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STANDARD MONOMIAL BASES, MODULI SPACES OF VECTOR
BUNDLES & INVARIANT THEORY

V. LAKSHMIBAIT, K.N. RAGHAVAN, P. SANKARAN, AND P. SHUKLA

ABSTRACT. Consider the diagonal action of SO,,(K) on the affine space X = V®™
where V = K™, K an algebraically closed field of characteristic # 2. We construct a
“standard monomial” basis for the ring of invariants K[X]%9»(5)_ As a consequence,
we deduce that K[X]%9»(%) is Cohen-Macaulay. As the first application, we present
the first and second fundamental theorems for SO, (K)-actions. As the second
application, assuming that the characteristic of K is # 2, 3, we give a characteristic-
free proof of the Cohen-Macaulayness of the moduli space My of equivalence classes
of semi-stable, rank 2, degree 0 vector bundles on a smooth projective curve of genus
> 2. As the third application, we describe a K-basis for the ring of invariants for
the adjoint action of SLs(K) on m copies of slo(K) in terms of traces.

INTRODUCTION

This paper is a sequel to [16]. Let V' = K™, together with a symmetric bilinear form
(,), K being an algebraically closed field of characteristic # 2. Let X =V & --- p V.
_/'_/
m copies
In [8], a characteristic-free basis is described for K[X]9"%) (for the diagonal action
of O,(K) on X). The diagonal action of SO, (K) on X is also considered, and a set
of algebra generators is described for K[X]99n(5) (cf. [8], Theorem 5.6,(2)).
The main goal of this paper is to prove the Cohen-Macaulayness of K[X]%0(¥)
(note that the Cohen-Macaulayness of K[X]%"(5) follows from the fact that
Spec (K[X]95)) is a certain determinantal variety inside Sym M,,,, the space of sym-
metric m X m matrices; note also that in characteristic 0, the Cohen-Macaulayness
of K[X]99K) follows from [10, 2]). We adopt the “deformation technique” for this
purpose. As mentioned in the introduction of [16], the “deformation technique” has
proven to be quite effective for proving the Cohen-Macaulayness of algebraic vari-
eties. This technique consists in constructing a flat family over A!, with the given
variety as the generic fiber (corresponding to ¢t € K invertible). If the special fiber
(corresponding to t = 0) is Cohen-Macaulay, then one may conclude the Cohen-
Macaulayness of the given variety. Hodge algebras (cf. [6]) are typical examples
where the deformation technique affords itself very well. Deformation technique is
also used in [7, 11,9, 4, 3, 16]. The philosophy behind these works is that if there is
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a “standard monomial basis” for the co-ordinate ring of the given variety, then the
deformation technique will work well in general (using the “straightening relations”).
It is this philosophy that we adopt in this paper in proving the Cohen-Macaulayness of
K[X]99(K) To be more precise, the proof of the Cohen-Macaulayness of K [X]*O(%)
is accomplished in the following steps:

° We first construct a K-subalgebra S of K[X]%9"(5) by prescribing a set of
algebra generators { f,,a € D}, D being a doset associated to a finite partially ordered
set P (here, “doset” is as defined in [7]; see also Definition [5.0.1)).

° We construct a “standard monomial” basis for S by

(i) defining “standard monomials” in the f,’s (cf. Definition[3.1.1)

(i) writing down the straightening relation for a non-standard (degree 2) monomial
fafs (ct. Proposition [4.2.1)

(iii) proving linear independence of standard monomials (by relating the generators
of S to certain determinantal varieties inside the space of symmetric matrices) (cf.
Proposition [3.2.2)

(iv) proving the generation of S (as a vector space) by standard monomials (using
(ii)). In fact, to prove the generation for S, we first prove generation for a “graded
version” R(D) of S, where D as above is a doset associated to a finite partially or-
dered set P. We then deduce the generation for S. In fact, we construct a “standard
monomial” basis for R(D). While the generation by standard monomials for S is de-
duced from the generation by standard monomials for R(D), the linear independence
of standard monomials in R(D) is deduced from the linear independence of standard
monomials in S (cf. (iii) above).

o We give a presentation for S as a K-algebra (cf. Theorem [4.3.4).

° We prove the Cohen-Macaulayness (cf. Proposition[5.1.2] Corollary[5.1.3) of
R(D) by realizing it as a “doset algebra with straightening law” (cf. [7]), and using
the results of [7].

o We deduce the Cohen-Macaulayness of S from that of R(D) (cf. Theorem

. We prove (cf. Proposition [6.0.5) that Spec S is regular in codimension 1 by
using the fact that Spec K[X]%9»(K) — Spec K[X]9"(%) is a 2-sheeted cover.

. We deduce (cf. Proposition 6.0.6) the normality of SpecS (using Serre’s
criterion for normality - Spec A is normal if and only if A has S, and R;).

o We then show that the inclusion S C K[X]99(¥) is in fact an equality by
showing that the morphism Spec K[X]99(¥) — Spec S (induced by the inclusion
S C K[X]59n(K)) satisfies the hypotheses in Zariski Main Theorem (and hence is an
isomorphism (cf. Theorem [6.0.7)). We also deduce the the Cohen-Macaulayness of
K[X]%9() (cf. Theorem 6.0.9)

As the first set of main consequences, we present
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° First fundamental Theorem for SO, (K)-invariants, i.e., describing al-
gebra generators for K[X]%0n(K),

o Second fundamental Theorem for SO, (K)-invariants, i.e., describing
generators for the ideal of relations among these algebra generators for K[X]90=(K),

o A standard monomial basis for K[X]0n(%),

As the second main consequence, assuming that the characteristic of the base field
is # 2,3, we give (cf. §7) a characteristic-free proof, of the Cohen-Macaulayness of the
moduli space My of equivalence classes of semi-stable rank 2, degree 0 vector bundles
on a smooth projective curve of genus > 2 by relating it to K[X]%s(). In [17], the
Cohen-Macaulayness for Ms is deduced by proving the Frobenius-split properties for
M.

As the third main consequence, we describe (cf. Theorem [8.0.8) a characteristic-
free basis for the ring of invariants for the (diagonal) adjoint action of SLy(K') on

Vv
m copies

Our main goal in this paper is to prove the Cohen-Macaulayness of K[X] ;as
mentioned above, this is accomplished by first constructing a “standard monomial”
basis for the subalgebra S of K[X]%?»(5) deducing Cohen-Macaulayness of S, and
then proving that S in fact equals K[X]%»(5). Thus we do not use the results of
[8] (especially, Theorem 5.6 of [8]), we rather give a different proof of Theorem 5.6
of [8]. Further, using Lemma 2.0.2] we get a GIT-theoretic proof of the first and
second fundamental theorems for the O, (K)-action in arbitrary characteristics which
we have included in (For the discussions in §3 we need the results on the ring of
invariants for the O, (K)-action - specifically, first and second fundamental theorems
for the O,,(K)-action.)

The sections are organized as follows. In §1, after recalling some results (pertaining
to standard monomial basis) for Schubert varieties in the Lagrangian Grassmannian
and symmetric determinantal varieties (i.e, determinantal varieties inside the space
of symmetric matrices), we derive the straightening relations for certain degree 2
non-standard monomials. In we present a GIT-theoretic proof of of the first and
second fundamental theorems for the O, (K)-action in arbitrary characteristics. In
we introduce the algebra S (C R%9n(5)) by describing the algebra generators, define
standard monomials in the algebra generators, and prove the linear independence of
standard monomials. In we introduce the algebra R(D), construct a standard
monomial basis for R(D), and deduce that standard monomials in S give a vector-
space basis for S. In §5, we first prove the Cohen-Macaulayness of R(D), and then
deduce the Cohen-Macaulayness of S. In §6, we first prove that S is normal, then show
that the inclusion-induced morphism Spec R¥9»(5) — Spec S satisfies the hypotheses
in Zariski Main Theorem, and then deduce that the inclusion S C R5On(K) ig an
equality, i.e., RS9K) = S In §7, we present the results for the moduli space of

SO (K)
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rank 2 vector bundles on a smooth projective curve. In §8, we give a characteristic-
free basis for the ring of invariants for the (diagonal) adjoint action of SLy(K) on
sloy(K) @ -+ @ sly(K) in terms of monomials in the traces.

NV
m copies
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1. PRELIMINARIES

In this section, we recollect some basic results on symmetric determinantal varieties
(i.e., determinantal varieties inside Sym M,,(K), the space of symmetric m x m matri-
ces); specifically the standard monomial basis for the co-ordinate rings of symmetric
determinantal varieties. Since the results of rely on an explicit description of
the straightening relations (of a degree 2 non-standard monomial), in this section we
derive such straightening relations (cf. Proposition [1.7.3) by relating symmetric de-
terminantal varieties to Schubert varieties in the Lagrangian Grassmannian. We first
recall some results on Schubert varieties in the Lagrangian Grassmannian, mainly the
standard monomial basis for the homogeneous co-ordinate rings of Schubert varieties
in the Lagrangian Grassmannian (cf. [14]). We then recall results for symmetric deter-
minantal varieties (by identifying them as open subsets of suitable Schubert varieties
in suitable Lagrangian Grassmannians). We then derive the desired straightening
relations.

1.1. The Lagrangian Grassmannian Variety: Let V = K?" (K being the base
field which we suppose to be algebraically closed of characteristic # 2) together with
a non-degenerate, skew-symmetric bilinear form (,). Let G = Sp(V') (the group of
linear automorphisms of V' preserving (,)). If .J is the matrix of the form, then G may
be identified with the fixed point set of the involution o : SL(V) — SL(V),0(A) =

J7Y(tA)~LJ. Taking J to be
0  Jn
7= (. %)

where J,, is the m x m matrix with 1’s along the anti-diagonal, and 0’s off the
anti-diagonal, B (resp. T'), the set of upper triangular (resp. diagonal) matrices
in G is a Borel sub group (resp. a maximal torus) in G (cf. [23]). Let L,, =
{maximal totally isotropic sub spaces of V'}, the Lagrangian Grassmannian Variety.
We have a canonical inclusion L,,, < Gy, 2m, Where Gy, oy, is the Grassmannian variety
of m-dimensional subspaces of K?™.
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1.2. Schubert varieties in L,,: Let I(m,2m) = {i = (i1,...,in)|l < i3 < -+ <
im <2m}. For j,1 <j<2m,let / =2m+1—j. Let

Ig(m,2m) = {i € I(m,2m)]| forevery j,1 < j < 2m, precisely one of {j, j'} occursini}
Recall (cf. [14, 12]) that the Schubert varieties in L,, are indexed by Ig(m,2m);
further, the partial order on the set of Schubert varieties in L, (given by inclusion)
induces a partial order on I5(m,2m): i > j < i, > ji, Vt. Let w € Ig(m,2m), and let
X (w) be the associated Schubert variety. For the projective embedding f, : L, —
P(A™V) (induced by the Pliicker embedding G, 9, < P(A™V)), let R(w) denote the
homogeneous co-ordinate ring of X (w).

A standard monomial basis for R(w): We have (cf. [13, 15, 12]; see also [5])
a basis {p,} for R(w); indexed by admissible pairs - certain pairs (7,¢),7 > ¢
of elements of Iz(m,2m) (see [13, /15, 12] for the definition of admissible pairs, and
the description of {p,,}). This basis includes the extremal weight vectors p,,7 €
Ig(m, 2m) corresponding to the admissible pair (7, 7). Thus denoting by A the set of
all admissible pairs, we have that A includes the diagonal of I (m,2m) x Ig(m,2m).
An admissible pair (7, ) such that w > 7 is called an admissible pair on X (w).

Definition 1.2.1. A monomial of the form

PriorPrases " Progers TL 2 P12 T2 2 0 2 P
is called a standard monomial. Such a monomial is said to be standard on X(w), if
in addition w > 7.
Recall (cf. [13, 15, 12])

Theorem 1.2.2. Standard monomials on X (w) of degree r form a basis of R(w),.

As a consequence, we have a qualitative description of a typical quadratic relation
on a Schubert variety X (w) as given by the following Proposition.

Proposition 1.2.3. (|7, 13, 15]) Let (11, ¢1), (72, ¢2) be two admissible pairs on X (w)
such that pr, o, Dry.p, 15 non-standard so that ¢ 7 7o, 2 2 71. Let

(*) Pri,p1Prayo0 = Z CiPa;,B:Pvi,0:5 Ci € K"
)

be the expression for pr, u,Dry.ps a5 a sum of standard monomials on X (w).
(1) For every i, we have, a; > both 7y and 5. Further, for some i, if a; = 7
(resp. T2), then [B; > @1 (resp. ¢3).
(2) For every i, we have, 6; < both p1 and @y. Further, for some i, if 6; = ¢1
(resp. @2), then v; < 11 (resp. Ta).
(3) Suppose there exists a permutation o of {71, @1, Te,pa} such that o(m) >
o(p1) > o(me) > a(pa), then (o(71),0(p1)),(0(m2),0(ps2)) are both admissi-
ble pairs, and Po(r)),0(01)Po(r)o(ps) 0CCUTS With coefficient £1 in (*).
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For a proof of (1), (2), we refer the reader to [13], Lemma 7.1, and of (3) to [7],
Theorem 4.1.
We shall refer to a relation as in (*) as a straightening relation.

A presentation for R(w): For w € Ig(m,2m), let
Ay = {(1,¢) € Alw > 7}. Consider the polynomial algebra K[z, ,, (7,¢) € A,].
For two admissible pairs (71, ¢1), (72, ¢2) in A, such that p;, ,,pr, 4, is non-standard,

denote F(T1,¢1),(Tz,¢2) = Try 01 Lroypo — Zz Ciloy;,B; Ly 65

a;, Bi, Vi, i, ¢; being as in Proposition[1.2.3. Let I, be the ideal in K[z, ,, (7, ¢) € Ay
generated by such F(7, 4,).(r.6,)’s. Consider the surjective map f,, : Kz, (,¢) €
Ay — R(w), 274 — pr,. We have

Proposition 1.2.4. ([13,15]) f,, induces an isomorphism K[z, ,, (T,¢) € Ay]/L, =
R(w).

1.3. The opposite big cell in L,,. We first recall the following (cf. [14]):

Fact 1. We have a natural embedding

Lm — Gm,Zm

G 2m being the Grassmannian variety of m-dimensional sub spaces of K m
Fact 2. Indexing the simple roots of G as in [1], we have an identification
G/P = L,
P being the maximal parabolic sub group of G corresponding to “omitting” the simple
root a,, (the right-end root in the Dynkin diagram of G).
Fact 3. The opposite big cell O~ in G, 2, may be identified as

(%) 0 = {GT) Y € Mm,m(K)}

where [, is the identity m X m matrix, and M,,,, is the space of m X m matrices
(with entries in K). For our purpose, it will be more convenient to replace Y by JY
in the above identification, where J is the m x m matrix with 1’s on the anti-diagonal
and 0’s elsewhere. Then (*) gives rise to an identification of the opposite big cell O
in L, as

() 5={({;§>,XesymMm}

where Sym M,, is the space of symmetric m X m matrices (with entries in K).
See [14]) for details.
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1.4. The functions f., on O : Let j € I(m,2m),p; the corresponding Pliicker
co-ordinate on G, 2,. Denoting by f;, the restriction of p; to O™, we have (under
the identification (*)), if y € O~ corresponds to the matrix Y, then f;(y) is simply
the following minor of Y: let j = (ji,...,7m), and let j. be the largest entry < m.
Let {ki,...,km_,} be the complement of {ji,...,5,} in {1,...,m}. Then f;(y) is
the (m — r)-minor of Y with column indices ki, ... ky,_,, and row indices j,1, ey m
(here the rows of Y are indexed as m + 1,...,2m). Conversely, given a minor of Y,
say, with column indices by, ..., by, and row indices j,,—si1, - - -, Jjm (again, the rows of
Y are indexed as m+1,...,2m), it is f;(y), where j = (j1,..., jm) is given as follows:
{1, .., jm_s} is the complement of {b;,... b} in_{l, coo,m}yand Jgogit, ..., jm are
simply the row indices (see [14] for details).

The partial order >: Given A = (ay, - ,as), A" = (a},--+ ,d.,), for some s,s" > 1,
we define A > A" if s < ¢, ajZCL;-, 1<j<s.

We have (cf. [14]) that on G/P, any p,, ((7,¢) being an admissible pair) is the
restriction of some Pliicker co-ordinate on Gy, 2. Let us denote by f; ., the restriction
of pr, to Og. Given z € O, let X be the corresponding matrix in Sym M,, (under
the identification (**)); then as above, f;,(z) is a certain minor of X, say with row
(resp. column) indices A := {ay, -+ ,as} (resp. B := {by,--- ,bs}); we have, A > B.
Denote this minor by p(A, B). Conversely, such a minor corresponds to a unique f-
(see [14] for details). Thus we have a bijection

6 : {admissible pairs} i {minors p(A, B) of X, A > B}

X being a symmetric m X m matrix of indeterminates. The bijection 6 is described
in more detail in §1.7 below.

Convention. If 7 = ¢ = (1,...,m), then f;, evaluated at z is 1; we shall make
it correspond to the minor of X with row indices (and column indices) given by the
empty set.

1.5. The opposite cell in X (w). For a Schubert variety X (w) in L,,, let us denote
Og N X(w) by Y(w). We consider Y(w) as a closed subvariety of Og. In view of
Proposition 1.2.4, we obtain that the ideal defining Y (w) in O is generated by

{frol, wZ T}

1.6. Symmetric Determinantal Varieties. Let Z = Sym M,,, the space of all
symmetric m X m matrices with entries in K. We shall identify Z with AN, where
N = im(m+1). We have K[Z] = K[z;;, 1 <i < j <m)].

The variety D;(Sym M,,). Let X = (x;;), 1 <1i,j < m,x;; = xj; be a m X m sym-
metric matrix of indeterminates. Let A, B, A C {1,--- ,m}, BC{l,--- ,m}, #A =
#B = s, where s < m. We shall denote by p(A, B) the s-minor of X with row indices
given by A, and column indices given by B. For t, 1 <t < m, let I; be the ideal in
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K|[Z] generated by {p(A,B), AcC{l,---,m}, BC{l,---,m}, #A = #B = t}.
Let Dy(Sym M,,) be the symmetric determinantal variety (a closed subvariety of Z),
with I; as the defining ideal. In the discussion below, we also allow t = m + 1 in which
case Dy(Sym M,,) = Z.

Identification of D;(Sym M,,) with Y (¢). Let G = Spa,,(K). As in §1.3, let us
identify the opposite cell O in G/P(= L,,) as

_ I,
%= {(%))
where X is a symmetric m x m matrix. As seen above (cf. §1.4), we have a bijection:

{frp, (T,) € A}E{ minorsp(A,B),A,B € I(r,m),A> B,0<r <m of X}
(here, A is the set of all admissible pairs, and I(r,m) = {i = (21, L)l <y <

- < i, < m}; also note that as seen in §1.4, if 7 = ¢ = (1,2,--- ,m), then f,, =
the constant function 1 considered as the minor of X with row 1nd1ces (and column
indices) given by the empty set).

Let ¢ be the m-tuple, ¢ = (t,t +1,--- ., m,2m + 2 —t,2m + 3 — t,--- ,2m)(=
(t,t+1,--- ,m,(t—1),(t=2),---,1")) (note that ¢ consists of the two blocks [¢,m],
[2m + 2 — t,2m] of consecutive integers - here, for ¢ < j, [i, j] denotes the set
{i,i+1,---,7},and for 1 < s <2m,s =2m+1—s). If t = m + 1, then we set
¢=(m',(m—1),---,1"); note then that Y (¢) = Og(= Sym M,,).

Theorem 1.6.1. (¢f.[14]) D,(Sym M,,) = Y (¢); further, dim Dy(Sym M,,) = 5(t —
DERm+2-t)=1¢t-1)(-1).

Corollary 1.6.2. K[Dy(Sym M,,)] = R(®)(p,,), the homogeneous localization of R(¢)
at pig (id being the m-tuple (1,--- ,m)).

Singular locus of D,(Sym M,,): For our discussion in §6 (especially, in the proof of
Lemma 6.0.5), we will be required to know Sing D;(Sym M,,), the singular locus of
D(Sym M,,). Let ¢ = ([t,m],[2m + 2 — ¢,2m]) as above. From [12], we have
Sing X (¢) = X(¢')

where ¢/ = ([t — 1,m],[2m + 3 — t,2m]). This together with Theorem [1.6.1 implies
the following theorem:
Theorem 1.6.3. Sing D,(Sym M,,) = D;_1(Sym M,,)
1.7. The set H,,. Let

H,={(A,B)e U I(s,m)xI(s,m)|A> B}

0<s<m

where our convention is that (0, () is the element of H,, corresponding to s = 0. We
define = on H,, as follows:
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e  We declare (,0) as the largest element of H,,.

e For (A, B),(A,B") in Hy,, say, A = (a1, -+ ,as), B = (b1, -+ ,bs), A =
(ay,---,ad,), B = (by,---,0,) for some s,s > 1, we define (A, B) »= (A, B’) (or
also p(A, B) = p(A', B")) it B > A’ (here, > is as in
The bijection 0: Let X = (z;;) be a generic symmetric m xm matrix. Let (7, ) € A,
i.e., (7,p) is an admissible pair. As elements of I(m,2m), let

T = (al’... 70/7‘7[)3_7“' ,b;>,g0:(cl’... ’Cr’dg-’... 7dls)

where 745 = m, a;, b;, ¢;,d; are < n, and (recall that) for 1 < ¢ <2m, ¢ = 2m+1—q.
We would like to remark that the fact that (7, ) is an admissible pair implies that
number of entries < m in 7 and ¢ are the same (see [14, 12| for details). Denote

ii= (i1, i) = (a1, ,ap,dy, -+ d) (€ I(m,2m))
(here, I(m,2m) is as in §1.2). Set

AzI {2m+1—zm,2m+1—zm,1, ,2m+1—ir+1},

B; = the complement of {iy,i9-- i} in {1,2,--- ,m}.
Define 6 : A — {all minors of X} by setting 6(i) = p(A;, B;) (here, the constant
function 1 is considered as the minor of X with row indices (and column indices)
given by the empty set). Then 6 is a bijection (cf. [14]). Note that 6 reverses the
respective (partial) orders, i.e., given i,7' € I(m,2m), corresponding to admissible
pairs (7, ), (7/,¢') we have, i <i' <= 6(i) = 0(i'). Using the comparison order >,
we define standard monomials in p(A, B)’s for (A, B) € H,,:

Definition 1.7.1. A monomial p(A;, By) - - p(As, Bs), s € N is said to be standard if
p(Ay, By) = - = p(As, By).

In view of Theorems we obtain

Theorem 1.7.2. Let H; 1 = {(A,B) € H,,|#A <t — 1}. Standard monomials in
{p(A,B), (A,B) € Hy_1} form a basis for K[D;(Sym M,,)], the algebra of regqular
functions on Dy(Sym M,,) (C Sym M,,).

As a direct consequence of Proposition [1.2.3) we obtain

Proposition 1.7.3. Let p(Ay, As),p(Bi, Ba) (in K[Dy(Sym M,,)]) be non standard.
Let

p(A1, A2)p(Br, By) = Y aip(Cir, Cia)p(Din, Dia), a; € K (%)
be the straightening relation, i.e., R.H.S. is a sum of standard monomials. Then for
every i, Ci1, Cio, Di1, Do have cardinalities <t — 1; further,
(1) Ciy > both Ay and By; further, if for some i, Cyy equals Ay (resp. Bi), then
Cio > As (resp. > Bsy) .
(2) Dy < both Ay and Bs; further, if for some i, D;y equals Ay (resp. Bs), then
D, < Al (resp. < Bl)
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(3) Suppose there exists a o € Sy (the symmetric group on 4 letters) such that
O'(Al) > O'(AQ) > O'(Bl) > O'(BQ), then (O'(Al),O'(AQ)), (O'(Bl>,0'<Bg>> are in
Hy 1, and p(o(A1),0(As))p(o(By),0(Bs)) occurs with coefficient £1 in (*).

Remark 1.7.4. On the R.H.S. of (*), C;1, Ci2 could both be the empty set (in which
case p(Cj1, Cy2) is understood as 1). For example, with X being a 2 x 2 symmetric
matrix of indeterminates, we have

2
P51 = P2,2P1,1 — Pp,pP12,12-

Remark 1.7.5. In the sequel, while writing a straightening relation as in Proposi-
tion [1.7.3, if for some i, C;;, Cjo are both the empty set, we keep the corresponding
p(Ci1, Cia) on the right hand side of the straightening relation (even though its value
is 1) in order to have homogeneity in the relation.

Taking t = m + 1 (in which case D;(Sym M,,) = Z = Sym M,,) in Theorem [1.7.2
and Proposition[1.7.3] we obtain
Theorem 1.7.6. (1) Standard monomials in {p(A, B), (A,B) € H,}’s form a
basis for K[Z](= Klz;;,1 <1 < j < m]) (if (A,B) = (0,0), then p(A, B)
should be understood as the constant function 1).
(2) Relations similar to those in Proposition[1.7.3 hold on Z.

Remark 1.7.7. Note that Theorem [1.7.2] recovers Theorem 5.1 of [§8]. But we had
taken the above approach of deducing Theorem1.7.2 from Theorems [1.2.2, [1.6.1] in
order to derive the straightening relations as given by Proposition [1.7.3/ (which are
crucial for the discussion in §3.1).

A presentation for K|[D,(Sym M,,)]. Consider the polynomial algebra
K[z(A, B),(A, B) € H;_1]. For two non-comparable pairs (under > (cf. §1.7))
(Al, Az), (Bla Bg) in Htfl, denote

F((A1, A2); (BI; BQ)) = lf(Ah AQ)(BI; BQ) - Z aﬂ(oﬂ, Oi?)x(Dila Di?)

where
Ci1, Cio, D1, Dio, a; are as in Proposition [1.7.3. Let J;_; be the ideal generated by

{F((A1, A3); (B, Bs)), (A1, As), (B1, B2) non-comparable}

Consider the surjective map f;—1 : K[z(A,B),(A,B) € H,_1] — K[D{(Sym M,,)],
z(A, B) — p(A, B). Then in view of Proposition [1.2.4 and Theorem [1.6.1, we obtain

Proposition 1.7.8. f,_1 induces an isomorphism

K[z(A, B),(A,B) € Hy_1]/Ji—1 = K[D(Sym M,,)]
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2. O,(K) ACTIONS

In this section, we give a GIT-theoretic proof of the First and Second fundamen-
tal theorems for O,,(K)-actions appearing in classical invariant theory (cf.[8, 24]).
Let V. = K", together with a non-degenerate, symmetric bilinear form (,). Let
G = O(V) (the orthogonal group consisting of linear automorphisms of V' preserving
(,)). We shall take the matrix of the form (,) to be .J, := anti-diagonal(l,---,1).
Then a matrix A € GL(V) is in O(V) if and only if

"AJ A=y, de, JN(PATY T, = A, e, J,("A7Y)J, = A (note that J,'=J,)

Remark 2.0.1. In particular, note that a diagonal matrix A = diagonal(ty,- - ,t,)
is in O(V) if and only if t,, 1 ; = t; .

Let X denote the affine space V" = V @ --- ® V, where m > n. For u =
(ug, ugy ooy t,) € X, writing u; = (ug1, -+, uy,) (with respect to the standard ba-
sis for K™), we shall identify w with the m x n matrix U := (u;;)mxn. Thus, we
identify X with M,, ,, the space of m x n matrices (with entries in K). Consider the
diagonal action of O(V') on X. The induced action on K[X] is given by

(A-f)w) = f(A-u) = f(UA), i€ X, [ € K[X], A€ Ou(K)(=O(V))

A basic Lemma on quotients: Consider a linear action of a reductive group GG on an
affine variety X = SpecR with R a graded K-algebra. Let fi,--- , fy be homogeneous
G-invariant elements in R. Let S = K[f1, -+, fn]. We recall (cf. [14,16]) the Lemma
below which gives a set of sufficient conditions for the equality S = RC.

Let X* be the set of semi-stable points of X (i.e., points = such that 0 & G - z).
Let ¢ : X — AY be the map, = — (fi(x), -+, fx(z)). Denote D = SpecS. Then D
is the categorical quotient of X by GG and v : X — D is the canonical quotient map,
provided the following conditions are satisfied:

Lemma 2.0.2. (cf. [14,16]) (i) For x € X, ¢ (x) # (0).

(ii) There is a G-stable open subset U of X such that G operates freely on U, U —
U/G is a G-principal fiber space, and v induces an immersion U/G — AN (i.e. an
injective morphism with the induced maps between tangent spaces injective).

(iii) dim D = dim U/G.

(iv) D is normal.

Then v : X — D 1is the categorical quotient of X by G.

The functions ¢;;: Consider the functions ¢;; : X — K defined by ¢;;((v)) =
(ui,u;), 1 <id,5 < m. Each ¢y is clearly in K[X]9W).

Let S be the subalgebra of K[X]°(") generated by {(;;}. We shall now show (using
Lemmal[2.0.2) that S is in fact equal to K[X]°V).



12 V. LAKSHMIBAI, K.N. RAGHAVAN, P. SANKARAN, AND P. SHUKLA

Theorem 2.0.3. The morphism 1 : X — Sym M,,, u — ((u;,u;)) is O(V)-invariant.
Furthermore, it maps X onto Dy, 1(Sym M,,) and identifies the categorical quotient
X JO(V) with Dyy1(Sym M,,) (here, Dyi1(Sym My,) is as in §1.6 witht =n +1).

Remark 2.0.4. In some parts of the proof below of the above theorem, it is assumed
that m > n. This is not however a serious issue. Suppose now that m < n. Then the
proof can be adapted to this case. Furthermore, the proof with obvious modifications
shows also that the theorem holds with O(V') replaced by SO(V'). Observe that the
variety Dy1(Sym M,,) is the same as the affine space Sym M,,. Thus X JO(V) =
X)SO(V) = Sym M,,. In other words, K[X]°") = K[X]%°) is a polynomial
algebra.

Proof. Clearly, ¥(X) C D,41(Sym M,,) (since, ¥(X) = Spec S, and clearly Spec S C
Dy 1 (Sym M,,) (since any n + 1 vectors in V' are linearly dependent)). We shall
prove the result using Lemma 2.0.2. To be very precise, we shall first check the
conditions (i)-(iii) of Lemma for ¢ : X — Sym M,,, deduce that the inclusion
Spec S C D, 1(Sym M,,) is in fact an equality, and hence conclude the normality of
Spec S (condition (iv) of Lemma 2.0.2).

(i) Let 2 = u = (u1,...,up) € X¥. Let W, be the subspace of V' spanned by w;’s.
Let r = dim W,. Then r > 0 (since z € X*). Assume if possible that (x) = 0, i.e.
(ui,u;) = 0 for all 4, j. This implies in particular that W, is totally isotropic; hence,

r < [5], integral part of §. Hence we can choose a basis {e1,--- ,e,} of V such that
W, = the K-span of {ej,--- ,e,}. Writing each vector u; as a row vector (with respect
to this basis), we may represent u by the m x n matrix U given by
U1t U2 ... U1y 0O ... 0
Y = U21 U209 ... U9y O ... 0
Uml Umz o Ume 0 ... 0
Choose integers ay, - -+ , @y, @ry1, -+, Gy, 50 that a; > 0,7 < [3], and apq1-; = —a;,1 <

[5] (if n is odd, say, n = 2¢ + 1, then, we take as; to be 0).

Let g; be the diagonal matrix g; = diag(t™, - - - %, t%+1 ... {%) (note that g, € O(V)
(cf. Remark [2.0.1)). Consider the one parametric subgroup {g;,t € K*}. We have,
g =g -U =Ug, = U, where

t"u;p t2upp ... tYuy, 0 ... 0

tM Uy tRUge ... TP Us, 0O ... 0
Z/lt ==

t"" U1 tUpo ... YUy, 0 ... 0

Hence gz — 0 as t — 0 (note that » <[], and hence a; > 0,7 < r), and this implies
that 0 € G - = (G being O, (K)) which is a contradiction to the hypothesis that z is
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semi-stable. Therefore our assumption that ¢)(x) = 0 is wrong and (i) of Lemma[2.0.2
is satisfied.
(ii) Let
U={ue X |{uy,...,uy,}are linearly independent}
Clearly, U is a G-stable open subset of X.
Claim : G operates freely on U, U — U mod G is a G-principal fiber space, and v
induces an immersion U/G — Sym M,,.
Proof of Claim: Let H = GL,(K). We have a G(= O, (K))-equivariant identifica-
tion
(%) UXHXVx---xV =HXF, say
—_———
(m—n) copies
where ' =V x --- x V. From this it is clear that G operates freely on U. Further,
(m—n) copies
we see that U mod G' may be identified with the fiber space with base H mod G, and
fiber V x --- x V associated to the principal fiber space
(m—n) copies
H — H/G. It remains to show that ¢ induces an immersion U/G — AV i.e., to
show that the map ¢ : U/G — AY and its differential di) are both injective. We first
prove the injectivity of v : U/G — AN. Let z,2’ in U/G be such that ¢ (z) = o (a’).
Let n,n" € U be lifts for x, 2’ respectively. Using the identification (*) above, we may

write
n= (Avun—‘rl)"' 7um)7 A e H

n=Auu,, -, u,) AecH
(here, u;, 1 < i < n, are given by the rows of A, while u;,1 <7 < n, are given by the
rows of A’. The hypothesis that ¥ (x) = ¢(z) implies in particular that
which may be written as
Al TA=AJ, TA
where J,, is the matrix of the form (,) (note that since we are writing a vector v € V
as a row vector, (v;, v;) = v;J,, 'v;). Hence we obtain

(ATA), HATTA) = J,, de., ATTAEG
This implies that
(). A=A".g, for some g e G
Hence on U/G, we may suppose that
T = (Ulf" Uy U1y ,Um)

/ / /
x :(u17"' yUpy Uy g1y 7 aum)
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where {uq,--- ,u,} is linearly independent.
For a given j,n + 1 < j < m, we have,
(ui, uj) = (ug, v ;

21 <i<mn, implies,u; = u

(since, {uq,- -+ ,u,} is linearly independent and the form (, ) is non-degenerate). Thus
we obtain
(1)- uj = uj, for all j

The injectivity of 1 : U/G — AY follows from (7).

To prove that the differential di is injective, we merely note that the above argu-
ment remains valid for the points over K[e], the algebra of dual numbers (= K @& Kk,
the K-algebra with one generator €, and one relation €2 = (), i.e., it remains valid if
we replace K by K|e|, or in fact by any K-algebra.

(iii) We have

1
dimU/G = dimU — dim G = mn — §n(n — 1) = dim D, 41 (Sym M,,)

(cf.Theorem[1.6.1 with t = n+1). The immersion U/G — Spec S(C D,,+1(Sym M,,))
together with the fact above that dim U/G = dim D, (Sym M,,) implies that Spec S
in fact equals D,,1(Sym M,,).

(iv) The normality of Spec S(= Dy41(Sym M,,)) follows from Theorem (and
the normality of Schubert varieties). U

Theorem 2.0.5. (1) First fundamental theorem
The ring of invariants K[X]°W) is generated by wi; = (u;, u;), 1 <i,j < m.
(2) Second fundamental theorem
The ideal of relations among the generators in (1) is generated by the (n+1)-
minors of the symmetric m x m-matric (p;;).

Further, we have, (in view of Theorem [1.7.2)

Theorem 2.0.6. (A standard monomial basis for K[X]°")) The ring of invari-
ants K[X]°Y) has a basis consisting of standard monomials in the reqular functions
p(A,B), A,B€I(r,m),A>B,r<n.

Remark 2.0.7. In view of the above Theorem, we have that the relations given by
Proposition[1.7.3 hold in K[X]°),

3. THE ALGEBRA S

Let V' = K™ together with a non-degenerate bilinear form (,). Let X = V®™(=
V@---@V (m copies)), and G = SO, (K). Denote R = K[X]. Our goal is to prove
Cohen-Macaulayness of R“. We accomplish this by proving the Cohen-Macaulayness
of a certain subalgebra S of R, and showing S in fact equals R®. Also, the case m < n
is trivial because the invariant ring in this case is a polynomial ring (see Remark(2.0.4);
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for the case m = n, the K[X]°™ is a polynomial ring, and the invariant ring K [X]°)

is generated by one more element (of degree two) over K[X]°™ and is easily seen to
be Cohen-Macaulay. Thus throughout we will suppose m > n.

The functions p(A, B): For A, B in I(r,m), where 1 < r < n, and A > B, let
p(A, B) denote the the regular function on X, p(A, B)((w)) = the r-minor of the
symmetric m x m matrix ((u;, u;)) with row indices given by the entries of A, and
column indices given by the entries of B.

The functions u(l): For I € I(n,m), let u(l) be the function u(l) : X —
K, u(I)(u) := the n-minor of U with the row indices given by the entries of I (here,
U = (u45) is as in §2). We have, g - u(l) = (det g)u(l), g € O(V). Hence u([) is in
K[X]SO(V).

Lemma 3.0.1. For I,J € I(n,m), we have u(l)u(J) = p(I,J).

Proof. Let M, N denote the n x n submatrices of the m x n matrix U = (u;;) with
row indices given by I, J respectively. We have

u(Du(J) = (det M) (det N) = (det M) (det'N) = det( M'N) = p(I,J)

(note that M 'N is the submatrix of ((u;,u;)) with row indices given by the entries of
I, and column indices given by the entries of J.) O

The algebra S: Let S be the subalgebra of R® generated by p(A, B),A, B €
I(r,m),r<n—1A> B, u(l),I € I(n,m).

Remark 3.0.2. The K-algebra S could have been simply defined as the K-subalgebra
of RY generated by {(u;,u;)} (ie., by {p(A,B),#A = #B = 1}) U {u(l),I €
I(n,m)}. But we have a purpose in defining it as above, namely, the standard mono-
mials (in S) will be built out of the p(A, B)’s with #A < n — 1, and the u(/)’s (cf.
Definition below).

3.1. Standard monomials and their linear independence: In this subsection,
we define standard monomial in S, and prove their linear independence.
The set H: Let
H, :=1(n,m)
(note that H, indexes the u(I)’s). Let
H,={(A,B)el(r,m)xI(r,m),1<r<n-1A> B}
(note that H, indexes the p(A, B)’s).
For (A, B),(C,D) € H,, define (A, B) = (C,D) as in §1.7. Note that “>" is not
a partial order (since (A, B) # (A, B), if A > B); nevertheless, it is transitive. It is
only a comparison order (cf. §1.7 ). Let
H=H,UH,

We define a comparison order > on H as follows:
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(i) For elements H,, it is just the comparison order on H,,.

(ii) For elements H,, it is the partial order > as defined in §1.4!

(iii) No element of H, is greater than any element of H,,.

(iv) For (A,B) € H,, I € H,, (A,B) > I, if B > I (again, > being as in §1.4).

Thus S has a set of algebra generators {p(A, B), (A, B) € H,,u(l),I € H,} indexed
by the comparison-ordered set H.

Definition 3.1.1. A monomial
F = p(Ay, Br) -+ p(Ar, Br)u(lh) - - - u(ly)
in {p(A, B),u(I),(A,B) € H,,I € H,} is said to be standard if
(A, Bi) > > (A, B) > I >+ > I
ie, Ay >2B1>Ay>--->2B.>5L 2> >1,.

3.2. Linear independence of standard monomials: In this subsection, we prove
the linear independence of standard monomials.

Lemma 3.2.1. Let (A,B) € H,,I € H,,.

(1) The set of standard monomials in the p(A, B)’s is linearly independent.
(2) The set of standard monomials in the u(I)’s is linearly independent.

Proof. As in the proof of Proposition 4.2.1], the subalgebra generated by

{p(A,B), A,B € H,} being ROV) gets identified with K[D,(Sym(M,,)], and
hence (1) follows from Theorem [1.7.2!

(2) follows from [16], Theorem 1.6.6,(1) applied to K[u;;,1 <i<m,1<j<n|. 0O

Proposition 3.2.2. Standard monomials (in S )are linearly independent.

Proof. Let

(*) F=G+H=0,

be a relation among standard monomials, where G = ) ¢;G;, H = ) d;jH; where
for each p(Ay, B1) -+ p(A,, By)u(ly) - - -u(ls) in G (resp. H), s is even - including 0 -
(resp. odd). Consider a g in O,,(K), with det g = —1. Then noting that u(l)u(J) =
p(I,J), and using the facts that g-p(A, B) = p(A, B),g-u(I) = (det g)u(I), we have,
F —gF =) 2d;H; = 0. Since char(K) # 2, if we show that ) d;H; = 0, then it
would follow (in view of Theorems 2.0.3| and [1.7.2) that (*) is the trivial sum. Thus
we may suppose

(**) F = Z dej

where each H; is a standard monomial of the form:

Hj = p(Ry,51) - p(Ry, S)u(l)
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Now multiplying (x) by w(I,), I, being (1,--- ,n) (and noting as above the equality
u(Hu(l,) = p(I,1,)), we obtain
San=

where each P; is a standard monomial of the form p(Uy, Q1) - - - p(Up, Q) (note that
for each standard monomial H; appearing in (xx), H;u(l,) is again standard). Now

the required result follows from the linear independence of p(A, B)’s in K[X]°)(cf.
Theorems 2.0.3/ and [1.7.2).

U

4. THE ALGEBRA S(D)

Let S be as in the previous section. To prove the generation of S (as a K-vector
space) by standard monomials, we define a K-algebra S(D), construct a standard
monomial basis for S(D) and deduce the results for S (in fact, it will turn out that
S(D) = S). We first define the K-algebra R(D) as follows:

Let

D=HU({1}
H being as in §3.1. Extend the comparison order on H to D by declaring {1} as the
largest element. Let P(D) be the polynomial algebra
P(D):= K[X(A,B),Y(I),X(1),(A,B) € Hy,,I € H,

Let a(D) be the homogeneous ideal in the polynomial algebra P(D) generated by the
relations (1)-(3) of Proposition [4.2.1] (X (A, B),Y (I) replacing p(A, B),u(l) respec-
tively), with relation (2) homogenized as

X (A1, A2) X (B, Bs) = Z a; X (Ci1, Ciz) X (Di1, Di2)
where X (Cy1, Ci2) is to be understood as X (1) if both Cj;, Cj2 equal the emptyset (cf.
Remark [1.7.5). Let
R(D) = P(D)/a(D)

We shall denote the classes of X (A, B),Y (I), X (1) in R(D) by
z(A, B),y(I),x(1) respectively.
The algebra S(D): Set S(D) = R(D)(1)), the homogeneous localization of R(D)

)

at £(1). We shall denote m(’?ll; 736— (in S(D)) by ¢(A, B),d(I) respectively.

Let ¢p : S(D) — S be the map ng( (A,B)) =p(A,B),op(d(I)) = u(l). Let
Op : R(D) — S(D)

be the canonical map. Denote vp : R(D) — S as the composite vp = pp o Op.
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4.1. A standard monomial basis for R(D): We define a monomial in
z(A, B),y(I),z(1)) (in R(D))to be standard in exactly the same way as in Definition
3.1.11

Proposition 4.1.1. The standard monomials in the (A, B),y(I),z(1) are linearly
independent.

Proof. The result follows by considering vp : R(D) — S, and using the linear inde-
pendence of standard monomials in S (cf. Proposition [3.2.2). U

4.2. Quadratic relations: Before proving the generation of R(D) by standard mono-
mials, we first describe certain “straightening relations” (expressions for non-standard
monomials as linear sums of standard monomials) among p(A, B)'s,u(I)’s (in S), to
be used while proving generation of R(D) by standard monomials.

Proposition 4.2.1. (1) Let I,I' € H, be not comparable. We have,
u(Du(l') = bau(l)u(I}), b, € K

where for all r, I, > both I,1', and I < both I,I'; in fact, I, > both I,I' (for,
if I, = TorIl', then I,1" would be comparable).
(2) Let (A1, As), (B1, Bs) € Hy, be not comparable. Then we have

p(AlaAQ)p(Bla Bz) = Z az’p(cilaciQ)p(DilaDi2)aai € K~

where (Ci1, Ci2), (Di1, Di2) belong to Hy,, and Ciy > Dyy; further, for every i,

we have

(a) Ci1 > both Ay and By; if Cyy = Ay (resp. By), then Cio > Ay (resp.Bs).

(b) Djs < both Ay and Ba; if Dy = Ay (resp. Bs), then D < Ay (resp.By ).
(3) Let I € H,, (A, B) € H, be such that B # I. We have,

p(A, Byu(I) = “dip(Ay, B)u(I), d; € K

where for every t, we have, (A, By) € H,, By > I;. Further, Ay > both A and
_[,' ZfAt == A, then Bt > B.

Proof. In the course of the proof, we will be repeatedly using the fact that the sub alge-
bra generated by {p(A, B), A, B € H,} (where recall that H,, = {(A, B) € H,,, #A <
n}, H,, being as in §ref12.9.4) being R°Y) (cf. Theorem 2.0.5), the relations given
by Proposition [1.7.3 hold in K[X]°(") (cf. Remark [2.0.7). We will also use the basic
formula u(Iu(J) = P(I,J) (cf. Lemma [3.0.1).

Assertion (1) follows from [16], Theorem 4.1.1,(2).

Assertion (2) follows from Proposition 1.7.3 (cf. Remark [2.0.7).
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(3) We have, p(A,B)U(I)u([n) = p(AaB)p<[7[n) (ITL being (17 2: e 7n)) The hy—
pothesis that B # I implies that p(A, B)p(I, I,,) is not standard. Hence Proposition
1.7.3 implies that in K[D,,.1(Sym( M,,)]

p(A, B)p(I, I,) = Z aip(Cit, Ci2)p(Dir, Diz), a; € K*

where R.H.S. is a standard sum, i.e., C;; > Cjs > D;; > D;s,Vi. Further, for every
i, C;1 > both A and I; if C;; = A, then Cjp > B; C;s > both B and I,,; D;y <
both B and I, which forces D;; = I, (note that in view of Proposition [1.7.3, all
minors in the above relation have size < n); and hence #D;; = n, for all i. Hence
p(Di1, Do) = u(D;)u(l,), for all i. Hence canceling u(1,,), we obtain

p(A, B)u(l) = Z a;p(Cit, Cia)u(Di),
where Cj; > both A and I; if C;; = A, then Cj, > B. This proves (3). O

Generation of R(D) by standard monomials: We shall now show that any non-
standard monomial F' in R(D) is a linear sum of standard monomials. Observe that
if M is a standard monomial, then z(1)'M is again standard; hence we may suppose
F to be:

F=x(A;,By) - a(Ar, Br)y(l) -+ y(L)

Fix an integer N sufficiently large. To each element A € U'_, I(r,m), we associate
an (n + 1)-tuple as follows: Let A € I(r,m), for some r, A = (a1, -+ ,a,). To A, we
associate the n + 1-tuple A = (ay,--- ,a,,m,m,--- ,m,1)

To F, we associate the integer np : (and call it the weight of F') which has the
entries of Ay, By, Ay, By, -+, A,, B, I1,- -+ , I, as digits (in the N-ary presentation).
The hypothesis that F'is non-standard implies that
either z(A;, B;)z(A;11, Biy1) is non-standard for some i < r — 1, or z(A,, B,)y(l)
is non-standard, or u(/;)u(l;;1) is non-standard for some ¢ < s — 1 is non-standard.
Straightening these using Proposition 4.2.1, we obtain that F' = ) a;F; where ngp, >
np, for all 4, and the result follows by decreasing induction on ng (note that while
straightening a degree 2 relation using Proposition if (1) occurs in a monomial
G, then the digits in ng corresponding to x(1) are taken to be m,m,--- ,m (2n + 2-
times)). Also note that the largest F' of degree r in (A, B)’s and degree s in the
y(I)’s is z({m}, {m})"u(ly)® (where I, is the n-tuple (m+1—n,m+2—n,--- ,m))
which is clearly standard.

Hence we obtain

Proposition 4.2.2. Standard monomials in x(A, B),y(I),z(1)) generate R(D) as a
K -vector space.

Combining Propositions|4.1.1, 4.2.2, we obtain
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Theorem 4.2.3. Standard monomials in (A, B),y(I),z(1) give a basis for the K-
vector space R(D).

4.3. Standard monomial bases for S(D). Standard monomials in ¢(A, B),d(I) in
S(D) are defined in exactly the same way as in Definition

Theorem 4.3.1. Standard monomials in c¢(A, B),d(I) give a basis for the K -vector
space S(D).

Proof. The linear independence of standard monomials follows as in the proof of
Proposition 4.1.1 by considering ¢p : S(D) — S, and using the linear independence
of standard monomials in S (cf. Proposition(3.2.2).

To see the generation of S(D) by standard monomials, consider a non-standard mono-
mial F'in S(D), say,

F=c(Ay,By) - c(A;, B)d(L) -~ d(I)

Then F' = 0p(G), where
G =x(A1, By) - x(A;, Bi)y(l1) - - - y(Ix). The required result follows from Proposition
4.2.2 U

Theorem 4.3.2. Standard monomials in p(A, B),u(I) form a basis for the K-vector
space S.

Proof. We already have established the linear independence of standard monomials
(cf. Proposition . The generation by standard monomials follows by considering
the surjective map ¢p : S(D) — S and using the generation of S(D) by standard
monomials (cf. Theorem 4.3.1). 0

Theorem 4.3.3. The map pp : S(D) — S is an isomorphism of K-algebras.

Proof. Under ¢p, the standard monomials in S(D) are mapped bijectively onto the
standard monomials in S. The result follows from Theorems [4.3.1/ and [4.3.2. O

Theorem 4.3.4. A presentation for S:

(1) The K-algebra S is generated by {p(A, B),u(I),(A,B) € H,,I € H,}.
(2) The ideal of relations among the generators {p(A, B),u(I)} is generated by

relations (1)-(3) of Proposition [4.2.1.
Proof. The result follows from Theorem (and the definition of S(D)). O

Remark 4.3.5. It will be shown in Theorem 6.0.7 that the inclusion S — RC is in
fact an equality.
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5. COHEN-MACAULAYNESS OF S

In this section, we prove the Cohen-Macaulayness of S in the following steps:

o (i) We prove that S is a doset algebra with straightening law over a doset
D contained in P x P, for a certain partially ordered set P.

o (ii) P is a wonderful poset.

o (iii) Conclude the Cohen-Macaulayness of S using [7].

Let P be a partially ordered set. Recall

Definition 5.0.1. (cf. [7]) A doset of P is a subset D of P x P such that
(1) The diagonal A(P) C D.
(2) If (a,b) € D, then a > b.
(3) Let a>b>cin P.
(a) Let (a,b), (b,c) be in D. Then (a,c) € D.
(b) Let (a,c) € D. Then (a,b), (b, c) are in D.

Remark 5.0.2. (i) We shall refer to an element («, 3) of D as an admissible pair;
(cr, o) will be called a trivial admissible pair.

(ii) If a > b > ¢ > d in P are such that (a,d) is in D, then (b,¢) € D. This follows
from Definition [5.0.1] 3(b).

Definition 5.0.3. (cf. [7]) A doset algebra with straightening law over the doset D
is a K-algebra F with a set of algebra generators {x(A4, B), (A, B) € D} such that
(1) E is graded with Ey = K, and E, equals the K-span of monomials of degree
rin z(A, B)’s.
(2) “Standard monomials” xz(Ay, By)---x(A,, B,) (i.e., Ay > By > Ay > By-+- >
A, > B,) is a K-basis for E,.
(3) Given a non-standard monomial F' := x(A;, By) - - - x(A,, B,.), in the straight-
ening relation

(*) F= Z a; F;

expressing F' as a sum of standard monomials, writing
F, = x(An, Biy) - - - ©(Ay, Biy) (a standard monomial) we have the following:

(a) For every permutation o of {A;, By, As, By, -+ , A, B.}, we have,
{Aq, Bix, Ai2, Bia, - -+, Air, By} is lexicographically greater than or equal to
{U(A1)7 J(B1)7 0(A2)7 U<B2)7 ) U(AT)u O(BT>} :

(b) If there exists a 7 € Sy, such that 7(Ay) > 7(By) > 7(A2) > 7(B2) >
-+« > 7(A;) > 7(B,), then the monomial z(7(A;),7(By)) - z(17(A4,), 7(B,))
occurs on the R.H.S. of (*) with coefficient 1. (We shall refer to this situation
as “{Ay, By, Ay, By, -+ , A, B, } is totally ordered up to a reshuffle”)

(Note that in 3(b), we have (in view of (3),(4) in Definition [5.0.1)) that
(1(A;), 7(B;))’s are admissible pairs.
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The discrete doset algebra K{D}: The discrete doset algebra K{D} is the doset
algebra with straightening relations given as follows: Let F':= x(Ay, By)---x(A,, B;)
be a non-standard monomial. Then

. {x(T(Ag,T(Bl)) o a(r(A), 7(B,)), i T(A)) = 7(By) = -+ > 7(A,) = 7(B,)
0, otherwise

for some 7 € Sy, as above.

Remark 5.0.4. The conditions in (3) are equivalent to the corresponding conditions
for r = 2.

Let K{P} be the discrete algebra over P, namely, the Stanley-Reisner algebra,
defined as the quotient of the polynomial algebra K[z,,a € P] by the ideal generated
by {z.23, a, 8 € P non-comparable}.

Recall

Proposition 5.0.5. (cf. [7], Theorem 3.5) Let E be a doset algebra with straightening
law over a doset D inside P x P.

(1) There exists a sequence E = By, By, -+, B, = K{D} of doset algebras with
straightening law over the doset D such that there exists a flat family B;,1 <
J < r—1 (over Spec K[t]) with generic fiber Spec B;, and special fiber Spec Bj;.
(2) E is Cohen-Macaulay if K{P} is.

5.1. A doset algebra structure for R(D): We first define
The partially ordered set P: Let
P:=U'_I(r,m) U {1}

Extend the partial order on U!'_, I(r,m) to P by declaring 1 to be the largest element.
Let D be as in §4, namely,

D=H,U H, U {1}
Lemma 5.1.1. D is a doset inside P x P.
Proof. Clearly, D C P x P, and contains A(P). Note that H, (as a subset of P x P)
is identified with the diagonal A(H,) (inside P x P); similarly, 1 is identified with
(1,1). Also note that the non-trivial admissible pairs in D are among the (A, B)’s

((A, B) € Hp). The remaining conditions in Definition[5.0.1 hold in view of the results
in §1.6/ and the results of [7, 13, 15]. O

Proposition 5.1.2. R(D) is a doset algebra with straightening laws over the doset
D.

Proof. Condition (1) in Definition [5.0.3 follows from the definition of the K-algebra
R(D); note that R(D) has algebra generators {z(A,B),(A,B) € Hy},y(I),I €
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H,,z(1), indexed by D. Note that the generators {y(I),I € H,,xz(1)} are indexed
by trivial admissible pairs, and the generators indexed by non-trivial admissible pairs
are among {z(A, B),(A,B) € H,}. Condition (2) in Definition [5.0.3 follows from
Theorem 4.2.3.

Verification of Condition (3): As in the proof of Theorem 4.1 of [7], in view of
Proposition [4.2.1} it suffices to verify condition (3) in Definition[5.0.3 for a degree two
non-standard monomial F' (cf. Remark [5.0.4). We divide the verification into the
following cases:

Case 1: Let F' = y(I)y(J). In this case, the situation of 3(b) (in Definition 5.0.3)
does not exist. The condition 3(a) follows from Proposition 4.2.1,(1).

Case 2: Let F' = z(A, B)y(I). In this case again, the situation of 3(b) (in Definition
5.0.3)) does not exist (since B 7 I, and I can not be > Aor B - note that no element
of H, is greater than any element of H,). Condition 3(a) follows from Proposition
12.1,(3).

Case 3: Let F = x(A;, By)x(Ay, By). Condition 3(a) follows from Proposition
4.2.1,(2). Condition 3(b) follows from Theorem [1.6.1, and [7], Theorem 4.1 (espe-
cially, its proof); here, we should remark that one first concludes such relations for
Y (¢) (Y(¢) as in Theorem [1.6.1), then for S, and hence for R(D) (note that S being
R(D)(4(1)) such relations in S imply similar relations in R(D), since z(1)" is the largest
monomial in any given degree [). d

Corollary 5.1.3. R(D) is Cohen-Macaulay.

Proof. This follows from Propositions 5.0.5,5.1.2. Note that P is a wonderful poset
(in the sense of [6]), in fact, a distributive lattice, and hence the discrete algebra K{P}
is Cohen-Macaulay (cf. [6], Theorem 8.1). O

The above Corollary together with the fact that .S is a homogeneous localization of
R(D) implies

Theorem 5.1.4. S is Cohen-Macaulay.

6. THE EQUALITY R59(K) = &

We preserve the notation from the previous sections. In this section, we shall
first prove that the morphism ¢ : Spec RS"(5) — Spec S induced by the inclusion
S C R%9~(K) ig finite, surjective, and birational. Then, we shall prove that Spec S
is normal, and deduce (using Zariski’s Main Theorem) that ¢ is an isomorphism,
thus proving that the inclusion S C R%9() is an equality, i.e., RS9"(5) = S As
a consequence, we will obtain (in view of Theorem that R59"(%) is Cohen-
Macaulay.

Notation: In this section, for an integral domain A, k(A) will denote the quotient
field of A.
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Lemma 6.0.1. Let A be a finitely generated K-algebra (K being an algebraically
closed field of characteristic different from 2). Further, let A be a domain. Let v be
an involutive K-algebra automorphism of A. Let A = AT where I' = Z7)27 is the
group generated by v. We have,
(1) The canonical map p : Specg — Spec A induced by the inclusion A C A is
a finite, surjective morphism.
(2) k(A) is a quadratic extension of r(A).

Proof. (1) It is easy to see that a finite set I3 of A-algebra generators of A can be chosen
so that they are all eigenvectors of v corresponding to the eigenvalue —1. (This is
because for any f € A, one has f = 1/2(f +~v(f)) + 1/2(f = v(f)).)

Since a := f.y(f) € Afor any f € /~l, each generator satisfies the equation 2% +a = 0
(over A). Also, since product of any two generators is an eigenvector corresponding to
the eigenvalue 1, it follows that Ais generated as an A-module by the set of algebra
generators B together with 1. Therefore A is a finite module over A. Hence pis a
finite morphism; surjectivity of p follows from the fact (cf. [18], ch 1.7, Proposition
3) that a finite morphism f : Spec B — Spec A of affine varieties is surjective if and
only if f*: A — B is injective. Assertion (1) follows.

(2) From the discussion in (1), we obtain that the A-algebra A has algebra generators,
say, {f1,- -, fr} such that

ofiQEA,lgiST

o fzfj - A,Vi,j

Hence we obtain that for every o € A a2 € A. This implies that every s € /@(Z)
satisfies a quadratic equation 22 + a over x(A); further, x(A) is a (finite) separable
extension of k(A) (since char K # 2). Assertion (2) follows from this. O

Corollary 6.0.2. Let A = RO»K), A = RSO-(5) W have,
(1) The canonical map p : Specﬁ — Spec A induced by the inclusion A C A s
a finite, surjective morphism.
(2) k(A) is a quadratic extension of k(A).
Proof. Taking v € O,(K) to be an order 2 element which projects onto the gener-
ator of O0,(K))/SO,(K) =: I'(= Z/2Z), we have, v defines an involutive K-algebra
automorphism of A, with A = A. The result follows from Lemma O

Proposition 6.0.3. The morphism q : Spec RS9"K) — Spec S induced by the in-
clusion S C R59"(K) s surjective, finite, and birational.

Proof. Denote Y = Spec(RSO"E)) Y = Spec(RO*X)), Z = SpecS. Consider the

inclusions
(*) ROn(K) cS g RSOn(K)
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Note that the first inclusion is a strict inclusion, since, S = RO [u(I), I € I(n,m)]
(and u(1) € RO%) for I € I(n,m)). This induces the following commutative diagram

Y

Z Y
The finiteness of ¢ follows from the finiteness of p (cf. Corollary 6.0.2] (1)); this
together with the inclusion ¢* : S < R%%+(5) implies the surjectivity of ¢ (cf. [18], ch
1.7, Proposition 3).

Now the inclusions given by (*) give the following inclusions of the respective quotient
fields:

q

k(RO"E)) C k(S) C k(RSO
(with the first inclusion being a strict inclusion). This together with the fact that
k(R9OK)) is a quadratic extension of xk(RP*)) (cf. Corollary 6.0.2, (2)) implies
that x(S) is a quadratic extension of £(R%"9)) as well. Hence we obtain that x(S) =
K (R39(K)) proving the birationality of g. O

Finally, to verify the hypotheses in Zariski’s Main Theorem for the morphism g¢,
it remains to show that S is a normal domain. Again in view of Theorem [5.1.4
and Serre’s criterion for normality (namely, Spec A is normal if and only if A has S;
and Rj), to prove the normality of S, it suffices to show that Spec S is regular in
codimension 1 (i.e., singular locus of Spec S has codimension at least 2). Towards
proving this, we first obtain a criterion for the branch locus of a finite morphism to
have codimension at least 2.

Let m: Z — Y be a finite morphism where Y is a reduced and irreducible affine
scheme over an algebraically closed field K of arbitrary characteristic. Then, there
exists an open subscheme Y; C Y (namely, the set of unramified points for 7) such
that res(m) : 7=1(Y;) — Y) is an étale morphism (see [18], Ch.IIL.10; here, res(m)
denotes the restriction of 7.).

Let Y, Z be affine, say Y = Spec A, Z = Spec B, where A, B are finitely generated
K-algebras. Further, let A, B be integral domains, and B an integral extension of A
which is finitely generated as an A module (so that 7 : Z — Y is a finite morphism).

Suppose that x(B) is a finite separable extension of x(A). Then, there exists an s €
B such that £(B) = k(A)[s]. Indeed if £ is a primitive element for the extension «(B)
of k(A) with b,0 € B, then there exists a A € k(A) such that k(B) = k(A)[b + A\'].
To see this, observe that since there are only finitely many intermediate fields between
k(A) and k(B) (while k(A) is infinite), we have that not all k(A)[b+ AV'], A € k(A)
can be distinct. Hence, for some A\, u € K(A), A # p, b+ pb’ is in k(A)[b + \V]. From
this it follows that J is in k(A)[b+ V).
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Lemma 6.0.4. With the above notation, let Y = Spec A and let Z = Spec B. Con-
sider the finite morphism m : Z — Y induced by the inclusion A C B. As above,
let b be a primitive element such that k(B) = k(A)[b]. Let a € A be such that
All/a][b] = B[1/a]. Further, let the discriminant of b be invertible in A[l/a]. Then
res(m) : Spec B[1/a] — Spec A[l/a] is étale.
(Here, res(m) denotes the restriction of 7.)

Proof. Let U = Spec (A[1/al]),V = 7= (U) = Spec (B[1/a]). Since B[1/a] = A[1/a][b]
(by Hypothesis), we obtain that B[1/a] is a free A[l/a]-module with basis

{1,b,--- bV} (here, N = [k(B) : k(A)]). Further, by Hypothesis, discriminant (b)
is invertible in A[1/a]. Hence we obtain that res(m) : Spec (B[1/a]) — Spec (A[l/a))
is étale. 4

Proposition 6.0.5. The variety Spec S is reqular in codimension 1.

Proof. Taking A = RO"5) B = S, as seen in the proof of Proposition[6.0.3, we have
that x(B) is a quadratic extension of k(A). Further, the generators u; (of the A-
algebra B = A[u(l), I € I(n,m)]) satisfy the relation w(I)?> —p(I,I) = 0 over A (note
that A = K[p(I,J),I,J € I(r,m),r < n] (cf. Theorem [2.0.5)). Hence, k(B) is also
separable over k(A), since char(K) # 2. Now we take Y = Spec A, Z = Spec B,
and 7 : Z — Y the morphism induced by the inclusion R%») C S, in Lemma
6.0.4. Fixing a particular I € I(n,m), we have that the relation u(l)u(J) = p(I, J)
implies that u(J) = p(I, J)u(l)/p(I,I) and hence u(J) € S[1/p(I,I)] for all J. In
particular S[1/p(I, )] is a free RO»U)[1/p(I, I)]-module with basis {1,u(I)}. Also
the discriminant &(u;) is seen to be 4p(I, I) which is invertible in RO~ [1/p(1,1)].
Hence, taking a = p(I,1),b = wu(I), the hypothesis of Lemma [6.0.4 are satisfied.
Hence

res(m) : IEI(Li » Spec S[1/p(I,1)] — ILTJL » Spec RO [1/p(1,1)]

Iel(

is étale. Let a be the ideal generated by {p(I,I),I € I(n,m)}. Note that in view of
the relations

u(Du(J)=p(,J),I,J € I(n,m)
(cf. Lemmal3.0.1), we have

p(I,J)* = p(I, D)p(J. J)

Thus we have, p(I,J) € va,VI,J € I(n,m). Let Yy = V(y/a). Then Y} is simply
D, (Sym M,,). Also, Y being D,,.1(Sym M,,) (cf. Theorem [2.0.3), we have Y is the
singular locus of Y (cf. Theorem [1.6.3). Hence, codimyYy > 2 (since Y is normal).
Now the branch locus Y, of 7 : Z — Y is contained in Yj; hence
(%) codimyYy > 2

Denote
Y, := {unramified points for =}
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We have, res(r) : 7 1(Y,) — Y, is étale, and YV, = Y \ Y,. Denote
Zo =1 (Y, Zy =1 (V)
Denoting by Zsing the singular locus of Z, we have (cf. (*))
(%) codimz(Zging N Zy) (> codimz Zy) > 2
On the other hand, res(r) : Z, — Y, being étale, we have,
7T?1(Ysing N Y;) = Zsing N Z.
Hence we obtain,
(% * %) codimy(Zging N Z) = codimy (Ysing N Ye) > codimy (Yging) > 2
(**) and (***) imply that codimz(Zsing) > 2, and the result follows. O
The above Proposition together with Theorem implies the following
Proposition 6.0.6. SpecS is normal.

The result follows from Serre’s criterion for normality: Spec A is normal if and only
if A has S, and R;.

Theorem 6.0.7. The inclusion S C R js an equality, i.e., RS9(K) = §.

Proof. Propositions [6.0.3,[6.0.6/ imply (in view of Zariski Main Theorem (cf. [18], ch
I11.9)) that the morphism ¢ : Spec RS9"(5) — Spec S is in fact an isomorphism. The
result follows from this. O

Combining the above Theorem with Theorems[4.3.4,(5.1.4 we obtain the following
theorems.

Theorem 6.0.8. A presentation for RC:

(1) (First fundamental Theorem) The K-algebra R%(= S) is generated by
{p(A,B),u(l),(A,B) € H,,I € H,}.

(2) (Second fundamental Theorem) The ideal of relations among the genera-
tors {p(A, B),u(I)} is generated by relations (1)-(3) of Proposition 4.2.1.

Theorem 6.0.9. R59"(5) s Cohen-Macaulay.

7. APPLICATION TO MODULI PROBLEM

In this section, using Theorem[6.0.9, we give a characteristic-free proof of the Cohen-
Macaulayness of the moduli space My of equivalence classes of semi-stable rank 2,
degree 0 vector bundles on a smooth projective curve of genus > 2 by relating it to
K[X]%93() Tt is known [20, §7, Theorem 3] that M is smooth when the genus is 2.

Assume for the moment that the characteristic of the field K is zero. Consider
the moduli space M,, of equivalence classes of semi-stable, rank n, degree 0 vector
bundles on a smooth projective curve C' of genus m > 2. Let V be the trivial vector
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bundle on C. The automorphism group of V' (2 H°(C, Aut V)) can be identified with
GL,(K). The tangent space at V' of the versal deformation space (cf. [22]) of V' is
H'(C,End V) and hence it can be identified with m copies of the space M, (K) of
n x n matrices, V being identified with the “origin”. The canonical action of Aut V
on this tangent space gets identified with the diagonal adjoint action of GL,(K) on
m copies of M, (K). Now the moduli space M,, is a GIT quotient Z/ H, for a suitable
Z and H a projective linear group of suitable rank. The versal deformation space of
V' gets embedded in Z and by “Luna slice” type of arguments (cf. [19], Appendix
to chapter 1, D), the analytic local ring of M,, at V' gets identified with the analytic
local ring of H'(C,End V) /PGL,(K) at the “origin”.

Suppose now that n = 2. If V is a stable vector bundle, then the point in My that
it defines is smooth. If V' is not stable, then the point in My that it defines can be
represented by Ly & Lo, where Ly and L, are line bundles of degree zero. If Ly = Lo,
then End (V) = My(K), and the considerations are the same as for the case when
V' is trivial. If L; is not isomorphic to Ls, then AutV is the torus T := G, x G,,,
and the analytic local ring of My at V' is isomorphic to the analytic local ring of
HY(C,End V)T at the origin (in fact the action of T is trivial). This is certainly
Cohen-Macaulay.

Although we are only interested in the rank 2 case, let us remark that considerations
of the previous paragraph hold when the rank of V' is arbitrary, and the analytical
local ring of M,, is isomorphic to Z)G, where Z = [[ Z;,G = [] G, where Z; is g
copies of M,,(K) and G; = PGL,,(K).

Although we have assumed that the characteristic of the field to be zero, the above
considerations remain valid in positive characteristic but with certain restrictions; for
example, if n = 2, then the characteristic should not be 2 or 3.

Thus, in order to prove that My is Cohen-Macaulay, it suffices to show that the
point corresponding to the trivial bundle is so. Further, since the analytic local
ring at the point corresponding to the trivial bundle gets identified with the comple-
tion of the local ring at the origin of My(K)®™ /PG Ly(K), it suffices to prove that
My(K)®™ ) PGLy(K) is Cohen-Macaulay.

Let now n = 2, My := My(K), MY := sloy(K). Let
7 =My ® - ® My(g copies), Zy = My @ --- O Mj(g copies)

Let A = K[Z], Ay = K[Zy]. Let G = SLy(K). Consider the diagonal action of G
on Z, Zy induced by the action of G on Ms, MY by conjugation respectively.

From the above discussion, we have that the completion of the local ring at the
point in My corresponding to the trivial rank 2 vector bundle is isomorphic to the
completion of A9 at the point which is the image of the origin (in Z(= A%)) under
Z — SpecAY. On the other hand, we have, A® = A§[zy,--- ,z,],7;’s being indeter-
minates (since, My = MY @ K); further, we have that the adjoint action of SLy(K)
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on sly(k) is isomorphic to the natural representation of SO3(K) on K® (note that the
Lie algebras sly(K) and soz(K) are isomorphic). Hence the ring A§ gets identified
with K[X]59:(5) X being V @ --- @ V(g copies), V = K3. Hence we obtain

Theorem 7.0.1. (1) The GIT quotients Z |G, Zy /)G are Cohen-Macaulay.
(2) The moduli space My is Cohen-Macaulay.
(3) We have standard monomial bases for the co-ordinate rings of Z |G, Zy)|G.
(4) We have first & second fundamental theorems for the co-ordinate rings of Z |G
and Zy /|G, i.e., algebra generators, and generators for the ideal of relations
among the generators. U

Remark 7.0.2. The results in Theorem|7.0.1/being characteristic-free, we may deduce
from Theorem [7.0.1 that the moduli space M behaves well under specializations; for
instance, if the curve C' is defined over Z, and if My(Z) is the corresponding moduli
space, then for any algebraically closed field K of characteristic # 2, 3, the base change
of My(Z) by K gives the moduli space My (K) over K.

Remark 7.0.3. This section is motivated by [17]. In loc.cit, the Cohen-Macaulayness
for Z))G, Zy )G, M5 are deduced by proving the Frobenius-split properties for these
spaces.

8. RESULTS FOR THE ADJOINT ACTION OF SLy(K)
Consider G = SLy(K),ch K # 2. Let

Z =5ly(K)® - @ sla(K) = Spec R, say
m copies

Using the results of §5, §6, we shall describe a “standard monomial basis” for R“; the
elements of this basis will be certain monomials in ¢r (A;A4;)’s, and tr (A;A;Ay)’s.

Identification of si,(K) and so(K): Let

0 1 1 0 0 0
=(00) =0 )=o)
be the Chevalley basis of sly(K).

Let (,) be a symmetric non-degenerate bilinear form on V' = K?. Taking the matrix
of the form (,) to be J = anti-diagonal(l,1,1), we have,

SO3(K) ={A € SLy(K) | J'(*A)'J = A}
so3(K) ={A € sly(K)|J (A = —A}
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The Chevalley basis of soz(K) is given by

0 V2 0 2.0 0 0 0 0
X'=10 0o —v2|.,H=(00 0],YY=|v2 0 0
0 0 0 00 —2 0 —v2 0

The map X — X' H — H')Y — Y’ gives an isomorphism sly(K)
algebras. Further, the map

0 : sly(K) — K3, (i _ba) - (%,—a,%)

identifies the adjoint action of SLy(K) on sla(K) with the natural action of SO3(K)
on K?3; and the induced map
Op: 2 — V-V, V=K
N~
m copies

identifies the diagonal (adjoint) action of SLy(K) on Z with the diagonal (adjoint)
action of SO3(K)on V@ ---@V.
—_——

Lemma 8.0.1. Let z € Z, say z = (A1, ,An). Let 0,,(2) = (ug,-- - ,uy). We
have

(1) tr(AA;) = 2(u;, u;).
(2) Let I € I(3,m), say, I = (i,5,k). Then tr (A;A;Ax) = 2u(l).
(here, u(l) is as in §3)
The proof is an easy verification.
Notation: In the sequel we shall denote
Ui, j) ==tr (AA;),i >3, Ui, g, k) = tr (AiA;A), (i,j,k) € 1(3,m)

Remark 8.0.2. Note that if ¢, j,k are not distinct, then tr (A4;A4;A4;) = 0; for, say,
i = j, then A; being a 2 x 2 traceless matrix, we have (in view of Cayley-Hamilton
theorem), A? = —|A;|, and hence tr (A?A;,) = —|A;|tr( Ag) = 0 (since Ay € sly(K)).

In view of the identification given by 6,,, we obtain (cf. Theorems[6.0.7[4.3.2) a
“standard monomial basis” for S := R52(5) By Theorem monomials
p(a)p(4, B)u(l)

where
p(a) == plag, ag) - - - plagr—1, aa,), for some 7, a; € [1,m)]

(A1, By) -+ p(As, Bs), for some s, A;, B; € 1(2,m)
w(l) :==u(l)---u(l), for some t, I, € I(3,m)
>z >2A 2B >A > 2B >hL > >
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give a basis for RS93(5) (here, [1,m] denotes the set {1,--- ,m}).
We shall refer to p(a)p(A, B)u(l) as a standard monomial of multi-degree (r, s,t).
Denote

M, i := {standard monomials of multi-degree (7, s,t)}

Standard monomials of Type I ILIII: Let notation be as above. We shall refer
to
plag, az) - plage_1, o), @ 2> -+ >
p(A1, By) - p(As, By), Ay > By > Ay > --- > By
w(l)u(ly), [t = - = I

as standard monomials of Type LILIII (and of degree r, s,t) respectively.

We now define three types of standard monomials in U(4, j)(= tr (A;A;)),i >
7, Ui, j, k) (= tr (AiA;Ay)), (4,4, k) € 1(3,m) analogous to the above three types.
Type I and Type III are direct extensions to traces:

Definition 8.0.3. A monomial of the form
Ulay,ag) - U(agr—1,000), 1 > - > gy
will be called a Type I standard monomial.
Definition 8.0.4. A monomial of the form
Ulh)---U(L), L =z-->1
will be called a Type III standard monomial.

For defining Type II standard monomials, we first define a bijection between
{p(A,B),A,B € I(2,m),A > B} and {U(j,9)U(l,k),j > i,l > k,i # l}. Note
that given U(7,9)U(l,k),j > 1,1 > k, we may suppose that j is the greatest among
{i, 7, k,1} (if | is the greatest, then we may write U(j,7)U(l, k) as U(l, k)U(j,1)); then
the latter set is simply

{all non-standard Type I, degree 2 monomials in the U(a,b)’s}

Let us denote the two sets by A, B respectively. Let p(A, B) € A, say, A = (a,b),b >
a, B = (c,d),d > c. Define w: A — B as follows:

U(b,c)U(d,a), if d>a

w(p(A, B)) = {U(b, d)U(a,c), f d < a

Given a standard monomial p(Ay, By) - - - p(As, Bs), Ai, B; € 1(2,m), we shall define
w(p(Ar, By) - p(As, B)) = w(p(A1, Br)) - - - w(p(As, Bs))
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Definition 8.0.5. A monomial
U(jbil)U(lh kl) e U(jsais)U(lsa ks)a jt > it7 lt > kt7 1 S t S S

is called a Type II standard monomial if it equals w(p(A;, By) - - - p(As, Bs)) for some
(Type II) standard monomial p(Ay, By) - - p(As, Bs).

Remark 8.0.6. Note in particular that for s = 1, the Type II standard monomials
(in the U(j,4)’s) are precisely the non-standard Type I, degree 2 monomials in the
U(a,b)’s.

Let us extend w to M, 4, the definition of w(F), for F a Type I or III standard
monomial being obvious, namely,

w(p(ar, ag) - plage_1,a9,)) = U, ) - - Ulgr—1, aay)
w(ly) - u(ly) = U(L) - U(L)

Define
w(p(a)p(4A, B)u(I)) = w(p(a))w(p(A, B))w(u(l)), p(a)p(A, B)u(l) € M, s,

Definition 8.0.7. A monomial in the U(j,4)’s, j > i and U(I)’s, I € I(3,m) of the
form

w(p(a)p(4, B)u(l)), p(a)p(4, B)u(l) € My,

will be called a standard monomial of type (, s, t).
Notation: We shall denote
M",s,t = W(Mr,s,t)
Theorem 8.0.8. Let Z = sly(K) @ --- @ slo(K) = SpecR, say, where, m > 3.

v~

m copies
Standard monomials (in the traces) of type (r,s,t), r,s,t being non-negative integers,
form a basis for R¥25) for the adjoint action of SLy(K) on Z

Proof. Denote S := R3:2(K)  Write

S= & Sr,s,t

(r,s,t)

where 7, s, ¢ are positive integers, and S, s is the K-span of M, ;. In fact, we have (in
view of linear independence of standard monomials (cf. Theorem 4.3.2)) that M, ,;
is a basis for S, s;. Using the bijection w, we shall show that A, s, is also a basis for
Syst- Clearly this requires a proof only in the case s # 0. Let N, ; = #M, ;. The
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relations (cf. Lemma 8.0.1; note that p(i, j) = (u;, u;))
(i) = 5UG. )
p(A,B) = (U0, )U(,d) = U5, U0, d)

u(l) = %U(I)

give raise to the transition matrix, say, M. Then it is easy to see that for a suit-
able indexing of the elements of M, s, and N, ;, the matrix M takes the upper
triangular form with the diagonal entries being non-zero. To be very precise, to
p(a)p(A, B)u(l) € M, s, we associate a (4s + 2r + 3t)-tuple n(a, A, B, I) as follows.
Let
pla) = play, a) - plage_1,az.), 1 > -+ > g
p<A7§) :p<A17B1) t 'p<AS7Bs)7 Al 2 Bl Z A2 2 ot Z Bs
u(l) = u(ly) - --u(ly), Iy = -+ > Iy
Ai = (a1, ai2), an < az, By = (bix, bi2), bin < bip, Aj > B; 1 <i <'s
Set
n(%éa B, D = (a12,a11, bi2, bi1, a2, G01 - -+, bs2, bs1, @, D

where @ = (aq,- -+ ,a9,), and I = (Iy,--- , ;). We take an indexing on M, ;, induced
by the lexicographic order on the n(a, A, B,I)’s, and take the induced indexing on
N, s+ (via the bijection w). With respect to these indexings on M, s ;, N, s+, it is easily
seen that the transition matrix M is upper triangular with the diagonal entries being
non-zero. It follows that N, s, is a basis for S, 5. O

Remark 8.0.9. Note that the standard monomial basis (in the traces) as given by
Theorem 8.0.8 is characteristic-free. Also, note that Theorem[8.0.8 recovers the result
of [21], Theorem 3.4(a), for the case of SLo(K), namely, tr (A;A;), tr (A;A;Ax), 4, j, k €
[1,m] generate RY as a K-algebra (in a characteristic-free way).
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