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MISCELLANEOUS RESULTS AND
CONJECTURES ON THE RING OF
COMMUTING MATRICES

Freyja Hreinsdéttir

Abstract

Let X = (zi;) and Y = (yi;) be generic n by n matrices and Z =
XY —YX. Let S = k[z11,...,Znn, Y11, - - -, Ynn], where k is a field, let
I be the ideal generated by the entries of Z and let R = S/I. We give a
survey on results and conjectures on R such as regular sequences in R,
the first syzygies of I, the canonical module of R and non-Gorenstein
locus. For the case n = 4 we give a conjecture on the Betti numbers of
1.

1 Introduction

Throughout this article we let R be the ring defined in the abstract. We
first give a review of known results for this family of rings and then we give

conjectures some of which have not been published before and some that can
be found in [12] and [11].

It was shown by Motzkin and Taussky [16] that the variety of commuting
matrices in M, (k) is irreducible of dimension n? 4+ n. Gerstenhaber [8] also
showed that the variety is irreducible. From this it follows that Rad(I) is
prime and that the dimension of R is n? + n.

It was conjectured by Artin and Hochster that R is Cohen-Macaulay and this
has been shown for n = 3 in [2] and for n = 4 in [10]. In both cases the
computer program MACAULAY [1] was used to compute a Grobner basis. It

has also been conjectured that R is a domain which follows from the ring being
CM (see [21]).
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Simis and Vasconcelos have studied R as the symmetric algebra of the Jacobian
module E,, with respect to the x;; variables. They show that the module E3
has projective dimension 2 and conjecture that this is true for any n, see [19].

In [4] Brennan, Pinto and Vasconcelos show that if the matrices X and Y are
symmetric, then R is a complete intersection and a domain. In [3] it is shown
that R is normal in this case.

For a general discussion on commuting varieties see [20] chapter 9 and the
references cited there.

In [13] we show that for n > 3 the Koszul dual of the ring is the enveloping
algebra of a graded nilpotent Lie-algebra.

Recently, Knutson [14] proved that the off-diagonal elements in XY — Y X
form a regular sequence.

The Cohen-Macaulayness of the ring may be proved in at least two ways, by
finding maximal regular sequences of lenght n? + n or by finding a minimal
resolution. In this article we give maximal regular sequences that can be
verified by a computer for the cases n = 2,3 and 4. The resolution can
be computed only in the cases n = 2 and n = 3. To get an idea on the
Betti numbers in other cases we first find the first syzygies and give a general
conjecture for these. These first syzygies can then be used to get a conjecture
on the canonical module. We can use a computer to partially resolve both R
and the canonical module. Splicing together these two and using the Hilbert
series we get a conjecture on the Betti numbers in the 4 x 4 case.

2 A minimal generating set

The generators of I are of the form

n

Zij = Z(mi,-y,«j _yi'r'x'r'j) for i = 1...n,j =1...n.

r=1

For i # j we see that each monomial occurring in z;; only occurs once so none
of these generators can be written as a combination of the others. Among the
diagonal entries (i = j) there is some mixing of monomials. All the monomials
there are of the form z;;y;; and each one of these occurs exactly twice, that
is, in z;; and zj;. Since tr(XY — Y X) = 0 we have that 211 + ... + 2, =0
so that this part of I can be generated by z11,...,2n—1n—1. In each of these
generators we have a monomial that occurs exactly once namely, x;,y,; only
occurs in z;; (since we have thrown z,,,, away). Hence z;; can not be written as
a combination of the others. So we see that the ideal is minimally generated
by n?2 —n+n —1=n? — 1 generators.
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3 Regular sequences

To prove that R is Cohen-Macaulay it suffices to show that we have a regular
sequence of length n? + n. In [10] and [2] MACAULAY was used to create a
system of parameters using random numbers but it is also possible by extensive
guessing to find regular sequences that can be checked by a computer. Below
we describe two such sequences that work for the small cases.

3.1 Guess 1

In this section we give a maximal regular sequence for n = 2, n = 3 and n = 4.
The ring has dimension n? + n by [16].

We start by giving the idea for the 3 x 3 case. We write the matrices X
and Y in the following way

r1 X2 T3 Y Y2 Y3
X = |xs x5 x¢ and Y=1\|ys vy5 us
T7 X8 T9 Yr Ys Yo

By using MACAULAY we guessed the following regular sequence of length n?

Y1 —21,Y2 —T5,Y3 — L9, Y4 — T3, Y5 — T4, Y6 — T8, Y7 — T2,Ys — T6, Y9 — T7
Dividing out by it amounts to replacing the matrix Y by the matrix

1 ITs X9
YI = |3 X4 T8
T2 Te X7

Note that the columns of Y’ are the rows of X slightly permuted.
In order to generalise this idea to the cases n = 2 and n = 4 we need a
description of the construction of Y':

We have 9 variables z1,...,z9. We put z; in the left upper corner
of the matrix. Then we go to the bottom left corner and put x»
there. Then we continue upwards and put x3 above x5. Now there
is no more room in the first column so we go to the next column
and put x4 to the right of 3. Then continue upwards until there is
no more room. Then start at the bottom and move upwards until
there is no more room in that column. Move to right to the next
column etc.

We have now divided out by a regular sequence of length 9. To get a maximal
regular sequence we divide out by 3 variables, e.g. xg, 23 and z; will do (this
was found be guessing).



48 F. HREINSDOTTIR

Now we check if the description for Y’ will work for n = 2. Here Y’ becomes:

Y/: 1 T4
T2 I3

We check using MACAULAY that this is a regular sequence and to get a maximal
regular sequence we divide out by x4 and z.
For n = 4 we get:

1 Te Ti1 Tie
T4 Tz T10 T15
r3 Xg T9 T4
T2 T7 X122 X13

The standard basis of the ideal generated by the entries of XY’ — Y'X is too
big to be computed. We need 4 more elements to have a maximal regular
sequence. By guessing we found that if we divide by the variables x1, xg, Z15
and x15 we get a zero dimensional ring having the same Hilbert series as our
original ring so we have found a maximal regular sequence.

For 5 x 5 matrices and bigger we cannot calculate the standard basis so we
cannot test if this idea works. It seems however likely that for a general n we
can replace the matrix Y by the matrix

T Tn4+2 T2p+3 .- Tp2

Tn Tn41 Tont2 - Tp2_1
Y/ — | Tn-1 Ton Ton+1 - -- Tp2_9

) Tn4+3 T2n+4 -+ Tp2—n+1

To find a maximal regular sequence we have to guess n more elements.

3.2 Guess 2

By examining the generators of I we see that they are sums of 2 x 2 minors
LTz T2l et o be the ideal generated by all 2 x 2
Y1 Y2 ... Yn2

minors of this matrix. It is known that S/l is CM of dimension n? + 1 and

that there exists a maximal regular sequence that can be decribed by replacing

of the matrix

1 T2 ... Tp2_1
0 1 X2 ce Tp2_1
this we checked this regular sequence for the ring of commuting matrices.

the original matrix by the matrix { . Inspired by
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For the case n = 3 we get the ring R modulo this sequence by replacing the
matrices X and Y by the matrices

r1 X9 I3 0 xr1T X2
T4 Ty g and T3 T4 Ts
x7 xg O Tg T7 Ts

Forming the commutator of these matrices and calculating the Hilbert series
of the corresponding ideal gives that this is a regular sequence. However,
it is not maximal as we still have 8 variables and the height of the ideal
is 6. We can now find two more nonzerodivisors by testing, e.g. xs and
T1 + T + X3 + 24 + T5 + 26 + 27 Will do.

This idea can easily be used in the 2 x 2 case, we form the commutator of

|:$1 I2:| |: 0 331:|
and .
x3 O To X3
and then mod out by x3 to get a maximal regular sequence.

For n = 4 we have not been able to test this conjecture as the Grobner basis
of the ideal we get from the conjecture is too big to be computed.

4 First syzygies
We restate here a conjecture on the first syzygies that was first given in [12].
Write I = (fl;- ..,fn2), with f1 = le, f2 = Z21, ey fn2 = Znn; where
Z=XY —YX. A syzygy on I is an n?-tuple (ay,...,a,z) such that
fiar + faas + - -+ frr2an2 =0. (1)

This can be rewritten as

aj (075 fl an—n—&-l
tr Gnt1 : f2 : —0 (2)
Ap24p—1 .. QAp2 fn “e fnz
ie. as
tr(A(XY — VX)) = 0. (3)
So solving (3) for A is equivalent to solving (1) for (ay,...,a,2).

We can guess a number of solutions to (3):
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Degree 0: Here we only have one syzygy A = FE (the identity matrix), i.e.
the ideal is minimally generated by n? — 1 elements.

Degree 1: We have tr(X (XY -Y X)) = tr(X2Y)—tr(XYX) =0s0o A = X is
a solution and similarly we get that A = Y is a solution. The two syzygies
we get are obviously independent over k as they have the bidegrees (1,0)
and (0,1). In [13] we proved that these are the only ones of degree 1.

Degree 2: We see that A = X2 and A = Y2 are solutions. The only other
monomialsin X and Y are XY and Y X and neither of those is a solution.
We have

tr(XY + YX)(XY - Y X))
= tr(XYXY) - tr(XYYX) + tr(YXXY) — tr(Y XYV X)
= tr(XYXY) — tr(X?Y?) + tr(X?Y?) — tr( XY XY)
0

so A = XY +YX gives a syzygy. We thus have syzygies of bidegrees
(2,0),(1,1),(0,2).

Degree 3: Here we get at least the monomial solutions X3, Y3, XY X, Y XY
and the binomial solutions X2Y +Y X2 XY?2 +Y2X. Macaulay calcu-
lations indicate that it is enough to take one syzygy of each bidegree i.e.
X3, Y3, XYX, YXY will do.

Degree 4: X4, Y4, X3V + Y X3, V3X + XY3,X2YX + XY X2, Y2XY +
YXY?and XY2X — Y X2Y.

Degree 5: X%, Y, X2V X2 Y2XY2?, X4V +Y X4, XYV4+V4X, XY X2Y +
VX2V X, YXY2X + XV2XY.

We can check this for small values of n. For n = 3 we get the following Betti
numbers:

% betti s3
total: 8 33
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As expected we get 2 linear first syzygies. There are 31 first syzygies of degree
2, (g) = 28 of those are the trivial syzygies (Koszul relations) and the 3
nontrivial ones correspond to A = X2, A=Y?and A= XY +YX.

Considering n = 4 and n = 5,6, 7 (partial computation) we give the conjecture
below on the first Betti numbers. We use the notation of Macaulay 2 to display
the Betti numbers, i.e. the number in column ¢ row j (starting with column

07 row 0) is ﬁi,i-&-j-

total: 1 n2—1 (";)+ (") -1

0 1
1 n?—1 2
2_
2 ("5 +3
3 4
4 5
n—1: . . n

n:

The ("22_ 1) syzygies of degree 2 are the Koszul relations and we conjecture
that the other first syzygies are given by polynomials in X and Y, one of each
possible bidegree.

The characteristic polynomial gives us certain information on the first syzygies.
For a generic n x n matrix X we have that the smallest degree of a polynomial
p such that p(X) = 0 is n so that the smallest power of X, that can be
written as a linear combination of smaller powers, is n. Because the syzygies
corresponding to X2, X3, ..., X"~ ! have y—degree zero they cannot be written
as linear combinations of any syzygies involving y-variables. A similar result
holds for syzygies that are given by powers of Y so we have at least 2 syzygies
of each degree 1,...,n — 1.

5 Canonical module

If R is Cohen-Macaulay (which is known for the cases n = 2,3,4) then its
canonical module is defined as

wr = Ext&(S/I, )

where d = n? — n is the height of I. Let J = j1,...,jn2_, be the subideal of
I generated by the off-diagonal elements in XY — Y X. The generators of J
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form a regular sequence ( [14]) and we get
Ext$(S/1,8) = Ext§,;, (S/1,8/j1) =+ ~ Homg,;(S/1,8/J) = (J:1)/J

We can use the first syzygies to compute the ideal quotient (J : I). For the
cases n = 2,3 everything can be computed using MACAULAY but for the case
n = 4 we can not compute the Grébner basis of J. By studying the structure
of (J: I) for n = 2,3 we make a conjecture on (J : I) for n = 4. We can
partially check this conjecture by comparing with the Hilbert series.

For n = 3 the nontrivial syzygies on I are givenby A € {E, X,Y, X2, Y2, XY +
Y X}. Theideal [ is generated by (f1,..., fo) where f1, f5 and fq are from the
diagonal of XY —Y X and J = (f2, f3, f4, f6, f7, fs). Pick 3 different syzygies,
A, B and C. Then

arfi +asfs+agfo = asfo+azfs+asfs+asfe+arfr+asfs
bifi +bs5f5+bofog = bafo+bsfs+bafs+bsfe+ brfr+ bsfs
caft +esfs+tcofs = cafotcesfs+cafstcsfet+crfrtcsfs
so
a1 bl C1
det |as bs cs5| - fieJ fori=l1,5,9.
ag bg Co

Direct calculations using MACAULAY give that it suffices to take the generators
of J and the elements given by

(A,B,C) € {(E,X,Y),(E,X,X?),(E,X,Y?),(E,Y,Y?),(E,Y,X?)}

to get a minimal generating set for (J : I). The bidegrees of these additional
generators are (1,1), (3,0), (2,1), (1,2) and (0,3) so it seems that it suffices
to use enough triples of syzygies to give one generator of each bidegree.

Similarly we construct J : I for the case n = 4 (for details and a conjecture on
the general case see [11]). Since we cannot compute the standard basis of J
we cannot test whether this conjecture is true. We partially resolve (J : I)/J
using MACAULAY and get the following Betti numbers:

% 1% 2% betti cp
total: 14 200 660 3821
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This gives us the Betti numbers of the tail of the resolution of I (see e.g. cor.

3.3.9 in [5]). So we can compare this with the Hilbert series of S/I:

hsr(t) = (1—15¢% +2¢3 +108t* — 26t° — 562t° + 466t" + 1613t® — 2742¢
—1078t"0 4 5994¢'! — 4367¢'? — 2262¢"* + 5630t — 3650t
+818t16 4 166t — 103¢18 4 4419 4- 3¢20) /(1 — t)32

We see that our conjecture fits with the (last 6) coefficients of the polynomial
in the numerator. Partially computing the resolution of I we get the Betti
numbers:

018 = total: 1 16 115 595 2127 2791 848 60 5

0: 1

1: . 16 2 . .

2: 108 30 3 . .

3: 4 565 466 45 4 . .
4. . . . . 1658 2746 844 60 5

Splicing together these two Betti tables and using the Hilbert series we get the
following conjecture on the Betti numbers (Table 1), where —d + ¢ = —2262
(from the Hilbert series). The boldfaced numbers are the two earlier Macaulay
computations and the others are based on the Hilbert series.
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Table 1

6 Resolution

By viewing the Betti table above we see that there is a certain multiplicative
pattern on the ”top staircase”, i.e. we have in the second row 15 and 2, the
last 2 numbers in the third row are 30 and 3, the last 2 numbers in the fourth
row are 45 and 4 etc. Checking partial computation for n = 5 and n = 6 we
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get even more Betti numbers that are multiples of previous Betti numbers.

n=5 n=6

09 = total: 1 25 291 2486 561 72 014 = total: 1 36 605 6720 1199 105 4
0o: 1 . 1 . P 0: 1 . 1
1: . 26 2 . . 1: . 36 2 . .
2: . 279 48 3 2: . 598 70 3 .
3: 4 2096 558 72 3: 4 6650 1196 105 4
4: 5 342

So up to a certain row (probably row n — 1) the generators and the first
syzygies seem to generate everything (and the ”multiplication” is nonzero).
Our conjecture is that we have the following Betti numbers for a general n
(for the sake of space the first Betti number given is 81 2): see Table 2, where
p means products of earlier entries. The numbers M, s and k are based on
a conjecture on the canonical module in the general case which can be found
in [11].

It is known that the Koszul dual of a ring A is the enveloping algebra of a Lie-
algebra, called the Lie algebra associated to A. In [13] we proved for R that
this Lie-algebra is nilpotent of index 3. We also showed that the dimension
of the Lie algebra in degree 3 is 2 which gives (by [15]) that the number of
independent linear first syzygies is 2. Froberg and Lofwall give in [7] a theorem
relating kernels of multiplication on Koszul homology and the associated Lie
algebra. In this case we get that we always have at least the boldfaced Betti
numbers in the table.
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7 The not-Gorenstein and not-complete intersection loci

In this section we consider the above loci for the cases n = 2, n = 3 and
n = 4. We can see by looking at the Hilbert series that R is not Gorenstein.
The not-Gorenstein locus of R is defined as

{p € Spec(R) | R, is not Gorenstein}.

Since we know that R is Cohen-Macaulay the not-Gorenstein locus is given
by (see [18])

{p € Spec(R) | u((Ext§(R, 5)),) > 1} = V(Fi(Extl(R, S)))

where p(M) is the minimal number of generators of M, h = ht(I) and
Ext(R, S) is the canonical module of R. The ith Fitting invariant of a mod-

ule M is computed from its presentation i.e. suppose s™ Ngn oM -0isa
presentation of M then F;(M) is the ideal generated by the (n — i) minors of
N.

For n = 2 we get that the not-Gorenstein locus is V' (ng) where ng is the ideal
generated by x1 —x4, X2, T3, Y1 — Y4, Y2, y3. This ideal contains I and has height
4in R=5/I.

For n = 3 the presentation of the canonical module is given by a 5 x 32
matrix, the ideal of its 4 X 4 minors is minimally generated by 4332 generators
of degrees 2 and 3. This ideal has height 4 in R.

For the case n = 4 the resolution is not possible to compute. From our
conjecture on the canonical module we get a presentation given by a 14 x 200
matrix of which we need to compute 13 x 13 minors. This is not possible so
we can not compute the not-Gorenstein locus in this case.

For the cases n = 2,3 we see that R, is Gorenstein for any p € Spec(R) with
ht(p) < 3 so it seems plausible that this is true in general.

The not complete intersection locus is defined as
{p € Spec(R) | R, is not c.i.}.

Since R is Cohen-Macaulay the not complete intersection locus becomes V' (nc)
where nc is the ideal generated by the n — 1 minors of the module of first
syzygies of I (see [18]).

We can calculate the ideal nc for n = 2 and n = 3 and we get that R, is a
complete intersection for any p € Spec(R) with ht(p) < 3.
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8 Poincare series

In [17] a conjecture on the Poincare series is given for the case n = 3. The
conjecture says that

Pr(w,y)~" = (1+1/2)/A(zy) — Hr(-ay)/x

where A(xy) is the Hilbert series of the Koszul dual.

For the case n = 2 the ideal has a quadratic Grobner basis and hence is a
Koszul algebra so we have Pr(zy) = A(xy) = 1/Hgr(—=zy). In this case we
get that the formula is trivially true.

7L2
From [13] we have that A(ry) = (1+(ﬁy_)i2y(21):fff’3)2 for any n > 3 and for

n = 4 we can compute the Grébner basis (see [10]) and thus the Hilbert series
and part of the resolution of the field k over the quotient ring S/I. A partial
computation gives the Betti numbers

h 1% 2% betti p

total: 1 32 511 5449 43680+
0: 1 32 511 5442 43584
1: - - - 3 96
2: - - - 4 ?

If we compute the right hand side in the formula above using the series we
have and compare the result with the Betti table above we see that it does not
give the Poincare series for the case n = 4 as there is no term corresponding
to the 4 in the table. It seems however plausible that the formula might be
adapted to the 4 x 4 case.
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