0

a1 a2 a _ _
Example. Let A = (a; a;z a;i). Then fio(F)aj! = —for(Flap, and

fr2(Fagi' + fos(F)aty + far(Flags = 0.
It is easy to see that

TR -1
d;; i (A) = (f“llk—l(f)> ’ fjil-uik—l(f)'
Theorems 4.4.1 and 4.4.2 can be deduced from Theorem 4.10.2.

4.11 Positive quasiminors

The results in this subsection appeared in [BR].

Recall, that for a given matrix A € Mat,(R) and I,J C [1,n] ={1,2,...,n}
we denote by Ay ; the submatrix with the I rows and columns J. And, if |I] = |J],
i.e., when Ay ; is a square matrix, for any ¢ € I, j € J denote by |Ar s|;; the
quasideterminant of the submatrix A; ; with the marked position (3, j).

Let us denote by A?(A) the principal i x i-quasiminor of A € Mat, (R), i.e.,

AYA) = |Apa, iy 12, -
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The following fact is obvious.

Lemma 4.11.1 For any I,J C {1,2,...,n} such that |I| = |J| = k and any ¢ € I,
j € J there exist permutations u,v of {1,2,...,n} such that I = u{l,...,k},
J=v{l,...,k},i=u(k), j =v(k), and for any A € Mat,(R) we have:

AF(ut - Aw) =|Ar gl

(where we identified the permutations uw and v with their corresponding n x n
matrices).

Definition. For I, J C [1,n], |I| = |J|, i € I, j € J define the positive quasiminor
A7} as follows.

A (A) = (()EOD] Ayl

where d;(I) (resp. d;(J)) is the number of those elements of I (resp. of J) which
are greater than 4 (resp. than j).
The definition is motivated by the fact that for a commutative ring R one
has det(Ar )
- et(Ar s
ADT (A) = >
I’J( ) det(Asz) ’
where I’ = I'\ {i}, J' = J\ {j}. That is, a positive quasiminor is a positive ratio
of minors.
Let S,, be the group of permutations on {1,2,...,n} and k € [1,n]. For any
permutations u,v € S, set

AE L (A) 1= AW (4) = () BOHED ARG 4. )

where I =u{l,...,k}, J=v{1,...,k}, i = u(k), j = v(k).
Denote by D,, = D, (R) the set of all diagonal n x n matrices over R.
Clearly, positive quasiminors satisfy the relation:

Aﬁ,v (h’Ah’/) = hU(k) Aﬁ,v (A)hi;(k)

for h = diag(hy, ..., hn), k' = diag(hy,...,hl) € Dy, and k =1,2,...,n.
Let o be an involutive automorphism of Mat,(R) defined by
U(A)LJ = an+17i,n+17j B

The following fact follows from the elementary properties of quasidetermi-
nants Let wg = (n,n — 1,...,1) be the longest permutation in S,.

Lemma 4.11.2 For any u,v € S, and A € Mat,(R) we have

A (0(4)) = A, (4)

wou,wov
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Now we present some less obvious identities for positive quasiminors. For
each permutation v € S,, denote by ¢(v) the number of inversions of v. Also for
i=1,2,...,n— 1 denote by s; the simple transposition (¢,7 + 1) € S,,.
Proposition 4.11.3 Let u,v € S,, and i € [1,n — 1] be such that I(us;) = I(u) + 1
and l(vs;) = l(v) + 1. Then

A’zlll,sl,vsZ = Al (Ai,v)ilAi + Ai+1

us;,v RER uv

(Al o) A = (AL ) TIA A (AL L) T = AL (AL T

us;,v ) —u,v uU,V8; uU,V8;
Aifvl(Az_gil,v)_l = Aisi,v(Ai,v)_l 7(Ai-‘:_vlsi)_lAiTvl = (Ai,v)_lAi,vsi'

Proof. Clearly, the fourth and the fifth identities follow from the second and
the third. Using Lemma 4.11.1 and the Gauss factorization it suffices to take
uw=1v =1, 7=1 in the first three identities, i.e., work with 2 x 2 matrices. Then
the first three identities will take respectively the following obvious forms:

a asiaiia + @ 12
22 = Q21 12
B as1 |az2 ||’
—1 |Q11 a12 —1 (@11 a12 a1 a2 —1 a11 a2 _q
Qo1 = —ap ) A1p = — ar -
a21 a22 a1 a2 azi az2 a21 a22

One can prove the next proposition presenting some generalized Pliicker re-
lations.

Proposition 4.11.4 Let u,v € S, and i € [1,n — 2]. If I(us;s;+18;) = l(u) + 3, then

Ai+l — Ai+1 =+ Az

i —1 At+1
US; 41,V US;Si 41,V US; 1184,V (A ) Au,v .

If l(USiSi+18i) = l(’U) + 3, then

Ai+1 — Ai+1 + Az—t-vl(Az )—lAi

U,VSi41 U,VS;S541 u,vs; U,V8i4187 °






Chapter 5

Noncommutative traces,
determinants and eigenvalues

In this section we discuss noncommutative traces, determinants and eigenvalues.
Our approach to noncommutative determinants in this Section is different from
our approach described in Section 3.

Classical (commutative) determinants play a key role in representation the-
ory. Frobenius developed his theory of group characters by studying factorizations
of group determinants (see [L]). Therefore, one cannot start a noncommutative
representation theory without looking at possible definition of noncommutative
determinants and traces. The definition of a noncommutative determinant given
in this Section is different from the definition given in Section 3. However, for ma-
trices over commutative algebras, quantum and Capelli matrices both approach
give the same results.

5.1 Determinants and cyclic vectors

Let R be an algebra with unit and A : R™ — R™ a linear map of right vector
spaces, A vector v € R™ is an A-cyclic vector if v, Av, ..., A" v is a basis in R™
regarded as a right R-module. In this case there exist A;(v,A) € R, i=1,...,m,
such that

(=)™ A (v, A) + (=)™ H(AV) A1 (v, A) + - - — (A" 1) Ay (v, A) + A™v = 0.

Definition 5.1.1. We call A,,,(v, A) the determinant of (v, A) and A;(v, A) the trace

of (v, A).
We may express A;(v,A) € R, i = 1,...,m, as quasi-Pliicker coordinates of
the m x (m 4+ 1) matrix with columns v, Av, ..., A"v (following [GR4]).

53
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In the basis v, Av, ..., A™~! the map A is represented by the Frobenius ma-
trix A, with the last column equal to ((—1)™A,, (v, A),..., —A;(v, A))T. Theorem
3.1.3 implies that if determinants of A, are defined, then they coincide up to a
sign with A,,(V, A). This justifies our definition.

Also, when R is a commutative algebra, A,,(v, A) is the determinant of A
and Aj(v, A) is the trace of A.

When R is noncommutative, the expressions A;(v, A) € R, i =1,...,m, de-
pend on vector v. However, they provide some information about A. For example,
the following statement is true.

Proposition 5.1.2. If the determinant A,,(v, A) equals zero, then the map A is not
invertible.

Definition 5.1.1 of noncommutative determinants and traces was essentially
used in [GKLLRT] for linear maps given by matrices A = (a;;),4,j =1,...,m and
unit vectors eg, s = 1,...,m. In this case A;(es, A) are quasi-Pliicker coordinates
of the corresponding Krylov matrix K,(A). Here (see [G]) K (A) is the matrix
(bij),i=m,m—1,...,1,0, j =1,...,m, where b;; is the (sj)-entry of A".

Example. Let A = (a;;) be an m x m-matrix and v = e; = (1,0,...,0)7. Denote
by agf) the corresponding entries of A*. Then

(m) (m) (m)

ay ajo A1m
m—1 |, (m=1 (m—1) (m—1)
A (v, 4) = (-1) a1 a1z SRR T
a1 a1 e A1m,

For m = 2 the “noncommutative trace” A; equals a11 + algazgaﬁl and the “non-
commutative determinant” Ay equals aj2a92a75 @11 — 1202 .

It was shown in [GKLLRT] that if A is a quantum matrix, then A,, equals
detq A and A is a Capelli matrix, then A,, equals the Capelli determinant.

A construction of a noncommutative determinant and a noncommutative
trace in terms of cyclic vectors in a special case was used in [Ki].

One can view the elements A;(v, A) as elementary symmetric functions of
“eigenvalues” of A.

One can introduce complete symmetric functions S;(v, A), ¢ = 1,2,..., of
“eigenvalues” of A as follows. Let ¢ be a formal commutative variable. Set A\(¢) =
14+ A1(v, A)t+ -+ -+ Ay (v, A)t™ and define the elements S;(v, A) by the formulas

o(t) =1+ Spth = A—t)~".
k>0

Recall that Ryx; is the ribbon Schur function corresponding to the hook with &
vertical and [ horizontal boxes. In particular, Ay = Ryx, S; = Ry.
Let A: R™ — R™ be a linear map of right linear spaces.
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Proposition 5.1.3. For k£ > 0
Am+kv _ (_1)mflvR1m71(k+l) + (—1)m72(AU(RImf?(k-y-l) 4+ 4 (Amflv)RkH'

Let A = diag(z1,...,%m). In the general case for a cyclic vector one can
take v = (1,...,1)T. In this case, the following two results hold.

Proposition 5.1.4. For k=1,...,m

Ak(’U,A):
-1
1 x;r:*k xml 1 gm—h-l gkl xm
_ —k—1 —k+1
1 Z1 e D " ekt xr

—1
m—1 m—2 m+k—1
1 T xm 1 e xm

1 ... ozt 1 ... a2 gtk

Sk’(vv A) =

Note that formulas for Si look somewhat simpler than formulas for Ay.

5.2 Noncommutative determinants and noncommuta-
tive eigenvalues

One can also express A;(v, A) € R in terms of left eigenvalues of A.
Let a linear map A : R™ — R™ of the right vector spaces is represented by
the matrix (a;;).

Definition 5.2.1. A nonzero row-vector u = (uy,...,uy,) is a left eigenvector of A
if there exists A € R such that uA = Au.

We call A a left eigenvalue of A corresponding to vector u. Note, that A is
the eigenvalue of A corresponding to a left eigenvector u then, for each o € R,
ala~ ! is the eigenvalue corresponding to the left eigenvector au. Indeed, (au)A =
ara™(aw).

For a row vector u = (ug,...,u,) and a column vector v = (v1,..., V)7
denote by (u,v) the inner product (u,v) = uiv1 + ... UpUm.

Proposition 5.2.2. Suppose that uw = (uy,...,un) is a left eigenvector of A with
the eigenvalue A\, v = (v1,...,v,)T is a cyclic vector of A, and (u,v) = 1. Then
The eigenvalue A satisfies the equation

(5.1) (=1)™Apm(v, A) + (=)™ A1 (v, A) + - = XA (v, A) + A = 0.
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Equation (5.2.1) and the corresponding Viete theorem (see Section 3) show
that if the map A : R™ — R™ has left eigenvectors u', ..., u™ with corresponding
eigenvalues A1, ..., Ay, such that (u’,v) =1 for i = 1,...,m and any submatrix
of the Vandermonde matrix (A}) is invertible, then all A;(v, A) can be expressed
in terms of A1, ..., A\, as “noncommutative elementary symmetric functions”.

5.3 Multiplicativity of determinants

In the commutative case the multiplicativity of determinants and the additivity
of traces are related to computations of determinants and traces with diagonal
block-matrices. In the noncommutative case we suggest to consider the following
construction.

Let R be an algebra with a unit. Let A : R™ — R™ and D : R* — R"
be linear maps of right vector spaces, v € R™ an A-cyclic vector and w € R™ a
D-cyclic vector.

There exist A;(w, D) € R, i=1,...,n, such that

(=1)"vA,(w, D)+ (=1)""Y(Dw)A,_1(w, D) +---— (D™ *)A;(w, D)+ D"w = 0.

Denote also by S;(w,D), i = 1,2,..., the corresponding complete symmetric
functions.
. A
The matrix C' = 0 ZOD acts on R™*™. Suppose that the vector u = Z})
is a cyclic vector for matrix C. We want to express A;(u,C), i =1,...,m +n in

terms of A;(v, A), Sk(v, A), Ap(w, D), and Sy(w, D).

Denote, for brevity, Aj(v,A) = A;, Sp(v,A) = Sk, Ap(w,D) = A},
Sq(w, D) = S;.

For two sets of variables a = {ay,as,...,} and 8 = {by,bs,...,} introduce
the following (m + n) x (m + n)-matrix M(m,n;«, 3):

1 ay az ... A —1 Am+n—1
1 aq ag RPN e A —1 NN Am+n—2
0O 0 0 ... ... ... 1 am,
1 by by ... by_1 ... coo bman—1
0 1 b by ... ... ceo bman—2
0o 0 0 ... 1 b1 bn
Proposition 5.3.1. For any j =2,...,m +n we have

|M(m,n;a, B)|1; = —|M(m,n;a, B)|m+1,5-
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The elements S;(u,C), i = 1,2,..., can be computed as follows. Denote by
Ni(m,n;«, 3) the matrix obtained from M by replacing its last column by the
following column:

(@mtnb—15 Gomtnt k=25 - - - Gek—15 Dk —15 Db =2 - -, Dmk1) -
Set @ = {—S1, 89, ..., (=1)FSk, ...}, o = {=51,5%,...,(—=1)ks}, ... 1.
Theorem 5.3.2. For k=1,2,... we have

Sk(u, C) = M (m, n30,0 )1 4+ [Ni(m,n3 000 |1mgn-

Example. Form =3, n=2and k=1,2,.... Then

Sk(u7 C) =

1 -8 S, —S3 Sy 1 -8 Sy, —S3 Si
0 1 =S8 Sy =S8 [0 1 =S S Sz
= (=Dt o0 1 =S Sy |x|0o o0 1 =81 Sopk
1 =S Sy =Sy S, |1 —=Sp sy =S, Sh,.
0 1 =S S5 =80 1 =S S5 =Skl

For n =1 denote Ay (D) = S1(D) by X.
Corollary 5.3.3. If n =1, then for k=1,2,... we have

Sk(u,C) = Sk(v, A) + Sk—1(v, A)[M(m,n; a, O/)|1_n11+n)‘l|M(ma 50, @) imnt1-

Note that
A1 (u, C) = [M(m,n; a/)|;73L+TL)\I|M(m’ n;a, a/)‘lern+lAm (v, A),

i.e. the “determinant” of the diagonal matrix equals the product of two “determi-
nants”.
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Some applications

In this section we mainly present some results from [GR1, GR2, GR4].

6.1 Continued fractions and almost triangular matrices

Consider an infinite matrix A over a skew-field:

aip a2 @13 A1n
A= -1 a2 a2 az2n
0 —1 ass asn

0 0 -1

It was pointed out in [GR1], [GR2] that the quasideterminant |A[;; can be
written as a generalized continued fraction
1

. . 1
G2j; + ZjE#le a2, azjot...

|[Ali1 =an + Z aij,

J1#1
Let
air a2 A1n
=1 a2 a2y,
An: 0 -1 asn
0 -1 aun,

The following proposition was formulated in [GR1], [GR2].

Proposition 6.1.1. |A4,|11 = P,Q,,!, where
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(6.1.1) Py = > 15y @1 41,52 0o 41,55 + - - Ajit1ms
1<j1<--<jp<n
(6.1.2) Qn = ) A2j; @y 41,52 Aja+1,j5 - - - U +1,n-

2<j1< - <Jp<n
Proof. From the homological relations one has
[Anlu A7 21 = —1Anlinl AL,

We will apply formula (1.2.2) to compute |Ay|1n, |AL 2n, and |AL*|g;. Tt is easy
to see that |AL"|o; = —1. To compute the two other quasideterminants, we have
to invert triangular matrices. Setting P, = | A, |1, and @Q,, = |ALL|2, we arrive at
formulas (6.1.1), (6.1.2). O O

RemarkIn the commutative case Proposition 6.1.1 is well known. In this case
P, = |An]in = (=1)"det A, and Q,, = (=1)""Ldet AL
Formulas (6.1.1), (6.1.2) imply the following result (see [GR1, GR2]).

Corollary 6.1.2. The polynomials Py for k > 0 and Q for k > 1 are related by the
formulas

k—1

(613) Pk - Zpsas+1,k7 PO = 17
5=0
k—1

(614) Qk = ZQsas+1,k7 Ql =1
s=1

Corollary 6.1.3. Suppose that for any i # j and any p, q the elements of the matriz
A satisfy the conditions

Gijdpg = ApqQij
Qi — QjQ55 = Qgj, 1<i< 7 < n.
Then

(615) pn = |An|1n = Apnlnpn—1n—1---A11-

The proof follows from (6.1.3).
Corollary 6.1.4. ((GR1, GR2]) For the Jacoby matriz

ay 1 0
A= -1 as 1
0 -1 as
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we have 1
[Al1y = a1 + ————,
a2 +
and
Py=1, Pr=ai, P,=P._1ar+ P2, fork>2;
Q=1 Qr=uaz, Qr=Qrr1ar+ Qr_2, fork=>3;
In this case Py is a polynomial in aq,...,a;r and Qj is a polynomial in
ag,y...,0k.

6.2 Continued fractions and formal series

In the notation of the previous subsection the infinite continued fraction |A|; may
be written as a ratio of formal series in the letters a;; and a;l. Namely, set
— 1 _
Py = ) 151 Ajr+1gs - - - gt 1rlpy 00 ary
1 <41 <jg---<jp<r-—1
r=1,2,3,...
-1, -1 -1 -1, -1 -1 -1, -1
=1+ aiayy ayy + a13a33 a5y ayy + a11023033 Agy gy + -
and
— g1 Ca ) . —1
Qoo = ayy + 251 Gjr+1jz + - - Ajptlrlpp w00 a1y
2<j1 <Jjg- - <jp<r—-1
T=2,3...
-1 —1,-1 -1 —1,-1_—1_—1
= ayy + 23033 Gy Q11 + 424044 G33 Qg3 Q17 + - .o
Since each monomial appears in these sums at most once, these are well-defined
formal series.
The following theorem was proved in [PPR]. Another proof was given in
[GRA4].
Theorem 6.2.1. We have
-1
Al = Pa - Q5

Proof. Set b;j = aija;jl and consider matrix B = (b;;), 4,7 = 1,2,3,.... According

to a property of quasideterminants |A|1; = |B|11a11. Applying the noncommuta-
tive Sylvester theorem to B with matrix (b;;),4,j > 3, as the pivot, we have

|Blir = 1+ |B*' 12| B |35 ay.
Therefore

(6.2.1) |Al11 = (a11|B" 2203y + [B* 1201, ) (1B 22077 7"
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By [GKLLRT], Proposition 2.4, the first factor in (6.2.1) equals P, and the
second equals Q3. a
O

6.3 Noncommutative Rogers-Ramanujan continued
fraction
The following application of Theorem 6.2.1 to Rogers-Ramanujan continued frac-

tion was given in [PPR]. Consider a continued fraction with two formal variables
x and y:

1
Alz,y) = ————.
1 +1’1+731+1...?/y
It is easy to see that
-1
1 v 1 T 0
-y 1 0 _1 y—l xy—l
Az, y)= —y 1 T = 0 -1 gyt zy!
—1 .
-1 Yy i

Tl
Theorem 9.2.1 implies the following result.
Corollary 6.3.1 A(z,y) = P- Q™ !, where Q = yPy~! and

P=1+ Z y Mgy Mgy gy tatne et
k>1Inq,...,np>1

Following [PPR], let us assume that xy = gqyx, where ¢ commutes with z and
y. Set z = yx. Then Corollary 6.3.1 implies Rogers-Ramanujan continued fraction
identity

gF et

1 B L4301 m'zk

1 qz - k2
T 1+ e ot

A(ZL’,U) =

6.4 Quasideterminants and characterisric functions of
graphs

Let A = (ai;), i,j = 1,...,n, where a;; are formal noncommuting variables. Fix
p,qg € {1,...,n} and a set J C {1,...,p,...,n} x {1,...,4,...,n} such that
|J| = n — 1 and both projections of J onto {1,...,p,...,n} and {1,...,4,...,n}
are surjective. Introduce new variables by, k,1 = 1, ..., n, by the formulas by; = ay;
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for (I,k) ¢ J, by = a;;" for (I,k) € J. Let Fy be aring of formal series in variables

Proposition 6.4.1. The quasideterminant |Al;; is defined in the ring Fy and is
given by the formula

(9.4.1) |Alij = biy = > (=1)bii, biyi - - b
The sum is taken over all sequences iy,...,is such that iy #1i,j fork=1,...,s.

Proposition 6.4.2. The inverse to |Al;; is also defined in the ring Fy and is given
by the following formula

(6.4.2) |Alij = bij = Y (=1)bis, biis - - bi -

The sum is taken over all sequences i1, ... ,1is.

All relations between quasideterminants, including the Sylvester identity, can
be deduced from formulas (6.4.1) and (6.4.2).

Formulas (6.4.1) and (6.4.2) can be interpreted in terms of graph theory.
Let T',, be a complete oriented graph with vertices 1,...,n and edges ex;, where
k,l =1,...,n. Introduce a bijective correspondence between edges of the graph
and elements by; such that ey, — bg;.

Then there exist a bijective correspondence between the monomials
bii, b .b;,; and the paths from the vertex i to the vertex j.

iliQ ..

6.5 Factorizations of differential operators and noncom-
mutative variation of constants

Let R be an algebra with a derivation D : R — R. Denote Dg by ¢’ and D*g¢ by
g®). Let P(D) = D™ + a; D" ' 4 --- + a, be a differential operator acting on R
and ¢;, i = 1,...,n, be solutions of the homogeneous equation P(D)¢ = 0, i.e.,
P(D)¢; =0 for all i.
For k =1,...,n consider the Wronski matrix
k-1 k-1
e
Wy = .
L )
and suppose that any square submatrix of W, is invertible.
Set wy, = |W |1 and by, = w;wk_l, k=1,...,n.
Theorem 6.5.1. [EGR]

P(D) = (D — by)(D — bp_1)...(D — by).
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Corollary 6.5.2. Operator P(D) can be factorized as

P(D) = (wyp - D -w; Y (wp_1-D-w;*,) ... (wy - D-wih).

One can also construct solutions of the nonhomogeneous equation P(D)y =
f, f € R, starting with solutions ¢1, . .., ¢, of the homogeneous equation. Suppose
that any square submatrix of W, is invertible and that there exist elements u; € R,
j=1,...,n, such that

(6.5.1) wy = WIS f

Theorem 6.5.3 The element ¢ = Z;ZL ¢ju; satisfies the equation

(Dn+a1Dn—1+...+an)w:f.

In the case where R is the algebra of complex valued functions g(z), x € R
the solution ¢ of the nonhomogeneous equation is given by the classical formula

(6.5.2) Z ;i / (iitt‘g‘//

where matrix W; is obtained fron the Wronski matrix W by replacing the entries
in the j-th column of W by f,0,...,0. It is easy to see that formula (6.5.1) and
Theorem 6.5.3 imply formula (6.5.2).

6.6 Iterated Darboux transformations

Let R be a differential algebra with a derivation D : R — R and ¢ € R be
an invertible element. Recall that we denote D(g) = ¢’ and D*(g) = ¢®). In
particular D) (g) = g.

For f € R define D(¢; f) = f' — ¢'¢~1 f. Following [Mat] we call D(¢; f) the
Darbouz transformation of f defined by ¢. This definition was known for matrix

functions f(z) and D = 9,.. Note that
_|71 ¢,
fe

Let ¢1,...,¢k. Define the iterated Darboux transformation D(¢g, ... d1; f)
by induction as follows. For k = 1, it coincides with the Darboux transformation
defined above. Assume that k > 1. The expression D(¢g,...,¢1; f) is defined if
D(¢k, - .., ¢P2; f) is defined and invertible and D(¢y; f) is defined. In this case,

D(pk;---¢1; f) = D(D(@x, - - - h25 f); D5 f)-
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Theorem 6.6.1. If all square submatrices of matrix (qﬁl(j)), i=1,....k; j=k—
1,...,0 are invertible, then

R B R
D(ow,--d: )= ... ... .|
f ¢ . Ok

The proof follows from the noncommutative Sylvester theorem.

Corollary 6.6.2. The iterated Darboux transformation D(¢g, ... d1; f) is symmetric
m ¢17~~-7¢k~

The proof follows from the symmetricity of quasideterminants.

Corollary 6.6.3. ([Mat]) In commutative case, the iterated Darboux transformation
is a ratio of two Wronskians,

W PRI b
D(m,...,%;f):H’

6.7 Noncommutative Sylvester—Toda lattices

Let R be a division ring with a derivation D : R — R. Let ¢ € R and the
quasideterminants

¢ Dé ... D lg
D D% ... D"
T (o) = i i i 6.7.1

e o
are defined and invertible. Set ¢1 = ¢ and ¢,, = T),(¢), n =2,3,....

Theorem 6.7.1. Elements ¢,, n = 1,2,..., satisfy the following system of equa-
tions:

D((D¢1)é1 ") = dady '
D((D<Z5n)¢>;1) = ¢n+1¢;1 - ¢n ;£17 n 2 2.

If R is commutative, the determinants of matrices used in formulas (6.7.1)
satisfy a nonlinear system of differential equations. In the modern literature this
system is called the Toda lattice (see, for example, [Ok] but in fact it was discov-
ered by Sylvester in 1862 [Syl] and, probably, should be called the Sylvester—Toda
lattice. Our system can be viewed as a noncommutative generalization of the
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Sylvester—Toda lattice. Theorem 6.7.1 appeared in [GR1, GR2] and was general-
ized in [RS] and [EGR].

The following theorem is a noncommutative analog of the famous Hirota
identities.

Theorem 6.7.2. Forn > 2

Toi1(¢) = To(D?*¢) = T (D) - (Tn-1(D*¢) " = To(¢) ") " - Tn(D).

6.8 Noncommutative orthogonal polynomials

The results described in this subsection were obtained in [GKLLRT]. Let

So,51,52,... be elements of a skew-field R and z be a commutative variable.
Define a sequence of elements P;(x) € R[z], i = 0,1,..., by setting Py = Sy and
Sn SN S2n,1 1'"
=1
(6.8.1) P(x) =[St oo Sen2 2"
So ... Spa 1

for n > 1. We suppose here that quasideterminants in (9.8.1) are defined. One can
see that P,(x) is a polynomial of degree n. If R is commutative, then P,,n > 0,
are orthogonal polynomials defined by the moments S,,, n > 0. We are going to
show that if R is a free division ring generated by S, n > 0, then polynomials P,
are indeed orthogonal with regard a natural noncommutative R-valued product
on R[z].

Let R be a free skew-field generated by c¢,,, n > 0. Define on R a natural
anti-involution a — a* by setting ¢} = ¢, for all n. Extend the involution to R[]
by setting (3" a;2%)* = 3 a;2°. Define the R-valued inner product on R[z] by

setting
< Z a;x’, Z bjxj> = Z aiciﬂ-b;.

Theorem 6.8.1. For n # m we have

<Pn(:L'), Pm(l'» =0.

The three term relation for noncommutative orhogonal polynomials P, (z)
can be expressed in terms of noncommutative quasi-Schur functions
(see [GKLLRTY).
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Chapter 1

Basic results on the
commutative case

Consider the (commutative) polynomial algebra F'[z1, ..., 2] on n indeterminates.
The symmetric group &,, acts on F[z1, ..., 2,] with o(z;) = 2, for 0 € &,, and
1 <4 < n. The elements of

Flxy, ..., 2,)%" = {f € Flzy, ..., x,)|f = o(f) Yo € &,,}

are called symmetric polynomials.
As usual, we extend the action of G, on
Flz1,...,zy] to an action on F[xy, ..., z,][t] by setting o(t) =t for all 0 € &,,.
Let

n

P(t)=(t—an).(t —21) = _(=1)" " Ap_i(@1, . mp)t".

=0

Thus, writing A; for A;(z1, ..., z,) we have
Ay =1,
A1 =T+ x2+ ... +In,
Ai = Z TjyLjyealjyy
n>j1>j2>...>gej; >1

A, = 2p2Tp_1...21.

Since any o € &,, permutes the factors in the expression for P(t), it is clear
that each A; is a symmetric polynomial. (Of course, this is also clear from the
above expressions for the A;.)

79



80 Chapter 1. Basic results on the commutative case

The Fundamental Theorem of Symmetric Functions states that any symmet-
ric polynomial in F[x1, ..., x,] may be expressed as a polynomial in

{A1(z1, ey )y ooy Ap (21, ooy ) }
and that Aq, ..., A, are algebraically independent. Thus
F[J?l, ...7xn]6" = F[Al, ceny An]-

There are other natural symmetric polynomials in F'[x1, ..., 2,]. In particular,
the complete s ymmetric functions

Si = Z lesz...xji,ogi,
n>j1>j2>...2ji>1
and the power sum symmetric functions
U, =at +ab+ . a2l 1<
are in F[zy,...,7,]%". The Fundamental Theorem then implies that these
functions can be expressed as polynomials in the elementary symmetric functions.

In fact, the relations among these functions may be elegantly described in terms
of generating functions. Thus, letting

At) = zn: At
=0
o(t) =) Sit',

i>0
and
Y(t) =Y Wit
i>1
we have
At)o(t) =1,
and

o(1(t) = olt).

Note that the last equation may be rewritten as

or as



Chapter 2

Generalizations to the
noncommutiative case

2.1 F <uxi,...,x, >% - the Fundamental Theorem does
not generalize

The most natural generalization of symmetric functions to the noncommuta-
tive case is to replace the polynomial algebra F[z,...,2z,] by the free algebra
F < x1,...,x, >. The symmetric group &,, acts on F' < x1,...,x, > (again by
setting o(z;) = T(;)). Then F < 1,..., 2, >S» contains polynomials analogous
to the elementary symmetric functions, namely,

)\7;(1'1, ceey xn) = ECle <Ly,
where the sum is over all sequences (j1, ..., ;) of ¢ distinct elements of {1,...,n}.

It was shown by M. Wolf (1936) that the A; do not generate F< 1, ..., x, >%n
and by Bergman and Cohn (1969) that F < zy, ..., 7, >® is not finitely generated.
We will not discuss this algebra further here, but refer the reader to the work of
Rosas and Sagan (http://www.newton.cam.ac.uk/preprints/N103033.pdf).

2.2 Families of formal noncommutative symmetric func-
tions

A second way to generalize results about symmetric functions of commuting vari-

ables to the noncommutative case (begun by Gelfand, Krob, Lascoux, Leclerc,

Retakh and Thibon in [3]) is to consider the elementary symmetric functions as
the primitive objects and to define other families of symmtric functions in terms

81



82 Chapter 2. Generalizations to the noncommutiative case

of the elementary symmetric functions by generating function identities analogous
to those used in the commutative case.

Thus one works in the free algebra, Sym = F' < A, Ao, ... > and defines
A(t) € Syml([t]]

At) =143 At
i>1

Then we may define the (noncommutative) complete symmetric functions
51,5, ...

by setting

o(t) =1+ Sit' =A(-t)~".

i>1

In the absence of commutativity, the three generating function identities used
to define the power sum symmetric functions in the commutative case are no longer
equivalent. We are thus led to define three families of noncommutative power sum
symmetric functions. These are:

(noncommutative) power sum symmetric functions of the first kind

defined by
P(t) = it
i>1
and

v(0o(t) = L)

(noncommutative) power sum symmetric functions of the second kind

defined by

S log(o (1))

1
i>1

and
(noncommutative) power sum symmetric functions of the third kind
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defined by

§t) =Y =t

i>1
and

d
o(t)é(t) = —o(t).
(E(D) = o)
Relations among these families of noncommutative symmetric functions may
be given in terms of quasideterminants.

2.3 The Viete theorem and an analogue of the Funda-
mental Theorem

One of the earliest theorems in algebra, due to Francois Viete (who also discovered
the law of cosines), expresses the coefficients of a polynomial equation in terms of
its roots: If the polynomial equation f(xz) = 0, where f(z) is monic of degree n
over a (commutative) field, has n roots x1, ..., ,, then f(z) = (z —x1)...(x — x4,).

Gelfand and Retakh ([?, ?] have used the theory of quasideterminants to
give a generalization to equations over noncommutative rings. Their result, stated
precisely in Chapter 4, shows that if

P(z)=2"+ a " '+t a1z +ay

is a polynomial over a noncommutative ring R and if {z1,...,z,} is a set
of roots of the equation P(z) = 0 that is independent (in the sense that certain
quasideterminants of certain Vandermonde matrices are nonzero), then there exist
rational expressions y1, ...,y in 1, ..., T, such that

a; = (—1)i Z yjl"'yji'

nzji1>...>j;>1

Since the a; are independent of the ordering of the roots z1,...,x, we see
that they are symmetric functions of 1, ..., z, (with respect to the action of &,
defined by o(z;) = s,(;). They are also, of course, polynomials in y1,...,y,. The
following analogue of the Fundamental Theorem for (commutative) symmetric
polynomials was conjectured by Gelfand and Retakh [?] and proved by Wilson [6]:
Any polynomial in ¥, ...,y, invariant under the action of &,, is a polynomial in
A1y ooy p.






Chapter 3

Relations among families of
noncommutative symmetric
functions

3.1 Quasideterminental formulas

Proposition 3.1: For every k£ > 1, one has

A As .. Ay

- 1 A ... Ap_o Ap_q
Sk = (_1) B 0 1 Ak,3 Ak,Q ;
0 0 1A
S 1 0 0
So S1 1 0
Ap=(-DF1 S S S5 0
Sk—1 Sk—2 S1
v, Vi
-1 U, ... Up_s U,
kES,=10 -2 ... Ue 3 Wi _of,
0 0O ... —m+1 Uy

85



86 Chapter 3. Relations among families of noncommutative symmetric functions

U, 1 0 ... 0
PA, - U, 0 2 ... 0 |
Upy U ... Uy
Ay 20y .. (k=DA_y [kAg
1 A ... Ap—o A1
U=(-D"0 1 .. Ap—s Apa|s
0o o0 .. 1 A
Sy 1 0 ... 0
_ 25, S 1 ... 0

Sit Sia . S

Each of the four sequences (Ag), (Sk), (Uk), and (Py) is a set of generators
in Sym. Therefore, each of the four sets of products F;, ... Fi,, %1,...,in > 1,
where F;, equals to A;, , S;, , ¥;, , or @iy, is a linear basis in Sym . Linear relations
between these bases were given in [3].

3.2 Ribbon Schur functions

Another important example of a linear basis in Sym, is given by ribbon Schur
functions. Commutative ribbon Schur functions were defined by MacMahon [5].
Here we follow his ideas.

Let I = (i1,...,1k), i1,...,i > 1, be an ordered set.

Definition 3.2 [3]:

The ribbon Schur function R; is defined by the formula

Sil Si1+i2 Si1+i2+i3 cee Si1+---+ik
1 S; Siz+i3 Si2+---+ik

Ri=(-D)"0o 1 S; o Sivetin
0 0 0 S;

This definition allows us to express R;’s as polynomials in Si’s. To do this
we need the following ordering of sets of integers.

Let I = (i1,...,4,) and J = (j1,...,Js). Wesay that [ < Jif i1 = j; + jo +
te '+jt17 Z.2 = jt1+1 + - ’+jt27 cee Z‘s = jts_1+1 + - +]s For exalnplea if < (12)7
then I = (12) or I = (3). If I < (321), then I is equal to one of the sets (321),
(51), (33), or (6).

For I = (iy,...,i,) set [(I) =7 and ST =S, S;, ... S;

e
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Proposition 3.3 [3] (p. 254):

RJ _ Z(il)l(J)fl(I)SI.

I<J

Example Ri23 = Sg — S?% — 5185 + 515555.

Definition 3.2 implies that Ry = S,, for I = {m} and Ry = Ay foré; = --- =
i = 1.

In [3] similar formulas expressing R; as quasideterminants of matrices with
entries Ay, as well as linear relations with different bases in Sym  are given.

Natural bases in algebra Sym of commutative symmetric functions are in-
dexed by weakly decreasing (or, weakly increasing) finite sequences of integers.
Examples are products of elementary symmetric functions e;, ...e;, where i; >
ig-++ > 4 and Schur functions sy where A = (i1,...,4;). The following theo-
rem gives a natural basis in the algebra of noncommutative symmetric functions.
Elements of this basis are indexed by all finite sequences of integers.

Theorem 3.4 [3] The ribbon Schur functions Ry form a linear basis in Sym.

Let 7 : Sym — Sym be the canonical morphism. Then it is known (see [5])
that the commutative ribbon Schur functions 7(R;) are not linearly independent.
For example, commutative ribbon Schur functions defined by sets (i) and (j7)
coincide. This means that the kernel Ker m is nontrivial.

In the commutative case, ribbon Schur functions 7(R;) with with weakly
decreasing I constitute a basis in the space of symmetric functions. However, this
basis is not frequently used.

The description of the kernel Kernm in terms of ribbon Schur functions is
given by the following theorem.

For an ordered set I is denote by u(I) the corresponding unordered set.

Theorem 3.5 The kernel of 7 is linearly generated by the elements

Ag gy = Z Ry — Z Rp

<J I<J

for all J, J’ such that u(J) = u(J’).

Example 1. Let J = (12), J = (21) Then AJ,J/ = (R12 +R3) — (Rgl +R3) =
R12 - R21 and W(ng) = 7T(R21).

2. Let J = (123), J = (213). Then Ay p = (Ri23 + Rss + Ri5 + R6) —
(Rglg + R33 + Roy + Rg) = Ry23 + Ri15 — Ro13 — Ro4. This shows, in particular,
that 7T(R123) — F(R213) = 7T(R24) — F(R15) 75 0.

The homological relations for quasideterminants imply the multiplication rule
for the ribbon Schur functions. Let I = (i1,...,%), J = (J1,..-,7s)s &p > 1,
jg > 1 for all p,q. Set I +J = (i1,...,0r—1,0r + J1,J2,...,Js) and I - J =
(G1y e slry J1s-ns]s)-

These operations may be described geometrically in a fashion that explains
the origin of the name ”"ribbon Schur functions”. To each ordered set
I = {iy,i9,...,ik} we can associate a ribbon (i.e., a sequence of square cells
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with horizontal and vertical sices of length one and centers on Z x Z starting at
the square (0,0) and with each successive square being either directly below or
directly to the right of the preious square) with i; squares in the first column, s
squares in the second column, and so on. Then the construction of ribbons I 4 J
and [ - J has a simple geometric meaning: I + J is obtained by placing the first
square of J below the last square of I; I.J is obtained by placing the first square
of J to the right of the last square of I.
Theorem 3.6 [3] We have

RiR;=Rry5+ Ry

The commutative version of this multiplication rule is due to MacMahon.

6.3. Algebras with two multiplications

The relations between the functions A and the functions S can be illumi-
nated by noting that the ideal Sym has two natural associative multiplications
%1 and *o. In terms of ribbon Schur functions it can be given as Ry %y Ry = Ry
and Ry %9 Ry = Ry, ;. We formalize this notion as follows.

Definition 6.3.1 A linear space A with two bilinear products o; and og is
called a biassociative algebra with products oy and og if

(CL (o7} b) 0 C=a O (b 0j C)

for all a,b,c € A and all i,j € {1,2}.

Note that if the products o; and os in a biassociative algebra A have a
common identity element 1 (i.e.,if 1 o, a=a o;1 =aforalla € A andi=1,2,
then

a op b=(a og1l) ogb=a oy (1 01b)=a o2b

for all a,b € A and so o7 = os.

Note also that if A is a biassociative algebra with two products o; and o,
then for r,s € F one can define the linear combination o, 4 = r o; +s02 by the
formula

a ops b=r(a o1 b)+s(a oy b), a,be A

Then A is a biassociative algebra with the products o, s and o ,, for each r,s,t,u €
F.

Jacobson’s discussion of isotopy and homotopy of Jordan algebras (see [4],
p. 56,ff) shows that if A is an associative algebra with the product o and o, for
a € A is defined by the formula

b o,c=boa oc,

then A is a biassociative algebra with the products o and o,.

We now endow the ideal Sym, C Sym with the structure of a biassociative
algebra in two different ways. Recall that the nontrivial monomials (A, ... A;,.)
as well as the nontrivial monomials (S;, ... S;,) form linear bases in Sym-+.
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Definition 3.8 Define the linear map *; : Sym; ® Sym; — Sym_ by
(Ail . Ai,.) *1 (Ajl e Ajé) = Ai1 e Ai,.,lAi,.+j1 Ajz e Ajs
and the linear map %2 : Sym; ® Sym; — Sym by

(Si . Sl,«) *9 (Sj1 . Sjs) = SZ N Sim—lsir“‘jl sz PN Sj

s

Write ab = a*ob for a,b € Sym.. Then it is clear that ax; (b*;c) = (a*;b)*;c
foralla,b,c € Sym, andi,j = 0,1 ori,j = 0,2. Thus we have the following result.

Lemma 3.9 Sym, is a biassociative algebra with products *g and *; and
also a biassociative algebra with products g and *s.

In fact, *q, *; and %o are closely related.

The following Lemma is just a restatement of Theorem 6.2.5.

Lemma 3.10 xg = *q + *o.

Proof We have

. N —1 . .
)\(—t)_l = <1+Z(—1)1Aitz) = 1+Z Z (—1)l+]Ai1 -~-Ailt]~
i>0 F>0i1++ig=j
Since A; = Ay %1 A1%1---%1 A1, where there are i—1 occurences of x1, the coefficient
at t/ in A(—t)71 is
Z (_1)kA1 *ul Al *uz e *uj'71 A17
UL yeeny u]‘_le{o,l}

where k is the number of u; equal to 1.
Since 1+ Y S;it* = A\(—t)~! we have

S = Z (_1)kA1 *up Aq oy R TP Ay
u1,...uj—1€{0,1}

Therefore Si *0 Sj - Sl *1 Sj = Si(*O — *1)Sj = Si-l-j = Sz *9 Sj and ko = kg — %71,
as required.
Now let U be the two-dimensional vector space with basis {ug, u;} and

F(Uy=>_ F{U)

k>0
the (graded) free associative algebra on U, with the homogeneous components
F(U), = U®*.

We use the products *; and *o to define two isomorphisms, ¢ and ¢, of F(U)
to Sym . Namely, for a basis element u;, ... u; € F(U) set

d)l UGy e UGy A *iq Ay P T A€ (Sym+)l+1
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and
¢2 UGy e Uy Al *41 A1 gy 0t kg Al S (Sym+)l+1

where j; = 0 if 4, = 0 and j; = 2 if iy = 1. Note that ¢, and ¢, shift degree.

Define the involution 6 of U by 6(ug) = ug and 6(u1) = up — u3. Then
0 extends to an automorphism © of F(U) and the restriction Oy of this auto-
morphism to F(U)y, is the k-th tensor power of #. Clearly ¢1© = ¢2 and so we
recover Proposition 4.13 in [3], which describes, in terms of tensor powers, the
relation between the bases of Sym  consisting of nontrivial monomials in A; and
of nontrivial monomials in S;.

Similarly, taking the identity

n—1
a4 (=) ) (D) R a0 =0,
k=1

valid in any associative algebra, setting a = ug — u1, b = u1, and applying ¢1, we
obtain the identity

n
0= Z(—l)n_kAkSn,k
k=0
between the elementary and complete symmetric functions (Proposition 3.3 in [3]).
Using Proposition 3.1, one can express these identities in terms of quasidetermi-
nants.



Chapter 4

The noncommutative Viete
Theorem

Let

Px)=2"+az" '+ .. +ap_ 12+ an

be a polynomial over a noncommutative ring R and let {z1,...,x,} be a set
of roots. We will determine the a; in terms of xz1,...,x, in case the set of roots
{x1,...,x,} satisfies certain conditions.
For quadratic equations this is not hard. If x; and z, are roots of 2 4+ a;x +
as = 0, then we have
x%Jral:Ul +ay=0

and
a:% + a1x9 + as = 0.

Taking the difference gives
23 — 23 4 ay () — x9) = 0.
This may be rewritten as
x1(x1 — 22) + (1 — x2)x2 +a1(x; —22) =0

which gives
a1+ 1 = — (21 — x2)z2(21 — I2)71

so that
1

a] = —T1 — (.731 — x2)a:2(:c1 — 582)7 .
It is then easy to see that

as = (561 — xg)xg(xl — Ig)ilxl.
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92 Chapter 4. The noncommutative Viete Theorem

In general, let x1,x2,...,x, be a set of elements of a ring R. For 1 <k <n
set
xlffl xzfl
EU(xl, ...,.’L‘k) =
T [N Tk
1 1

. Then the quasideterminant

x’ffl xzfl
V(CCl,. N ,l‘k) =
T ce Tk
1 e I
is called the Vandermonde quasideterminant
We say that a sequence of elements zi,...,x, € R is independent if all

quasideterminants
V(x1,...,xk), k‘:2,...,n,

are defined and invertible.

We need the following easy result.

Lemma, 4.1: If the polynomial equation a;z" ! + ... + a,—12 + a, = 0 has a
set of n independent roots, then a; = ... = a, = 0.

Proof: Consider the system of linear equations in the variables ai, ..., a,:

alx?fl + ..t apn_1x; +a, =0,1<i<n.

This may be written in the form

n—1 n—1
Ty Ly
[ax an]
€ Tp
1 1

x?fl an—l
V(wlw axk) = z Tn
1 L],
exists and so the matrix
x171 mﬁ_l
X1 Ip
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is invertible, giving the result.

For independent sequences x1,...,%, and x1,...,T,_1, 2 Set

Y1 =21, 21 =2

ye =V, ...,op)zeV (21, z,) Y, 1<k<n

2 =V(xy, ..., o5-1,2)2V(21,...,25_1,2)" ", 1<k<n.
In the commutative case yp =z and 2z =z for k=1,...,n.
Define
Ak(xl,...7:1cn) =

Z YirYip_1---Y1-

1<i1 <2< <1 <n

Theorem 4.2: (Noncommutative Viete Theorem) Let {x1, ..., z,} be an inde-
pendent sequence of roots of the polynomial equation

" +az" -+ a, =0
over R. Then
a; = (—1)iAi(Z‘1, ,xn)

for 1 <i<n.

To prove this, we need the following preliminary result which is of indepen-
dent interest.

Theorem 4.3 (Bezout decomposition of a Vandermonde quasideterminant).
Suppose that sequences xz1,...,z, and x1,...,%,_1,2 are independent. Then

V(xr,.o s 2n, 2) = (2n = Yn)(Zn—1 — Yn—1) -~ (21 — y1)-

Proof (A. Lauve): By induction (base case being trivial) we need only check
that

Vixr, ..o xn,2) = (zn —yn)V(z1,. .., 20, 2)

= V(.. 2n1,2)2 =V (21, ..., 20 1)T V(x,. .., 20) 'V (z1, ... 20, 2).
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Use Sylvester’s Identity on the left-hand side.
i wy
x?—l wz:% :Ezil anl
th == :
X Lpn—1 In z
1 1 1 1
1 Tn 1 Ty Ty
n—1 n—1
_ z - xn o
XO XO
z Tn
xz—l -1 Zn—l
Xo ; Xo :
T, z
1 1 1 1
= (%).
Now, by column transformation properties and homological relations, we have
(*x) = V(z1,...,%n-1,2) 2 —=V(1,...,Tp-1,Tpn) * Tp, X
-1

xZ*l anl

Xo : Xo :

Tn z

1---1 1 1 -1 1

= V(@1 @1, 22—V (21, . 1,200V (21, .y 20) "V (21,. .., 20,2)

as needed.
Theorem 4.4 (Viete decomposition of the Vandermonde quasideterminant)

Suppose that the sequences x4, ...,r, and x1,...,T,_1, 2z are independent. Then

) -1
V(xlv ~axnaz):'zn+alzn + o+ ap—12+an,

where
_ k
ak = (_1) E YirYir_y ---Y1-
1<y <ig<--<ip<n

In particular
a1 =—(y1+- +un),
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az = Z y_]yla
1<i<j<n
an = (—1)"ypn ... y1.

Proof: By induction on n we show that Theorem 5.2.2 follows from Theorem
5.2.1. For n = 1 one has V(z1,2) = z — 21 and so the result holds. Suppose that
the result holds for m = n — 1. By Theorem 4.3

Viziy.ooyxn,2) = (z2n —yn)V(z1, ..., Tpno1,2)

=V(x1,...,Tn-1,2) 2) — (Yn - V(x1, ..., Zpn-1,2)).

By induction,

V(zt, .oy Tpo1,2) = 2" 4 012" 2 by,

where
bi=—(y1+ -+ Y1),
b'n,—l = (71)nyn_1 ceee Y.
Therefore,
Vixy, .o xpn,2) =2"+ (b — yn)znfl + (by — ynbl)/k2 + = ynby
:Zn‘i‘alzn_l‘i""‘i‘an,
where aq,...,a, are given as desired.

Proof of Theorem 4.1: Since a quasideterminant vanishes if two columns are
equal, we have V(z1, ..., p, z;) = 0 for all 4. Thus, if {1, ..., 2, } is an independent
set of roots of a monic polynomial P(z) of degree n, it is also an independent set of
roots of P(x)—V (1, ..., Zn, z). Then by the lemma we have P(x) = V(x1, ..., Zp, 2)
and the theorem follows from the Viete decomposition of the Vandermonde qua-
sideterminant.






Chapter 5

An analogue of the
Fundamental Theorem

5.1 Statement of the theorem

Let F x1,...,x, }denote the free skew field on generators x1, ..., z,. Note that
the symmetric group &,, acts on F{ 1, ..., 2, by o(z;) = r5).
As in Chapter 4, define y; = 1 and yx = V (21, ..., 2%)21V (21, ..., 1) " for

2 <k <n.Set
Ai = Z yjl"'yji

nzji1>...>j;>1

for 1 < i < n. By the Viete Theorem, each A; € F{ x1,...,x, 3.

Theorem 5.1

Let f € Fly1,...,yn) and suppose of = f for all 0 € &,. Then f €
F[Aq, ..., Ay

5.2 Algebraic independence results

As usual, we say a set of elements {vy,...,vx} C F x1,...,x, >is algebraically
independent if ¢ € F < wuy,...,ur, > and g(v1,...,vx) = 0 imply ¢ = 0. Our
proof of the fundamental theorem will depend on showing that certain subsets of
F 24,...,x, pare algebraically independent.

Fix 7,1 <i <n —1 and let ¢ € G,, denote the transposition which inter-
changes ¢ and 7 + 1. Set
o(y:)

2

Zi = Yi —

and

zi = (yi +o(y)s;
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Proposition 5.2: (a) {y1, ..., yn} is algebraically independent in F{ x1, ...,z }

(b))  {y1, -y Yio1, 2iy Sis Yito, -, Yn) is  algebraically independent in
I G T i

In view of the universal property of F{ x1,...,x, »it is sufficient to find a
skew field K and an injection u : F' < x1,...,x, >— K such that V(xq,...,zy) is
defined and invertible in K for all k,1 < k < n, that s; is invertible in K and that
the asserted algebraic independence results hold in K.

Our construction of such a K is based on results of Jategaonkar and of
Fisher. Consider the commutative field L = F(t; ;|1 <14 < mn,j > 1) generated by
the algebraically independent elements {¢; ;|1 < i <mn,j > 1}. Embed this in the
skew polynomial algebra S = F(t; ;|1 < ¢ <n,j > 1)[D] where D¢t; ; = t; j+1D.
Then S is embedded in the skew field

K={> DY foiD|fni€L}.
n>0 i=0

Themap p : z; — t;1.D,1 <1 < n extends to a monomorphism of F' < x1, ..., T, >
into K.
One can show that

w(V(zy,...,zx) =
t171t172...t1}]€,1 tk71tk72-~-tk,k71
t172...t1,k_1 tk,Q---tk,k—l
(det . . )X
by p—17... Lh k-1
1 1
t1,2t1,3-- 1,1 tk—1,28k—1,3--tk—1,k—1
1,3..41,k—1 .. th 3ot g1
(det . . )~ID.
Ty p—17... th—1,k—1
1 1

One uses this to prove Proposition 5.2.

5.3 Completion of the proof

Let A be an associative algebra over F' and o € Aut A. For any subset X C A,
let F[X] denote the F-subalgebra of A generated by X. Let {aq,...,ax, s, z} be
an algebraically independent subset of A. Assume that oz = —z,08 = —s and
oa; = a; for all 4.

Let by = (sz +2)/2 and by = (25 — 2)/2.

Proposition 5.3
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Let 0 £ f € B = F[by,bs,a4,...,a;] satisfy of = c¢f for some ¢ € F. Then
c=1and f € F[by + by, bab1,aq, ..., ax].

Proof: We may assume, without loss of generality, that f is homogeneous of degree
[ (as a polynomial in by, by, a1, ..., ax). The result clearly holds if I = 0. We will
proceed by induction on /. Thus we assume [ > 1 and write

k
J=bfi+0baf2 +Zajgj

j=1
where f1, fa,91, ..., gr € B are homogeneous of degree [ —1. Then 2f = (s+1)zf1 +
z(s—=1)fa + 22?21 a;g; = s(zf1) + 2(f1 + sfa — f2) + 22?21 a;g; and so

k

0=2(cf —cf) €sz(ofi —cfr)+ QZaj(agj —cg;) + zB.
j=1

As {ay,...,ax, s, z} is algebraically independent, we have 0 = o f; — cf1 = og1 —

cg1 = ... = ogi — cgg. Then the induction assumption implies that f1,91,...,9%x €
. k

Flb1 + b2, bobi, an, ..., ax]. Replacing f by f — (b1 +b2)f1 — >2;_; a;g;, we may

assume that 0 = f; = g1 = ... = gi. Note that (as oby ¢ Fby) this proves the

proposition in the case [ = 1.
Now assume [ > 2 and write

k
f=0a2(brh1 + boho + Zajpj)
i=1
where hy, ha,p1,...,px € B. Then 4f = (2(s%> —1)z—2%)hy +(2(s—1)z(s—1))ha +
k
2(2s — 2) >, a;jp;) and so

0=4(cf —cf) € zs?2(chy — chy)

k k

+2zs Z a;(op; — cp;) + 2s Z aj(op; +cpj) + 22B + zszB.
j=1 j=1

As {aq,...,ax, s, z} is algebraically independent, we have 0 = chy — ch; = op; —
p1 = ... = Opp—Cpx, = op1+cp1 = ... = opi+cpg. Consequently, p1 = ... = p, = 0.
Furthermore, the induction assumption implies that hy € F[by +ba, baby, ay, ..., ax]
and so, replacing f by f — babihi, we see that we may assume h; = 0 and so
4f = 4b3hy = 2(s — 1)2(s — 1)hg = 252(s — 1)hg — 2%(s — 1)hy = 252q — 2%q where
q= (s —1)hs € B. Then

0=4(cf —cf) = —zsz(oq + cq) — 2*(0q — cq).
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As {ay, ..., ax, s, z} is algebraically independent, it follows that ocq + ¢¢ = 0 and
0q —cq = 0. Thus ¢ = 0 and so hy = 0, proving the proposition.

Let y1, ..., y, be algebraically independent elements of an associative algebra
A over a field F. Let

Y = F[yl, ayn}

be the subalgebra of A generated by y1,...,y,. Note that, by the algebraic inde-
pendence of the y;, we have
Y = @?:1yly

Write
Y, = Zle
=i
for 1 <7 <nandset Y, ; =(0). For 1 <i<mn, set

YO = Flyr, o Yim1, i+ Ui 15 Yir1 Vi Vit 2s oo Yn)-

For 1 < j < i < n, define
Ai,j:()

and for 1 < j < n, define
AO,j = 1.

For 1 <i < j <n, define

Ay = Z Y Yis - Yl -

Gl > 0>

For 1 < j < n, set
M, = F[Al,ja o NS Yt ces Yn)-

Lemma 5.4:
If1<j<n-—1,then A;nYUl =M.
Proof: Note that for 1 <j <n—1and 1 <i<n, we have

Aijrr =yjlicr; + A

and consequently
Mj+1 - Mj.

Furthermore, we also see that
Nijr1 =yjryiNi—ej—1 + (W41 +y)Nicij—1 + A
for2<i<mn,1<j<n-—1,and so

M C vyl
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Thus ‘
Mj4 € M;nYUL

Hence we need to show that if f € M; NYU!, then f e M 1. Without loss of
generality, we may assume that f is homogeneous of degree t > 0 in {y1, ..., Yn}-
The assertion is clearly true if ¢ = 0. We now proceed by induction on ¢, assuming
that the assertion is true for homogeneous polynomials of degree < ¢.

Suppose that for 1 <¢ <n, we have f € ;N M; N YUl Then we may write

f=vfit .. +ynfn

where f;,....,fn €Y,

f=MAjo1+ .+ Mg +Yir1gi+1 + o+ YnGn

where g1,...,9n € Mj, and f =
yihi + o+ yjmrho1 + (Y5 + vk + Yy + Yol + o+ Y,
where h1, ..., h, € YU, We will show that
feYinM, +YiynM;nYUl

Note that, since Y1 =Y and Y, 41 = 0, iterating this result proves the lemma.

To prove our assertion, first suppose that ¢ < j. Then gy =... =¢g;_1 = h1 =
wo=hi_1 =0and yif; = yiyi—1..y19; = yihi. Thus y;_1..y19; € YUl and so g; €
YUl But then g; € M; NY! and so, by the induction assumption, g; € M; . But
then Ai’jJ’»lgi eyYy;n Mj+1 and so, since f — Ai,j+lgi =f- (ijrlAifl,j + Ai,j)gi €
Yit1, we have f — A; j419; € Y; N M, 11, proving our assertion.

Next suppose that i = j + 1. Then we have y;11941 = Yj+1¥jhj+1, and
S50 gj+1 = yjhj+1 S Mj. Then gj+1 = Aj7jh;'+1 with h;Jrl S Mj and so hj+1 =
Yi—1--y1hjy € YU, 1t follows that R’y € M1, so by the induction assumption
hipr € Mjga. Then yjiagjpn = yjrah bl = Nigajpahfy, € My Since
f = Yj+19j+1 € Yiq1, our assertion is proved in this case.

Finally, suppose i > j+1. Then y;g; = y;h; so g = h; € M;NYl and, by the
induction assumption g; € M;; 1. Therefore y;9; € Mjy1. Since f — y;9: € Yiya,
our assertion is proved in this case as well, completing the proof of the lemma.

Noting that Y7 = M we obtain the following immediate consequence of
Lemma 3.2:

Proposition 3.3 For 2 < j < n, we have N/_[ VIl = A;.

Proof of Theorem 5.1: Let 0; € &,, be the transposition that interchanges i and
i+ 1. It is clear from the definition that

oi(y;) = y;
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whenever j < 4. By Theorem 4.2 we have yiy1yiyi—1.-.y1 = Nigy1i41 =
O'i(Ai+1,i+l) = Ui(yi+1)0i(yi)(yi—l---yl) and so

Ui(yi+1)0i(yi) = Yi+1Yi-

Similarly, we have A; ;41 = (Yit1 + ¥i)Nic1i—1 + Yir1¥iNi—2,i—1 = 0i(Niiy1) =
(Wit1+yi) Ni—1im1+yir1yiNi—2,i—1 = 03 (Yir1 +Yi) Nim1,i—1+Yir1YiNi—2,i—1. There-
fore

oi(Yit1 + i) = Yiy1 + Yi-

AISO, for ] >14+ 1 we have Aj,j = yjAj,Ljfl = U’iyj(Aj,Ljfl) = Ui(yj)Ajfl’jfl.
Thus

oi(y;) = yj
whenever j > ¢+ 1.

Let u; = (yi +0i(y:))/2,vi = (Yi+1 + 0i(yi+1))/2, and z; = (y; — 0i(yi))/2-
Since 0;(yi+1 + ¥i) = Yi+1 + i, we also have z; = —(yir1 — 0i(yit1))/2. Set s; =
uizfl. By Proposition 5.2 2.4 we have that the set {y1, ..., ¥i—1, Si, Zi, Yi+2y s Yn }
is algebraically independent. Since ¢;(yi+1)0:(yi) = Yit+1yi, we have that z;u; =
(03(Yi+1)Yi — Yir10(y:))/4 = v;z;. Then we have

Yi = Ui + 25 = 82 + Zi,

Yi+1 = Vi — 24 = Zi8i — Z4-

Note that o;(s;) = —s; and 0;(2z;) = —z;. Therefore the hypotheses of Proposi-
tion 5.3 are satisfied (with k = n—2,a; = y; for 1 < j <i—1,5 = 55,2 =
Zi,a; = Yjqo for ¢ < j < n—2and 0 = 0;). Therefore f € Fly,...,yi—1,y; +
Yit1s Yit1Yis Yit2, -, Yn) OF, in the notation of Proposition 5.5, f € Y. Since this
holds for all 7,1 < ¢ < n — 1, Proposition 5.5 shows that f € M,, proving the
theorem.
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Chapter 1

1.1 Why the study of quasideterminants leads to the
study of localization

The determinant of an n by n matrix A = [a; ;] over a commutatuve ring R may
be expressed as a polynomial in the matrix entries:

det A = z 5gn(0)a1 o (1)+-On,o(n)-
oceG,

As we will see (in other lectures) the analogous definition of the quasideter-
minant [A]; ; of an n by n matrix A = [a; ;] over a (possibly) noncommutative
ring R inductively gives [A]; ; as a rational expression in the matrix entries. Thus
forn=1

[A]l,l =ai
and forn > 1
[Aliy = aiy— Y, alA] ak,
k#i,1#j

where A%J denotes the minor obtained from A by deleting the i-th row and
the j-th column.
For example:

[am a1

-1
=a1,1 — 01,209 9021,
a2.1 G2,2} 1.1 ’

and
a1 ai2 a13

a1 G2 0423 =
az,1 asz2 a33|,,

109
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-1
_ az2 a3
=a11 —aip

a2.1
a3,2  A33]5,
- 4 -1
—a13 22 G23 .
Tlas2 a33]y4
- 11
a1 Q22 a23 as 1
Tlas2 azzlz,
- 4 -1
—a13 22 G23 as
T lasz2 a33]g4

=ai; —aia(azz — (12,303;51:,&3,2)71&2,1
—ay3(az3 — a2,2a3:§a3,3)7102,1
—ai2(as2 — a3,3a{’;1;a2,2)71a371
—ay,3(asz3 — a3,2a£;a2,3)_1a3’1.

Of course, if the a; ; are elements of an arbitrary ring R, these expressions
may not exist, since all the required inverses may not exist. We may attempt to
overcome this difficulty by requiring that R be a skew field so that all we need to
check is that each of the expressions to be inverted is nonzero. We may further
regard the matrix elements a; ; as independent noncommuting indeterminates over
some field F' (satisfying no relations except those forced by the axioms of a skew
field), i.e., assume that R is the "free skew field over F' generated by the a; ;”
(which we denote by FX a; ;|1 < 1i,j < n }). If we are to do this, we need to be
precise about the properties of the ”free skew field” and show that such an object
actually exists. We will do this, following the development of P. M. Cohn [2].

Now our independence assumption on the a; ; implies that the subalgebra
of F€ a; ;|1 <i,j < n Pgenerated by {a; ;|1 <1i,j < n} is just the free algebra
F < a;;]1 <i,j <n >, areasonably well understood object. Thus the study of
F a; 5|1 < i,j < n Pmay be thought of as a special case of the more general
problem: find all skew fields containing the free algebra F' < a; ;|1 <i,j < n >.
This, in turn, is a special case of the more general problem: Let R be a ring, find all
injective homomorphisms ¢ : R — K where K is a skew field. This is the general
problem of localization, which P. M. Cohn describes as ”the process of introducing
fractions in a ring”.

Once we have established the existence and properties of F{ a; ;|1 < 4,5 <
n ) important questions about quasideterminants remain. In particular, note
that the rational expressions giving the quasideterminant of an n by n matrix
get successively more complicated in the sense that for an n by n matrix the
expression involves n — 1 successive (or nested) inversions. However, it could be
that there are simpler expressions allowing the quasideterminants of an n by n
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matrix to be expressed with fewer invesions. (Consider, for example, Hua’s identity
(cf. [6]): (a=t+ (b=t —a)~1)~! = a — aba.) Reutenauer has proved that this is not
the case, i.e., any expression for a quasideterminant of the n by n matrix [a; ;]
over FX a; ;|1 <1i,j <n Pmust involve n — 1 successive inversions.

We will also be interested in studying whether certain sets of elements in
F£ a; ;|1 <1i,j <n pare algebraically independent. To do this, we must have a
way of determining whether or not certain expressions in F€ a; ;|1 < i,5 <n »
represent 0. We will see that the universal property of FX a; ;|1 <1,j < n }allows
to answer this question by considering expressions in any skew field K containing
F < a;;]1 <4,5 <n>. We will see that a constuction due to Fisher [4] (using
techniques of Jateogaonkar [7]) produces skew fields that are useful in this regard.

We will begin these lectures (Section 2) by reviewing the well-known case of
commutative rings. Here if R is embedded in a field S, then the set of elements
{rs71|r,s € R,s # 0} is a subfield of S. We will then follow Ore in characterizing
rings R (not hecessarily commutative) that may be embedded in a skew field S
is such a way that {rs=!|r,s € R,s # 0} is a skew field. We will then consider
examples of embeddings R C S where S such that {rs~!|r,s € R,s # 0} is not a
skew field. These examples will suggest that it is necessary to consider the subring
of S generated by all entries of the inverses of matrices over R that are invertible
in S. This provides motivation for the later introduction of the matrix ideals and
prime matrix ideals belonging to a ring R. Constructions due to Jategaonkar and
Fisher (Section 3) provide particularly important examples R C S in which R is
a free algebra and {rs~!|r,s € R,s # 0} is not a skew field. In Section 4 we will
define the category of R-fields and specializations and formulate the appropriate
universal condition to define the free skew field. Section 5 places "the subring of
S generated by all entries of the inverses of matrices over R that are invertible in
S” in a more general context. Sections 6 - 8 present Cohn’s development of the
correspondence between prime matrix ideals and epic R-fields. Section 9 proves
the existence of the free skew field and Section 10 gives a normal form (from [3])
for elements of the free skew field that is necessary for the proof of Reutenauer’s
Theorem. Section 11 presents the proof (from [10]) of that theorem.
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Let K be a skew field and S be a subring of K. Then S is an integral domain. That
is, if a,b € S, a,b # 0 then ab # 0. (Note that we do not include commutativity in
the definition of an integral domain.)

Let S be a commutative integral domain and write S* = {s € S|s # 0}.
Define an equivalence relation ~ on S x S* by

(a,b) ~ (¢,d) < ad = be.

Then letting Q(.S) denote the set of equivalence classes of S x.S* under ~, denoting
the equivalence class of (a,b) by [a,b], and setting

[a,b] + [, d] = [ad + be, bd]

and
[av b} [Cv d] = [acv bd]

we see that Q(5) is a field, the map
¢:8—Q(S)

¢:s—[s,1]

is an injective homomorphism of rings and if K is any field and
Pv: 85— K
is an injective homomorphism of rings, then there is an injective homomorphism
T:Q(S)— K

such that
o1 = 1.

Now let S be any commutative ring and ¢ : S — K be a homomorphism
into a field K. Then S is a commutative integral domain and so ker ¢ is a prime
ideal in S. If ¢(S) generates K (as a field), then we have Q(S) = K. Hence
the homomorphisms ¢ : S — K such that ¢(S) generates K are in one-to-one
correspondence with the prime ideals of S.

Ore [9] considered embeddings R C K where R is a ring (not necessarily
commutative), K is a skew field and K = {rs~!|r € R,0 # s € R}. Then R must
be an integral domain and, furthermore, for any t,u € R,u # 0 we have u=1't € K
SO

uw it =rs!
for some r, s € R, s # 0. Consequently, for any nonzero u,t € R there exist r, s € R
such that

ur =ts #0
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. A ring satisfying these conditions is called a right Ore domain. (Left Ore do-
mains are defined similarly.) If R is a right Ore domain, we may construct a skew
field containing R by a construction analogous to that for commutative integral
domains. Thus we define an equivalence relation ~ on R x R* by

(a,b) ~ (c,d) < Ju,v € R"™* such that au = cv and bu = dv.

Then letting Q(R) denote the set of equivalence classes of R x R* under ~;,
denoting the equivalence class of (a,b) by [a,b] and setting

[a,b] + [¢,d] = [au + bv,t] where bu=dv=1t#0

and
[a,b][c,d] = [ar,ds] where br = cs # 0

we see that Q(R) is a skew field, the map
61 R— Q(R)
or— [r,1]
is an injective homomorphism of rings and if K is any skew field and
Yv:R— K
is an injective homomorphism of rings, then there is an injective homomorphism
7T:Q(R)— K

such that
¢T =Y.

It is known ([5], p. 166) that if L is a finite-dimensional Lie algebra over a
field, then U (L), the universal enveloping algebra of L is an Ore domain. Therefore,
there is a homomorphism of U(L) into the skew field Q(U(L)). If L is any Lie
algebra, we let L denote the span of all products [ai[az[...[a;_1,a;]...]]. Then L?
is an ideal in L. Let §,, denote the free Lie algebra on n generators x1, ..., z, and
T (k) denote the quotient of §,, by the ideal . Now U(F,) = F < 1, ..., 7, >,
the free algebra generated by 1, ..., x,,. Thus we have

F<ay,..,zn >=UFn) = UEn(k) = QUE(K))),

a homomorphism of the free algebra F' < x1,...,x, onto a skew field.
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The constructions of this section depend on the following lemma of Jategaonkar.
Lemma: Let R be an integral domain with center F' and {x;|i € I} be a
subset of R containing at least two elements. Assume that » . ; x; R is a direct
sum of non-zero right ideals of R. Then the subring A of R generated by {x;|i € I'}
over F is isomorphic to the free F-algebra F < y;|li € I > .
Proof: For a sequence j = (ji, ..., jx) let 33 denote the monomial

yjl yjk .

We also set
lil = j1 + - + i
FOTfZijjyj eEF <yliel>let

|f| = min{lj||f; # 0}

and
Lf11 = Hilfs # 0}
The homomorphism ¢ : F' < y;|i € I >— R defined by ¢(y;) = x; for all i is
surjective. Suppose ¢ is not injective. Order the set

S =A{UIfIL1FDI0# f € ker(¢)}

lexicographically and suppose that 0 # g € ker(¢) and (||g]|,]g]) is minimal in S.
We may write
g=9go+ Z Yigj
JeI
where gp € Frand g; € F <y;li € I > . If gj =0 for all j € I, then g = gy and so
0 = ¢(g) = gy, so g = 0, contradicting the choice of g. Thus there is some [ € T
such that g; # 0.
Now suppose gg # 0. Then if j € 1,7 # | we have

0= ¢(gy;) = goxj + »_ id(gi)x;.

icl

As 3, ;iR is direct we have 0 = gpz; + 7;¢(g;)x; and 0 = x;¢(g;)z; for all
ie€lI,i# 3 Thus 0 # gpy,; + y;g;y; and 0 # y;q;y; are elements of ker(¢). But
Nyigiy;ll < llg|| — 1, contradicting the choice of g. Thus gy = 0 and so |g| > 0.

Now ¢(g9) = ¢(3_,e1Yi95) = > jer ©i#(g5)- Since 3,y x; R is direct, we have
each z;¢(g;) = 0. In particular, 0 # y;g; € ker(¢). Then by the choice of g we
have g = ;9. But then 0 = ¢(g) = z19(q:) so g1 € ker(¢). Since |[g]| = [|g]| and
lg1] = |g| — 1, this contradicts the choice of g, completing the proof.

Jategaonkar uses this lemma to give an embedding of the free algebra F' <
x;li € I > over a field F on an arbitary set of generators {z;|i € I} in a skew
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field. Let L = F(t; ;i € I,j € Z,j > 1), the (commutative) transcendental field
extension of F' generated by {t; ;|i € I,j € Z,j > 1}. Let L[D] denote the ring of
skew Laurent polynomials

3" 5D € Lim >0}
i=0
where Dt; j = t; j41D. Now if f = > fiD" and g = >_._,g;:D* € L[D] with
fm # 0 and m < n, then

n—1

9g— (gn<Dn_mfm)_1Dn*m)f = Z(gz - (gn(Dn_mfm)_an*m)fiDi-
=0

Thus L[D] has a left division algorithm and so is a left principal ideal domain.
Therefore L[D] is a left Ore domain and hence has a left ring of quotients K which
is a skew field containing L[D].

Theorem (Jateogaonkar [7]): The homomorphism

p:F<uzliel > K
defined by
¢ X ti71D

is an embedding of the free algebra F' < x1,...,z, > into K.

Proof: Since } ,;(t;,1D)L[D] is direct, the lemma gives the result.

Fisher ([4]) gives a related embedding of F' < x1, 22 > into a skew field. In
the notation of Jategaonkar’s Theorem, let I = {1,2}, set ¢t;; = 1 for all j > 1
and write t; for ty ;. Write L = F'(t;|j € Z,j > 1), set Dt; =t; 41D for all j > 1,
and define L[D] and K as above.

Theorem (Fisher): The homomorphism

o F<z,20 > K

defined by
¢:x1— D

and
¢ a9 —t1D

is an embedding of the free algebra F' < z1,...,z, > into K.
Fisher proves an important property of this embedding. Suppose ¢ : R — K
is an isomorphism of a ring R into a skew field K. Define

Qo(R,¢) = ¢(R)

and, for i > 0, define

Qi(R,¢) =< Qi—1(R,¢),{r "0 # 7 € Qi_1(R, )} >,
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the subring of K generated by Q;_1(R,$) and {r~ 1[0 #7 € Q;_1(R,¢)}. Then

Ui>0Qi(R, ¢)

is a skew field. We say that the embedding ¢ : R — K has height m if m =
min{n|Qn(R, ¢) = K}. We say that an element « € K has height m (with respect
to R and ¢) if m = min{n|z € Q,(R,$)}. Thus if R is a skew field the embedding
R — R has height 0 and if R is an Ore domain but not a skew field the embedding
R — Q(R) has height 1.

Theorem ([4]): Let F be a field. Let the embedding ¢ : F' < 21,29 >— K be
as described in the previous theorem. Set K1 = U;>0Q:(F < 1,22 >, ). Then
the embedding ¢ : F' < x1,29 >— K; is of height 2.

Proof: We first show that the embedding is of height < 2. Write Q; for
Qi(F < x1,m3 >),¢). Then @Q; contains D and D~!. Hence Q; also contains
D=Y(t;D)D? = t; for all i > 1. Thus Q1 2 L[D]. Since the ring of quotients K is
generated by L[D] and @1 D L[D] we have Q2 2 K. Furthermore, K D @7 and
so K D Q3. Thus K = Qs.

Now F' < x1,x9 > is the span of all monomials

4 i1—1 ip—1—1 ik
' T2z T..T2Tq Toxy
where ig, 7, > 0 and i1, ...,7,_1 > 1. Now

i i1—1 iko1—1 i
o G DY R D WO D Toxit) =

Liglio+iy "'ti0+~~~+ik—1Dlo+m+lk .

Set M = span{tj tj,..t;, |m > 0,j1 < jo < ..jm}. Thusif f = > 1" fiD" €
¢(F < x1,22 >) we have f; € M for all i > 0. Let N denote the set of all products
li..0g, where k > 1and 0 # I; € M for 1 < i < k. Let V = {rs™t|r € N,0 #
s€ N} Let U ={D™™ Z;ﬁo UniDiln > 0,v,, € V}. It is easy to check that U
is a subring containing ¢(F < x1,22 >) U {5710 # s € ¢(F < z1,22 >}. Thus
U contains Q1. Now suppose u € F[t;|¢ > 1] is an irreducible element such that
™' € Q1. Then v~ ! € U and so u™! = rs~! where r,s € N for some m. Then
ur = s. Since u is irreducible, u divides some element of M. Since every monomial
summand of every element of M is square free, the same must be true of every
monomial summand of u. But there are irreducible elements of F[t;|¢ > 1] (such
as t; —t' for n > 2,4 > 1) for which this is not true. Thus K # @ and so the
embedding ¢ : F' < x1,x9 >— K7 is of height 2.

Fisher [4] also gives a related embedding of height 1 of F < z1,22 > in a
skew field
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2.1 R-rings, R-fields and specializations

Let R be a ring. An R-ring is pair (¢, S) where ¢ : R — S is a homomorphism
of rings. For a fixed R, the R-rings form a category in which the morphisms from
(¢, 5) to (¢',5") are ring homomorphisms v : S — S’ such that ¥¢ = ¢'.

If (¢,S) is an R-ring and S is a skew field we call (¢, S) and R-field. If S is
generated (as a skew field) by ¢(R) we say that (¢,.S) is an epic R-field. If (¢, S)
is an epic R-field and ¢ is injective, we say that S is a field of fractions of R.
Thus if R is a commutative integral domain or an Ore domain, Q(R) is a field of
fractions of R.

Any morphism between epic R-fields must be an isomorphism. For if 1) is a
morphism from the epic R-field (¢, S) to the epic R-field (¢',S’), then 1, being
a (ring) homomorphism of between skew fields, must be injective. Furthermore,
P(S) C 5 is a skew field containing ¢(R) and so must equal S’. Thus, if the
category of R-fields is to have an interesting structure, we must define a more
general notion of morphism.

Define a local homomorphism 1 from the R-field (¢, S) to the R-field (¢, S")
to be a morphism from an R-subring (¢, Sy) of (¢,S) to the R-ring (¢’,S’) such
that any element Sy not in the kernel of ¢ has an inverse in Sy. This implies that
ker 1 is a maximal ideal of Sy and is the set of all non-units of Sy. Thus ¥(5) is a
skew field containing ¢'(R) = ¥¢(R). Hence any local homomorphism to an epic
R-field is surjective.

Recall the definition of the skew field Q(U(Fn(k))) from Section 2. Denote
this skew field by @, (k) and let ¢ : F < z1,...,2, >— Qn(k) be the homo-
morphism defined in Section 2. Then, for each n and k, (¢, &, Qn(k)) is an epic
F <xy,...,x, >field. If m > k define V(n,m, k) C @Q,(m) to be

{rs7Hr,s € U(Fn(m)), s & U(Fn(m))(Fn(m))"}.

Then ¢,k is a local homomorphism from (¢, m, @n(m)) to (¢n ik, @n(k)).
Two local homomorphisms between R- fields (¢, S) and (¢',S’) are said to
be equivalent if they agree on a subring Sy of S and if their (common) restriction
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to (¢, So) is a local homomorphism.

An equivalence class of local homomorphisms between R-fields (¢,S) and
(¢',8") is called a specialization. Then R-fields and specializations form a category.
An initial object U in the full subcategory of epic R-fields is called a universal
R-field.

We will see that there is a universal F' < zq, ..., z, >-field which we will call
the free skew field.

2.2 Rational closures

Let R and S be rings and f : R — S be a homomorphism. As usual, we may
extend f to a map from the set of m by n matrices over R to the set of m by n
matrices over S. Let 3 be a set of matrices over R. We say that f is X-inverting
if every element of f(X) is invertible. In this case we let Rx(.S) denote the subset
of S consisting of all entries of inverses of matrices in f(R).

We will find sufficient conditions on ¥ for Ry to be a subring of S.

We say that a set ¥ of matrices is upper multiplicative (respectively, lower
multiplicative) if 1 € ¥ and if whenever A, B € ¥ and C' is a matrix of appropriate
size then [61 g] € ¥ (respectively, [é g
that is invariant under right and left multiplication by permutation matrices is
called a multiplicative set.

Lemma ([2], Proposition 7.1.1): Let f : R — S be a homomorphism and let
3 be the set of all matrices over R whose images under f are invertible. Then ¥
is multiplicative.

Proof: f(1) is invertible and if f(A) and f(B) are invertible, then

[f(A) f(C)]l [f<A>-1 — (AL f(B) !
0 f(B) 0 F(B)™!

Theorem ([2], Theorem 7.1.2): Let ¥ be an upper multiplicative set of ma-
trices over R and f : R — S be a Y-inverting homomorphism. Then Rx(S) is a
subring of S containing f(R) and the following conditions are equivalent:

(a) z € Rx(S)

(b) x is a component of a solution of a matrix equation

} € ¥). An upper multiplicative set

Au—a=0,4 € f(%)
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Now the equation in (b) can be rewritten in terms of the augmented matrix
(a,A) as (a, A)u’ = 0 where v/ = i . With this as motivation we adopt the

following notation for an m by m + 1 matrix A:

A = (AO7A17 7Am) = (A07A*7AOO)

where Ay, ..., A,, denote the columns of A and A, denotes the m by m — 1
matrix (Ag, ..., Am_1). We call (Ag, A.) the numerator of A, A, the core of A,
and (A., As) the denominator of A.

2.3 Matrix ideals

Suppose (¢, K) is an R-field. It is natural to ask what matrices over R map to
non-invertible matrices over K. We call the set of such matrices the singular kernel
of ¢. Here are some such matrices.

We say that an n by n matrix A over R is full if it cannot be written as a
product A = BC where B is an n by r matrix over R, C' is an r by n matrix over
R, and r < n. Then if A is a non-full matrix we have ¢(A) = ¢(B)p(C) where
¢(B) and ¢(C) are both < n. Hence ¢(A) is not invertible and so A belongs to
the singular kernel.

If A= (Ay,..,A,) and B = (B, ..., B,) are matrices of the same size and
if for some j we have A; = B; for all i # j, we define the determinental sum of
A and B (with respect to the j-th column) to be the matrix C = (Cy,...,C,)
with C; = A; for i # j and C; = A; + B;. We denote the determinental sum by
AV B. Also, if the determinental sum of the transposed matrices A* and B! with
respect to the j-th column is defined, we define the determinental sum of A and
B with respect to the j-th row to be AVB = (A'VB')!. Note that the operation
V is not always defined, may depend on specification of a row or column, and is
not associative. Now if A and B are non-square, then AV B is non-square and so
belongs to the singular kernel of ¢. If A and B are square matrices belonging to
the singular kernel of ¢, then rank(¢p(A)Ve(b)) < max{rank ¢(A), rank ¢(B)}.
Thus AV B belongs to the singular kernel.

For matrices A and B define A® B = 40 . Clearly if either A or B

0 B
belongs to the singular kernel, then A & B does as well. Furthermore, if A & I
belongs to the singular kernel, so does A.

We say a set P of matrices over R is a matrix pre-ideal if the following three
conditions are satisfied.

(1)B contains all non-full matrices.

(2) If A, B € B and AVB is defined, then AVB € P

(3) If A€ P then AP B € P for all matrices B over R.

If, in addition,

(4) ApIeP=AcP
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we say that P is a matriz ideal.

2.4 Prime matrix ideals

The singular kernel of an R-field (¢, K) has an additional property. If A ® B
belongs to the singular kernel, then either A or B belongs to the singular kernel.
This is the motivation for the following definition.

A matrix ideal B is called a prime matriz ideal if A® B € B implies A € P
or B €.

The theory of prime matrix ideals resembles the theory of prime ideals. For
example, we may use the following theorem to construct prime matrix ideals.

Theorem ([2], Theorem 7.4.3): Let R be a ring, ¥ be a non-empty set of
matrices over R closed under diagonal sums, and let 2 be a matrix ideal such that
ANY = (. Then there is a matrix ideal 8 maximal with respect to P C 2 and
PN = (. The matrix ideal P is a prime.

2.5 The correspondence between prime matrix ideals
and epic R-fields

Theorem (([2]Theorem 7.4.8): Let R be a ring and 9 be a prime matrix ideal.
Then there is an epic R-field (¢, K') with singular kernel B.

Outline of proof: We say that an m by n matrix has index n — m. Let M
denote the set of matrices of index 1

A = (AO; A*7 AOO)

such that the denominator (A., As) ¢ PB. Let My denote the set of all A € M
such that the numerator (Ag, A.) € P. For A € M set A° = (Ag, Ax, —Aso)

We say that two matrices A, B € M are trivially related if A = PBQ* where
P is invertible and

1 0 0
Q* = QO Q* QOO
0 0 1

is invertible. We abuse notation by writing A for the class of A under this equiv-
alence relation.
Now, for A, B € M define

and
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Define an equivalence relation ~ on M by A ~ B if and only if AfC#B° € My
for some C € Mj. Let K denote the set of equivalence classes. Then f and . induce
operations on K that give K the structure of a skew field. Define ¢ : R — K by

fla)=[a —1].
Observe that if y € K and y is represented by the matrix A € M, then
Au=0

for some

with ug = 1, uee = p.
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3.1 Existence of F a;,|1 <i,j <n }

For any set X of indeterminates, F' < X > is a free ideal ring and therefore the set
of all non-full matrices is a prime matrix ideal (and so, the minimal prime matrix
ideal). Therefore, F' < X > has a universal field of fractions F{ X }

3.2 A normal form for elements of F< a; ;|1 <i,5 <n }

Let F be a field and D be a skew field with center F'. Define Dp < X > to be the
free product ofer F' of F' < X > and D. Then Dr < X > has a universal field of
fractions D€ X > Since this field of fractions corresponds to the prime matrix
ideal consisting of all non-full matrices, the characterization of elements of the
R-field corresponding to a prime matrix ideal given at the end of Section 8 may
be restated by saying that each element f € Dp{ X )} admits a respresentation
(A, M,~) where X in an n-dimensional row vector over D, v is an n-dimensional
column vector over D and M is an n by n full matrix over D€ X } Furthermore,
each element of M may be taken to be of degree < 1 in X, and

f=AM"1y.

This representation is said to be of dimension n.

Such a representation is said to be minimal if n is minimal among all repre-
sentations of f.

Two representations (A, M,~) and (A, M’,v") of dimension n are equivalent
if for some invertible matrices P, @ € GL, (D) we have

N =AP,M =QMP,y = Q.
Theorem ([3], Theorem 4.3): Any two minimal representations are equivalent.
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3.3 Reutenauer’s Theorem

Let M = [m; ;] be an n by n matrix. We say that M is canonically invertible if
M = UL where U is upper triangular and invertible, and L is lower triangular
and invertible.We say that M has a height structure of height < [ if there us a
function h: {1,...,n} — {0,...,1} such that:

If h(i) = 0, then m;; = 1 and m; ; = 0 for j > 1.

If h(i) > 1, S; = {j > i|h(j) > h(i)} # 0 and n(i) = min S;, then m; ; =0
for j > n(i).

Theorem ([10], Theorem 2.2): Let D be a skew field with infinite center F' and
of infinite dimension over F. An element of Dp{ X }has height < [ if and only
if it admits a minimal representation (A, M,~y) where M is canonically invertible
and has a height structure of height <.

Using this result, Reutenauer proves that each entry of [a; ;]~! has height n
in F€ a; ;|1 <1i,j <mn > Since each entry of this inverse matrix is the inverse of a
quasideterminant of height < n—1 we see that the height of every quasideterminant
of the n by n matrix [a; ;] has height n — 1.
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