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1. Introduction. Let V be a finite-dimensional representation of a com-
plex reductive connected algebraic group G and let X be the closure of an
orbit of G in V. We will always assume that the group G contains a one-
dimensional torus acting on X by multiplication. Then the coordinate ring
C[X] has a natural grading coming from that action. We investigate the
category C(X) of graded finitely generated modules over C[X] with ratio-
nal G-action compatible with the module structure. Denote by K((X) the
Grothendieck group of the category C(X). We are interested in the structure
of K{(X).

In the case when V is the space of m X n matrices with natural action
of GL(m) x GL(n), the structure of K{(X) was described in [W]. In this
case the orbit closures X,. consist of matrices with rank less than or equal
to r. There exist three families of natural desingularizations of X,.. For any
such family a set of free generators of K| (X, ) was constructed. It turns out
that the proofs of the results of [W] depend only on a few formal properties
of desingularizations. We extract these properties defining the notion of
coherent desingularization and show how to derive the generating result in
a quite general set up. Then using the classification by Kac [K], we show
how to construct suitable families of desingularizations for orbit closures in
irreducible multiplicity free actions. In effect we obtain a description of the
Grothendieck groups in that case.

Let G, V and X be as above. We fix a Borel subgroup B of G and a
maximal torus T' C B. Declare the roots of B to be positive and denote the
set of them by R™T.

DEFINITION. We say that X admits a coherent desingularization if for
every G-orbit O in X there exist a parabolic subgroup Po D B and a
Pp-submodule W C V such that the following conditions are satisfied.
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(i) The collapsing map go from Zo = G xp, Wo to V is a desingular-
ization of the orbit closure O.
(ii) Whenever 01 C Og then Wo, C Wo,.

Assume that X admits a coherent desingularization. In particular, X =
O and we have a parabolic subgroup P = Py and a P-submodule W = Wy
of V satisfying the condition (i) of the above definition. Then the fiber
product Z = G xp W is a vector bundle over the homogeneous space G/P.
Let p : Z — G/ P be the canonical projection and denote by g the collapsing
map from Z to X.

For every character A € X (T') we denote by Lp,g()) the linear bundle
on P/B generated by A. The space of global sections of Lp,p()\) has
a natural structure of P-module, hence it induces a vector bundle G xp
H°(P/B,Lp;p()\)) on G/P. We define a (graded) sheaf

(1) Ep(N) =p*(G xp H*(P/B, Lp/p(N)) ® O

on Z. Then the cohomology groups of £p(A) have a natural structure of a
C[X]-module. Let xw (A) be the Euler character of £p(A) in the Grothen-
dieck group K{(X):

(2) xw(A) = x(Z,Ep(N) = Y _(~1)'[H'(Z,Ep(N))].

i>0

Let L be the Levi factor of P. The intersection LN B is a Borel subgroup
of L. Let R'LF be the set of positive roots for it. Denote by w{ the longest
element in the Weyl group of L. It follows from Bott’s theorem that the line
bundle £p, () has nonzero global sections if and only if w§ X is a dominant
weight for L.

THEOREM 1. If X admits a coherent desingularization then the Grothen-
dieck group K{(X) is generated by the shifts in grading of the Euler charac-
ters xw (wE ) where X runs over the dominant weights for L.

When a coherent desingularization satisfies some additional technical
conditions (see Section 3 for details) we prove that we can assume A to run
over the set of dominant weights for GG. If the action of G on V is irreducible
and multiplicity free we can construct a coherent desingulariztion of every
orbit closure X C V satisfying this additional condition. As a consequence
we obtain the following result.

THEOREM 2. If V' is an irreducible representation of a reductive group G
and the action of G on'V is multiplicity free then for every orbit closure X C
V' the Grothendieck group K{(X) is isomorphic to the additive group of the
polynomial ring Z[e“*, ..., e*"][q,q"1] where wy,...,w, are the fundamental
weights for G.
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2. Some cohomology calculations. Assume that G,V and X are as in
the introduction and that X admits a coherent desingularization. In order to
prove Theorem 1 we have to calculate the cohomology groups H (Z,Ep())).
Our method is, generally speaking, to replace a calculation on Z by a calcu-
lation on G/P and then use Bott’s theorem ([D]). To simplify the notation
we will identify a P-module M with the vector bundle G xp M on G/P.

LEMMA 3. For every character A € X (T),
H'(Z,Ep(N) = H'(G/P,H"(P/B, Lp/p())) ® Sym(W™)).

Proof. The canonical projection p : Z — G/P is affine, hence Rip,Oz
=0 for ¢ > 0. Since p,Oz = Sym(W*) by definition of Z, the result follows
from the Grothendieck spectral sequence of composition.

Let L be the Levi factor of P. Denote by RJLr the set of those positive
roots of G which are the roots for P and let Wy be the Weyl group of L
with wl € W being the element of maximal length. Let o7, be half the
sum of the positive roots of L. According to Bott’s theorem the cohomology
group H°(P/B, Lp;5()\)) is nonzero if and only if w{'A is a dominant weight
for L and in that case it is irreducible as an L-module with highest weight
wl A\ (with respect to P). More generally, the group H'(P/B,Lp/p(N)) is
nonzero for at most one 4: if there exists an element w € Wy with length
{(w) such that N = w(wk\ + or) — or is a dominant weight of L then
H")(P/B,Lp;p(N) = H*(P/B, Lpp(wiN)).

LEMMA 4. Assume that S is a graded P-module and that X\ is a character
of T. If we Wy, and N are as above then

H'(G/B, Lgyp(N) © 8) = H'O)(G/P, H(P/B, Lpys(N) @ 5).

Proof. Let v : G/P — G/B and u : G/B — {*} be the natural

projections. We have a spectral sequence of the composition of functors
UV = (uv), with Ezj—term

which by the projection formula is equal to
(4) H'(G/P,H’(P/B,Lp/p(\) ®S).

Since H(P/B,Lp;5(\)) is nonzero for at most one j, the sequence degen-
erates and this gives the formula stated in the lemma.

Denote by K the subgroup of K{(X) generated by the Euler characters
of the sheaves Ep(w§ \) with X a dominant weight for the Levi factor L of P.

Let X’ be the closure of a G-orbit properly contained in X. We identify
the elements of K(j(X’) with their images in K{(X). Let P', W', Z' =
Gxp W p :Z — G/P and q : Z/ — X’ be the data describing the
desingularization of X”.
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ProrosiTION 5. If wél)\ is a dominant weight for L' then the Euler
character x(Z',Ep:(N)) is contained in K.

Proof. According to the definition we have

() X(Z',Ep(N) = x(Z', () H*(P'/ B, Lpryp\) @ Oz1).
By Lemma 3 the right hand side of (5) equals
(6) x(G/P',H°(P'/B,\) ® Sym(W’)*).

Since Sym(W')* is a P’-module and the higher cohomology groups of the
sheaf Lp//p(A) vanish, by Lemma 4 we have

(1) HYG/P',H°(P'/B,Lpp(X) ® Sym(W’)))
= H'(G/B, Lg/p()) ® Sym(W')").

Hence we can replace the character calculation on Z’ by the calculation on
G/B:

(8) X(Z',Ep (X)) = X(G/B, Lg/p(A) @ Sym(W')").

The inclusion of W’ in W gives us the following short exact sequence of
B-modules (or vector bundles on G/B):

0— W/W')*" - W* = (W)* —0.

Therefore, the symmetric algebra Sym(W’)*, as a module over Sym W*, has
a Koszul resolution. Applying this to (8) we obtain

(9) x(Z',€p(N) =D (=1)'x(G/B, L p(N) @ \'(W/W')* @ SymW™).
Every B-module \*(W/W’)* admits a filtration with the associated graded
object isomorphic to the direct sum of 1-dimensional B-modules and the
right hand side of (9) becomes a sum of characters x(G/B,Lg/p(\) ® a ®
Sym(W*)) were « is a weight of A (W/W’)*. Once again from Lemma 4
the cohomology groups of H'(G/B, Lg/p(\) ® a ® Sym W*) are equal, up
to some shift, to the cohomology groups

(10) H(G/P,H°(P/B,Lp/5(Aa)) @ Sym W*)

for some characters A,. This expresses the character x(Z’,Ep/,p())) as a
combination of the characters x(Z,Ep/p(Aa)) With integer coefficients, and
the proposition follows.

To formulate the following proposition let us note that the category C(X)
of graded finitely generated C[X]-modules is equivalent to the category of
coherent graded sheaves on X and the equivalence is given by the global
sections functor.
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PROPOSITION 6. For any graded G-equivariant sheaf M on Z the class
of ¢M in K{(X) is contained in K.

Proof. We want to prove that the class of H°(X, ¢*M) = H°(Z, M) is
in K. But the higher cohomology groups H*(Z, M), i > 0, are supported on
a G-invariant subset strictly contained in X, so they belong to K by Propo-
sition 5. Hence it is enough to prove that the class of the Euler character
X(Z, M) isin K. Since Z is nonsingular, the sheaf M has a finite resolution

(11) 0O=>Fs—...2Fi=>Fy—->M—=0

of graded vector bundles F; on Z. Every vector bundle F; is given by a P-
module F; with an additional structure of a Sym W*-module. Therefore, up
to filtration, every F; is a direct sum of vector bundles Ep(A), and x(Z, M)
isin K.

Using the above propositions we can prove Theorem 1 by induction on
the dimension of X. If dim X = 0 then X consists of a single point and
K{(X) is the group of graded representations of G.

Assume that dim X > 0. Denote by P, W, Z =G xpW and q: Z — X
the data describing a desingularization of X and let K be as above. Let M be
a graded G-equivariant C[X]-module and let M be the sheaf corresponding
to M. Then the kernel and the cokernel of the natural map

(12) M = q.q* M

are supported on G-invariant closed subsets properly contained in X. Up to
filtration we can assume that both are supported on some orbit closure X’
properly contained in X, so their classes are in K by induction. The class
of ¢g.q* M is in K by Proposition 6 and the conclusion follows.

3. Independent generators. Assume once again that X is the closure
of a G-orbit in V' and that X admits a coherent desingularization. For any
orbit O let Py and We be the data describing the desingularization of © and
let Lo be the Levi factor of P». We will denote the irreducible representation
of Lo of highest weight A by V1, (A\). For dominant weights A, i, v of Lo we
will write A € p ® v if A is a highest weight occurring in the decomposition
of the tensor product Vi, (1) ® Vi, (v). For any dominant weight p of the
Levi factor Ly we define

(13)  so(\) = mixxmgx{()\’ —\a)|ae R\ R},
A a dominant weight of Lo, A € A® u}.

The coordinate ring of O is equal to H°(G/B,Sym Wp). We decompose
Sym W* into irreducible Lp-modules. In terms of Ln-decomposition we for-
mulate two postulates for a desingularization of X:

(iii) If p is a highest weight of W, then sp(p) < 0.
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(iv) There exists a highest weight u of Sym W* such that wow® u is
dominant and sp(p) < 0.

If Vi, (1) C Sym(W*) is such that p satisfies (iv) then H%(G/Po,V1,, (1))
generates a G-invariant ideal in the coordinate ring C[z]. Its zero set is a
closed G-invariant proper subset of X. If it is the closure of an orbit O’ C V
we will call Vi, (1) the relative equations of O in O.

ExXAaMPLE. Let V be any irreducible representation of G and let p be
the highest weight of V. Denote by W the one-dimensional space of highest
weight vectors and by P the stabilizer of W in G. Then X = GW is
the closure of the orbit O; of highest weight vectors and the collapsing
map q : G xp W — X is a desingularization. We will call it the natural
desingularization of the highest weight orbit. Since the variety X consists of
the orbit @; and one-element orbit Oy = {0}, and we can represent the last
orbit as a zero vector bundle on G/G, it follows that X admits a coherent
desingularization. The coordinate ring of X is H°(G/P,Sym W*) and as a
G-module it decomposes into a direct sum of irreducible modules V (nu*),
where p* = —wpp is the highest weight of V*. The ideal of Oy in C[X] is
generated by V(u*) = HY(G/P,W*).

If a positive root « is not a root of P then pu — « is a weight of V
and (u, ) > 0. In order to check that the natural desingularization of the
highest weight orbit satisfies conditions (iii) and (iv), we have to calculate
the scalar products of the form (A — XN, «) for N € A ® (—pu). Since W* is
a one-dimensional irreducible representation of the Levi factor L of P with
highest weight —u, we have A\ — \' = —p for every dominant weight A of L.
For a root o € RT \ R} we have (—pu,a) = —(u,a) < 0.

PROPOSITION 7. If X admits a coherent desingularization satisfying con-
ditions (iil) and (iv) above, then the Grothendieck group K((X) is generated
by the shifts of the Euler characters xw (wo\) for all dominant weights A
of G.

Proof. In the sequel we omit the subscript O from all data concerning
O = X. We start with the observation that R* is the disjoint union of
wowd R and —wow{(R* \ R}). In particular, it follows that if \ is a
dominant weight for G' then w{wyA is a dominant weight for L. We know
from Theorem 1 that the group K{(X) is generated by the shifts of the Euler
characters xw (woA) for dominant weights A of L. Thus we need to express
xw (wE ) as a combination of the characters xw (woA') with \ dominant.
We assume inductively that our proposition is true for all orbit closures X’
properly contained in X and let

(1) xw(wgd) =x(G/P, H(P/B, Lp/p(wi X)) @ Sym W)
be a typical generator of K{(X). Since every P-module has a filtration with
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factors isomorphic to irreducible L-modules, only the L-module structure
of M = H°(P/B,Lp/p(w§A) ® Sym W*) is important for the calculation
of the Euler character. We decompose M into irreducible L-modules. Let
1 be the highest weight of an irreducible component of M. We want to
measure how far wow{ p is from being dominant. We have (wowd i, o) > 0
for a € wowt R} . Set

(15) s(u) = —max{(u,a) | a € RT \ R},

Then s(u) is the minimum of the scalar products (wowd i, ) with o €
—wow (R \ RY), and s(p) > 0 if and only if wow{ i is dominant. Define
M’ to be the direct sum of all irreducible components V(1) of M with
s(p) > s. By (iii), M’ is a Sym W*-submodule of M. Proceeding by reverse
induction on s we can assume that the Euler character of M’ is an integer
combination of x(wpA’) with A" dominant. On the other hand, it follows from
the condition (iv) that the support of the quotient module M /M’ is strictly
smaller than X and the assertion follows from the induction hypothesis.

Applying Proposition 7 to the example preceding that proposition we
obtain the following fact.

COROLLARY 8. If X is the closure of the G-orbit of highest weight vectors
in an irreducible representation of G and if P is the stabilizer of a highest
weight vector then the shifts of the Euler characters xp(woA), A a dominant
weight of G, generate the Grothendieck group K{(X).

Assume now that X admits a coherent desingularization satisfying (iii)
and (iv). Let wq,...,w, be the fundamental weights of G. We define a map
¥ from the additive group of the polynomial ring Z[e“1, ..., e“"|[q, ¢ 1] to
K| by
(16) ¥(e*q') = x(woN)li]
where [i] means the corresponding shift in grading. It follows from Propo-

sition 7 that ¥ is onto. Taking graded characters we see that the elements
X(wo)[t] are independent over Z. Hence we get

COROLLARY 9. If X admits a coherent desingularization satisfying (iii)
and (iv) then the Grothendieck group K{(X) is isomorphic to the additive
group of the polynomial ring Z[e*1, ..., e*"][q,q"].

4. Multiplicity free actions. Multiplicity free irreducible actions of
reductive groups were classified by Kac [K]. The list given below differs
slightly from that of [K] because we always assume that there is a one-
dimensional torus C* in G acting on V' by multiplication. Our goal is to
prove Theorem 2. Many actions in Kac’s list have only two or three orbits.
In the case of two orbits they are the zero orbit and the highest weight



112 J. KLIMEK ET AL.

orbit. In the case of three orbits we have in addition an open orbit. These
two cases include the natural actions of GL(V'), Sp(V) x C*, SO(V) x C* and
G2 x C*. For an open orbit Theorem 2 follows immediately from Theorem 1
since we can take P = G, while for the highest weight orbit it follows from
Corollary 8.

The natural action of the group GL(U) x GL(T') was discussed in detail
in [W]. For other multiplicity free actions of a reductive group G on an irre-
ducible G-module V' we construct examples of coherent desingularizations of
every orbit closure in V satisfying conditions (iii) and (iv) of Section 3. Again
Theorem 2 follows from the existence of such coherent desingularizations.

4.1. Symmetric forms. Let U be a complex vector space of dimension
n and set G = GL(U), V = S2(U). We can identify V with the space of
symmetric forms on U*. The G-orbits on V are parameterized by rank:

O; ={¢ € 52(U) | tk(¢) = i}

and O; C 51-“. In U we fix a full flag of subspaces 0 = Uy C U; C ... C
U, = U. The stabilizer of this flag in G is a Borel subgroup. For every i,
0 < i < n, we define P; to be the stabilizer of U; and we write W; = S5(U;).
Then Z; = G xp, W; is a desingularization of O;. In this way we obtain
a coherent desingularization of any orbit closure in V. The Levi factor L;
of P; is naturally isomorphic to GL(U;) x GL(U/U;). Dominant weights of
L; are of the form A = (A1,..., A | Aix1,...,An) with Ay > ... > A; and
Xix1 > ... > Ay. The set RT\ RE consists of the roots €, — ¢; where
1 <k <% <l <n. The representation W} is an irreducible representation
of L; of highest weight (0,...,0,—210,...,0) and it follows from the Pieri
formula for representations of GL(U;) that every irreducible component of
the tensor product Vi, (\) @ W* has a highest weight of the form (A}, ..., A} |
Xig1s---,An) with A, < A for 1 < k < 4. Therefore condition (iii) is
satisfied. Further, as a relative equation of O;_; in O; we can take (\' U;)®2
contained in S;(W;). In matrix notation it corresponds to the ¢ X ¢ minors.
The relative equation is a one-dimensional representation of L; with highest
weight (—=2,...,—210,...,0). Hence Vz,(A) ® (A" U;)®? is an irreducible
L;-module with highest weight A = (A1 —2, A0 —2, ..., A =2 | Xig1, .-, A\n)-
This proves (iv).

4.2. Antisymmetric forms. Let U and G be as above and let V = /\2 U.
In this case, we can identify V with the space of antisymmetric forms on
U™ and the G-orbits are again parameterized by rank. Since the rank of an
antisymmetric form is even we have the orbits

O; = {¢ € N*(U) | 1k(¢) = i}

for i = 0,2,...,2[n/2] with the linear inclusion order on the closures. In
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analogy with the previous case W; = /\2 U; provides a desingularization of
O; and (A" U;)®? contained in S;(W}) gives the relative equations of O;
in 61'.

4.3. Action of Sp(T) x GL(R). Let R and T be complex vector spaces
of dimensions r and 2t respectively. Assume that T is equipped with a
nondegenerate symplectic form. The group G = Sp(T') x GL(R) acts in a
natural way on the space V=T® R =T*® R = Hom(T, R). The action of
G is multiplicity free only in two cases:

CASE 1: dimT =4, dim R > 4.
CASE 2: dim7T >4, dim R = 2, 3.

In general the orbits of G in V' are parameterized by the rank of a linear
map and the rank of the restriction of the symplectic form to the kernel
of a linear map. For small dimensions the second parameter is essential
only in few cases. We fix maximal flags 0 = Ry C Ry C ... C R, = R
of subspaces in R and 0 = Ty € T C ... C T; of isotropic subspaces
in T. This determines a Borel subgroup in G. We denote by Grass(i, R)
the Grassmannian of i-dimensional subspaces in R and by IGrass(i, T") the
Grassmanian of isotropic i-dimensional subspaces in 7.

CASE 1. The structure of the closures of G-orbits is as follows:
Oy C O, C Oy COyC O3C Oy,
where
O; ={f €e Hom(T,R) | dimIm f = i},
Oy ={f € Hom(T, R) | dimIm f = 2 and Ker f is isotropic}.
In particular, Oy = Hom(T, R) and Oy = {0}. Consider the flag
0=WoCWi CWoy CWoeCWsCWy =V

of linear subspaces in V' defined in the following way: W1 =T1Q Ry, Wy =
To ® Ry, Wo =T ® Ry and W3 =T ® R3. For i =0,1,2',2,3,4 we denote
by P; the stabilizer of W; in G and we write Z; = G x p, W;. Then Z; is the
standard desingularization of the highest weight orbit,
Zy = {(f, T2, Re) | f €V, Ty € 1Grass(2,T), Ry € Grass(2, R),
f(T2) =0, Im f C Ry}
and
Z; ={(f,R;) € V x Grass(i, R) | Im f C R;}
for i = 2, 3,4, so they form a coherent family of desingularizations of orbits.

For weights p satisfying (iv) we can take the highest weights of /\2 5 ®
A’ Ry € So(W3), T o N\* R € Ss(Wy) and C o A\® R C Sa(Wy).
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Casg 2. We have two subcases: dimR = 2, and dimR = 3. For
dim R = 2 we have Oy C O C Oy C O4, where

O, ={f € Hom(T,R) | dimIm f = i},

and Oy consists of the maps f € Hom(7T, R) of rank 2 such that Ker f
contains a maximal isotropic subspace of T'. A coherent family of orbit
desingularizations can be obtained from Wi = T ® Ry, Wy = T5 ® Ro,
Wsy =T33 ® Rz and Wy =T ® R.

For dim R = 3 we have six orbits with the following structure of closures:
Op C Oy C O, O% and O, both contained in O3 and containing O%. The
desingularization of O; is given by

X; ={(f,R;) €V x Grass(i, R) | Im f C R;}.
The desingularization of O is given by

Y/ ={(f, T2, Ry) | f € X, T; € IGrass(i,T), R; € Grass(i, R),
f(TV) =0, Imf C Rz}

4.4. Spinor groups. Let T be a complex vector space of dimension n
with a nondegenerate symmetric form. By a spinor representation of the
group Spin(7") we mean an irreducible representation V' of highest weight
(1/2,...,1/2). For a spinor representation the orbit of highest weight vectors
is called the pure spinor orbit. In fact, we will always assume that the group
G = Spin(T) x C* acts on V. This action is multiplicity free for n = 7,8,9 or
10 only. For n=7 and 10 there are only three orbits: 0, the pure spinors and
an open orbit. Moreover, the actions for two other values of n are isomorphic,
so we will work out the case n = 9. In this case there are four orbits with
the following structure of closures: Oy C O; C Oy C O3, where Oy is the
zero orbit, O consists of the pure spinors and O is given by the invariant
of degree two.

In order to describe a desingularization of O, we need a description of the
spinor representation V. Let ey be a vector in T with (eg,e9) = —1 and let
U and U be two maximal isotropic subspaces in T such that T = U @ Ceo® U
is a Witt decomposition. Let e, es, e3, e4 be a basis of U and let e, €,
€3, €4 be the dual basis of U. Let C*(T) be the even part of the Clifford
algebra of T. Let T/ =U @ U. A map i : T — CT(T) given by i(w) = wey
induces an isomorphism of the Clifford algebras C(T’) and C*(T). The
group Spin(7") and the representation V' can both be realized as subsets of
C(T'). The representation V can be constructed as a left ideal of C(T”)
generated by the product f = €j1éseses. The space V' is isomorphic to the
exterior algebra A\ U and the isomorphism is given by multiplication by f.
Hence the products e;, ...e;, f, 0 <k <4, <... <1, form a basis of V.
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For a spinor

(18) s=xzof + Z zijeie; [ + yoerezezeaf + Z ziei f + Zyieff

i<j i i
we write
(19) 9(s) = zoyo + Pf([zis]) + szyz

(2

Then g is a semiinvariant of G and O, is given by the equation g(s) = 0.
Let W be the subspace of V' spanned by all products containing e;. The
stabilizer P of W is generated by a Borel subgroup B of G and by the
spinor group of the space T' spanned by es, e3, €4, €2, €3, €4 and eg. The
homogeneous space G/P is the Grassmannian of one-dimensional isotropic
subspaces in 7. We claim that the vector bundle Z = G xp W over G/P is
a desingularization of O,. To see this we need a more geometric description
of Z. In fact, we have

Z ={(s,L) € CT(T) x IGrass(1,T) | g(s) =0, Ls = 0}.

LEMMA 10. For every s € Oy there exists a unique isotropic line L C T
such that Ls =0 in C(T).

Proof. This follows by direct calculation for sy = e1 f +ejesezeqf. The
only line satisfying this condition is Ly = ke;. For arbitrary s in the orbit
we have s = gso for some g € Spin(T) and L = gLog~! is the only line
satisfying Ls = 0.

The lemma gives a birational morphism Oy — F.

4.5. Group of type Eg. The following construction of an algebraic group
of type Fg is due to Dickson.

Let V' be a complex vector space of triples (z,z,y) where z and y are
vectors in CO (we prefer to write them as columns) and z = [z;;] is a 6 x 6
antisymmetric matrix. It is a 27-dimensional vector space. We fix a basis
ei, 1 <1 <6, 95,1 <i<j<6, fi, 1 <i<6, such that (z,z,y) =
Yo xie; + ZK]- 2ij9i; + >_; Yifi- It is convenient to adopt the convention
that g;; = —gi;. Let H be the subgroup of GL(V') consisting of the linear
transformations preserving the cubic form

(20) c(z,2,y) = 2'2y + Pf(2).
Then H is a simple algebraic group of type Fg. We need a more detailed
description of its structure.

Let d = d(ty,...,ts), t; € C*, be the linear transformation of V' given by
the formula

dle;) =ttt 12 tg e,
d(gij) :tl...t;2...t;2...tﬁgij,
d(fi) = t?fi«
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The transformations d = d(t1,...,ts), d; € C*, form a maximal torus T of
H. Furthermore, we have a collection of one-parameter subgroups of H: L,
L', Air, 1 <i,k <6,i#k, Bijr and Cyj, 1 <i < j <k < 6. Elements of
these groups are parameterized by ¢ € C and each of them acts identically
on most basis elements of V. The essential values are as follows:

Li(fi) = fi +te;, i=1,...,6,
Li(e))=ei+tf,, i=1,...,6.

For A = A;+ we have
Aler) = ex +te;,  A(fr) = fx +tfi,
Algij) = 9ij — tgrjs  J #isk.

If i < j < k we complete the sequence (i,j,k) to an even permutation
(t,7,k,l,m,n) of {1,...,6}. Then for B = B;ji+ and C = Cjj}+ we put

B(fl :fl_tgmru C(el) = e; + tgmn,

)
B(fm) = fm — tgni, C(em) = em + tgni,
B(fn) = fn — tgim, C(en) = en + tgim,
B(gjr) = gjx +tei,  Clgjx) = gjx +tfi,
B(gki) = gri +tej,  C(gki) = gri +tfj,

B(gij) = gij + tex, C(9i5) = 9ij +tfr-

The listed subgroups correspond to 72 roots of the root system of H. We can
choose a basis a1, as, ag, ay, as, ag consisting of the roots corresponding
to the subgroups Ais, Bass, Aoz, Asq, Ass and Asg, respectively. Then
the maximal unipotent subgroup U™ corresponding to the positive roots is
generated by the subgroups A4;;, 1 < j < <6, B, 1 <i<j<k<6,and
L. We have a Borel subgroup B = TU ™. The simple roots «; are identified
with the characters of T" in the following way:

a1 = (3,-3,0,0,0,0), as = (0,0,3,-3,0,0),
as = (—2,-2,-2,1,1,1), a5 =(0,0,0,3,—3,0),
as = (0,3,-3,0,0,0), ag = (0,0,0,0,3, —3).

Similarly, the fundamental weights are
w1 = (27_]—7_17_17_17_1)7 W4:(0,0,0, _37_37 _3)7
Wo = (_15_1)_17_15_1)_1)7 W5 = (07050507 _37_3)7
wy = (1,1,-2,-2,-2,-92), we = (0,0,0,0,0, —3).

Half of the sum of the positive roots is o = w1 + ... + wg = (2,—1,—4, -7,
—10,—13). The scalar product invariant under the action of the Weyl group
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is given by the matrix

r4 1 1 1 1 17
141111
11114 1 11
2711 1 1 4 1 1
11 1 1 4 1
(1 1 1 1 1 4]

The space V' is an irreducible representation of H of highest weight w;. We
want to study the orbits of the action of the group G = H x C* on V.
According to the results of [H-U] there are four orbits with the linear order
on the closures: {0} = Og C O; C Oy C O3 = V. O is the orbit of the
highest weight vector e;. Hence O; has the standard desingularization and
the ring of regular functions on it is C[O1] = €B,,5 ¢ Viws-

The closure of Os is the zero place of the form c¢. Hence dim O, = 26.
As a representative of the orbit Oy we choose e5 + g56. Let W be the linear
subspace of V' spanned by ey, es, es, e4, e5 and gsg, ga6, 936, 926, gi6- Lhen
W is stabilized by the parabolic subgroup P containing the subgroups As1,
Ass, Ays, Asy and Cha3. The product Z = G xp W is a vector bundle over
G/ P of rank 10 and its collapsing is a resolution of singularities of Q5. This
follows from the fact that the line spanned by es; + gs¢ is nonsingular in
the sense of [A] and every element in its orbit is contained in exactly one
subspace G-conjugate to W due to (6.7) of [A].

The Levi factor L of P acts on W by linear transformations preserving
the nondegenerate bilinear symmetric form

(€i,956) = 0ig,  (eire) = (gi6:956) =0

and by the one-dimensional torus d(1,1,1,1,1,¢), t € C*. Thus W is an
irreducible L-module with highest weight (2,—-1,—1,—1,—1,—1) and W*
can be identified with V(\), where A = (2, —1,—1,—1,—1,1). The element
Z?:1 e;gie € S2(W*) spans a one-dimensional L-submodule on which L
acts by the character p/ = (0,0,0,0,0,3). Since the positive root o =
Z?Zl a;a; of H is not a root of L if and only if ag > 0, condition (iv)
follows from the inequality (1, ag) > 0.

4. Remarks. It seems that Theorem 3 should be true in a more general
context.

CONJECTURE. If X is an affine spherical variety for the group G then the
Grothendieck group K((X) is isomorphic to the additive group of the ring
Zle“r, ..., e“r|[q,q7 ] where wy,...,w, are the fundamental weights for G.

EXAMPLE. Let U be a vector space of dimension n. Define G = GL(U)
and V=U® /\2 U. We will identify V' with the set of pairs (u, f) where u
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is an element of U and f: U* — U is an antisymmetric linear map. Orbits
of G in V are parameterized by the rank of f and the relation of u to the
image of the map f. More precisely, we have three types of orbits:

Oo,i = {(0, f) | tk(f) = 2i},

Ovi = {(u, f) | tk(f) = 2i, w € Im(f) \ {0}},

O2,i = {(u, f) | tk(f) = 21, u & Im(f)}.
There are 6 different types of minimal degenerations of orbits: @,i_l C
Oo,i, O1,i-1 C O14, Oz5_1 C Oz, Op; C O14, 015 C Oz and Oz ;1 C
O1..

Taking Wo; = 00 A Uai, Wy i = Usi @ \? Us; and Wa ; = Usi 11 S\ Us;
we obtain a coherent desingularization of orbit closures satisfying (iii). It
also satisfies (iv) since for  we can take the highest weight of So;(A* U3;) in
Sai(Wp;) for k= 0,1, and the highest weight of ,5'21-(/\2 Us; @ (Uzig1/Us2)*)
in S2i+1(W]:,:i) for k = 2.
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