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ABSTRACT. This is a survey of results on multiple flag varieties,
i.e. varieties of the form G/P; x --- x G/P,. We provide a classi-
fication of multiple flag varieties of complexity 0 and 1 and results
on the combinatorics and geometry of B-orbits and their closures
in double cominuscule flag varieties. We also discuss questions
of finiteness for the number of G-orbits and existence of an open
G-orbits on a multiple flag variety.

1. INTRODUCTION

1.1. Multiple flag varieties. Grassmann varieties and flag varieties
first appeared at the end of the 19th century in the papers of Her-
mann Glinter Grassmann, Julius Pliicker, Hermann Schubert and other
mathematicians. These varieties are homogeneous spaces of the group
G = GL(V), with a parabolic subgroup P as the stabilizer of a point.
One can also consider homogeneous spaces G/P not only for GL(V),
but also for other connected reductive group.

In this survey we consider multiple flag varieties: these are direct
products of several flag varieties, i.e. varieties of the form G /Py x - - - X
G/ P, (for r = 2 they are called double flag varieties). Each multiple
flag variety can be viewed as a G-variety for the diagonal action of the
group G.

Among these, spherical multiple flag varieties are of particular inter-
est. They are given by the following property: the algebra of regular
functions on them as a G-module is decomposed into the sum of ir-
reducible G-modules with multiplicity zero or one. In other words,
spherical varieties are G-varieties with an open orbit of a Borel sub-
group B C G. It is not hard to see that if a multiple flag variety is
spherical, then the number of its factors G/P does not exceed two.

1.2. Double flag varieties, unipotent invariants of Cox rings,
and representation theory. Multiple (in particular double) flag va-
rieties appear in one of the fundamental problems of representation
theory: in the problem of decomposition of the tensor product of two
irreducible representations of a group G into irreducible summands.
The description of irreducible representations of a connected reduc-
tive algebraic group G dates back to Hermann Weyl. They are indexed
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by the dominant weights. There are many formulas for decomposing
the tensor product of two irreducible G-modules into the direct sum of
irreducible modules. In the general case (for an arbitrary group G) this
problem can be solved by means of the Weyl character formula (see,
for instance, [20]), but this approach has a serious disadvantage: it re-
quires lengthy computations. For various concrete situations there are
simpler and more explicit approaches which work in given particular
cases: Steinberg’s formula, Parthasarathy—Ranga Rao—Varadarajan’s
formula [39] etc.

Moreover, there are formulas using properties of concrete groups.
The first and the most important of these results concerns represen-
tations of groups of type A, that is, GL(n). This is the Littlewood—
Richardson rule, stated in 1934 [32] and proven by M.-P. Schiitzenberger [49]
three decades later (since then a number of simpler proofs appeared:
see, for example, [28], [14], to name just a few). Its main frature is
an explicit, although quite involved, combinatorial description of irre-
ducible components appearing in the decomposition of the product of
two representations. An important (and the simplest) particular case
of the Littlewood—Richardson rule is the Pieri rule: it describes the
situation when one of the representations is a symmetric or an exterior
power of the tautological representation. There is also a generalization
of the Littlewood—Richardson rule for the case of other groups, due to
P. Littelmann [30].

Double flag varieties appear in yet another approach to the problem
of the decomposition of tensor products. This approach is based on
a geometric realization of irreducible representations in the spaces of
sections of line bundles on flag varieties.

According to the Borel-Weil theorem, every irreducible G-module
can be realized as the space of global sections H°(G/P, L) of a line
bundle £ on G/P. The tensor product of the spaces of global sections
H°(G/P,L) ® H°(G/Q, M) can be viewed as the space of sections
H°(G/PxG/Q,LKM) of the line bundle LK.M on the direct product
G/P x G/Q. Here L X M is the line bundle whose fibers are the
tensor products of fibers over the corresponding points: (LXM) ) =
L, ® M,, where z € G/P, y € G/Q.

If the variety X = G/P x G/Q has complexity 0 (i.e., is spherical)
or 1, there is an efficient way of decomposing the space of sections into
the direct sum of irreducible G-modules. It will be described below in
Subsection [3.3] This motivates the question of classifying all double
flag varieties of complexity 0 and 1.

The relation between spherical double flag varieties and the problem
of tensor product decomposition was first observed by Peter Littelmann
in [31]. He classified all spherical varieties of the form G/P x G/Q,
where P, () are mazimal parabolic subgroups in G. Dmitry Panyu-
shev in [38] computed the complexity of all varieties G/P x G/Q with
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P, () being maximal. The classification of spherical double flag vari-
eties (with P, Q) not necessarily maximal) was obtained by John Stem-
bridge [55]. Finally, Elizaveta Ponomareva [41] obtained a full classifi-
cation of all double flag varieties of complexity 0 and 1 by a uniform
method, thus generalizing all the previous results. In Section we
give this classification.

A convenient tool for solving the tensor product decomposition prob-
lem is the notion of the Coz ring of a double flag variety. Consider the
direct sum R(X) = € H°(X, L) of the spaces of global sections of line
bundles on X; if X satisfies some mild restrictions, this space can be
equipped with a ring structure, called the Cox ring of X (this ring can
be viewed as an analogue of the ring of regular functions C[X] on X).
The problem of decomposition of the spaces H°(X, £) into irreducible
G-modules is reduced to the description of the unipotent invariant al-
gebra RY of the Cox ring, where U C B is the maximal unipotent
subgroup.

Thus we need to describe the unipotent invariant algebras R(X)Y
in the Cox rings of double flag varieties X. Littelmann [31] showed
that for X spherical this algebra is free. If X is of complexity 1, this
algebra is either free or isomorphic to the quotient of a free algebra
modulo a single relation (i.e. a hypersurface). Panyushev showed this
for X = G/P x G/Q with P and ) maximal parabolic subgroups; the
general case was considered by Ponomareva in [42] and [43]. We discuss
these results in Subsection [3.4]

1.3. Geometry of B-orbits on spherical double flag varieties.
Section [4]is devoted to the study of geometric and combinatorial prop-
erties of orbits of a Borel subgroup acting on a spherical flag varieties,
and their closures. These orbits and their closures are direct analogues
of Schubert cells and Schubert varieties in flag varieties G/P.

A combinatorial description of the set of these orbits for the case
when G is of type A (i.e. G = GL(n)) and a multiple flag variety is the
direct product of two Grassmannians Gr(k, V') x Gr(l, V'), was obtained
by Evgeny Smirnov in [52]. In this case the orbits are indexed by triples
consisting of two Young diagrams and an involutive permutation of
a special form. We also construct resolutions of singularities of B-
orbit closures, analogous to the Bott—Samelson resolutions of Schubert
varieties.

The geometry of B-orbit closures of double cominuscule flag varieties
was studied by Piotr Achinger and Nicolas Perrin in [I]; generalizing
the results of [52], they have shown that for G simply laced the B-orbit
closures in these varieties are normal and have rational singularities
(for the ground field of characteristic 0).
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1.4. Multiple flag varieties with finitely many G-orbits. The
property of X being spherical, i.e. the finiteness of the number of B-
orbits on X, is equivalent to the finiteness of the number of G-orbits
on the direct product X x G/B (there is a natural bijection between
the B-orbits on the former variety and the G-orbits on the latter one).
So each spherical double flag variety G/ P, x G/ P, gives us a triple flag
variety G/ P, x G/ P, x G/B with finitely many G-orbits. We can state
a natural question: what are the multiple flag varieties with finitely
many G-orbits on them? This question is discussed in Section [5} The
classification of such flag varieties was obtained by Peter Magyar, Jerzy
Weyman, and Andrei Zelevinsky by methods of representation theory,
for the case of G being equal to GL(V') or Sp(V'); they also obtained a
description of G-orbits and some results on the inclusion order on their
closures.

1.5. Multiple flag varieties with an open orbit. The finiteness of
the number of G-orbits on a multiple flag variety X implies that one of
the orbits is open in X. The converse is, in general, not true. Thus we
get a question of describing all multiple flag varieties with an open G-
orbit. We are dealing with this question in Section [f} Vladimir Popov
obtained a classification of all multiple flag varieties of the form (G/P)"
(i.e. the products of several copies of the same flag variety), where P
is a maximal parabolic subgroup. The existence of an open G-orbit on
such a variety means that G acts on generic r-tuples of points in G/P
transitively. These results were geenralized by Rostislav Devyatov for
the case of P being not necessarily maximal, if G is not of the type A.
Finally, in a recent paper by Izzet Coskun, Majid Hadian, and Dmitry
Zakharov the authors provided a description of multiple flag varieties
of the form G/P; x --- x G/P, with an open G-orbit, provided that G
is of type A, and all the parabolic subgroups P; are maximal (i.e., the
variety is the product of Grassmannians).

Notation and conventions. The ground field is the field C of com-
plex numbers.

Let G be a connected reductive algebraic subgroup over C. We fix a
Borel subgroup B C G (i.e. a maximal connected solvable group) and
a mazimal torus T C B. The unipotent radical of B will be denoted
by U; thus, B=U x T.

The root system associated to the triple T' C B C G will be denoted
by R. We denote the positive and negative root systems by R* and
R~ respectively. The Weyl group of R is denoted by W = N(T)/T.
The simple root system corresponding to the triple (T, B, G) is called
A C R". The simple roots of simple algebraic groups are denoted
by a,...,q,, where r = |A]. The fundamental weights dual to these
roots are called wy, ..., w,. The roots are numbered as in [7].
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The weight lattice of the group G is denoted by A, the set of dom-
inant weights is called AT. For a dominant weight A the irreducible
representation of G with the highest weight X is denoted by V).

Structure of the paper. This text is organized as follows. In Sec-
tion 2| we give preliminaries on flag varieties: we define the Schubert
decomposition, the Bruhat order, we state the Borel-Weil theorem and
give several equivalent definitions of a spherical variety. In Section
we give the classification of spherical double flag varieties, double flag
varieties of complexity 1, and discuss the relation between these prob-
lems and the problem of decomposition of tensor products of irreducible
G-modules. Section {|is devoted to the study of combinatorial and geo-
metric properties of orbits of a Borel subgroup in a spherical double
flag variety and their closures. In Section [5| we discuss a generalization
of the previous question: we study the situations when the number of
G-orbits of a multiple flag variety is finite. Finally, in Section [ we are
dealing with results on multiple flag varieties with an open G-orbit.

2. PRELIMINARIES

2.1. Flag varieties. Let GG be a connected reductive algebraic group,
let B be its Borel subgroup.

Definition 2.1. Let P be a connected algebraic subgroup in G con-
taining B. Then P is called a parabolic subgroup, and the homogeneous
space G/ P is called a (generalized) flag variety.

Example 2.2. Let G = GL(n), and let B be the subgroup of non-
degenerate upper-triangular matrices. Then each parabolic subgroup
P is the stabilizer of a partial flag V, = (e1,...,eq,) C {€1,...,€4,) C

- C (e1,...,eq,) C C" where 1 < d; < --- < d < nis a strictly
increasing sequence of integers. Such a parabolic subgroup is called
standard. In this case P is formed by block-triangular matrices with
blocks of size d; — d;_, on the diagonal, and the homogeneous space
G/ P is a variety of partial flags

Fl(dy,...,dy)={(U;, C---C U, CcC"|dimU,; = d;}.

Example 2.3. The previous example has two important particular
cases, in a sense “opposite” to each other. If £ = 1, subgroup P is
a maximal parabolilc subgroup; in this case G/P = Gr(d,n) is the
Grassmannian of d-dimensional subspaces in an n-dimensional space.
On the contrary, if P = B, ie. (dy,...,d,—1) = (1,...,n — 1), then
G/P = G/B is a variety of complete flags, or a full flag variety. Some-
times we will use the term “full flag variety” for G/B also in the case
of the group G not equal to GL(n).

The parabolic subgroups P C G containing B bijectively correspond
to subsets in the system of simple roots A of the group G. We shall say
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that a parabolic subgroup corresponds to a set of simple roots I C A,
and denote it by Py, if for its tangent algebra we have the following

decomposition:
p[ =t @ Bas
{a€RTUZ(A\I)}
where t is the tangent algebra of the torus 7" and g, are the root spaces
in g corresponding to the roots a.

In other words, the set of simple roots of the standard Levi subgroup
in P; equals A\ I. So for “larger” subgroups we get “smaller” sets of
simple roots: say, for the Borel subgroup B = PA. On the contrary,
maximal parabolic subgroups correspond to subsets consisting of one
simple root. In the case G = GL(n) for a flag variety Fi(dy,...,d;) =
G/P; we have I = {ag,,...,aq }. In particular, the Grassmannian
Gr(d,n) corresponds to the set I = {a,}.

2.2. Schubert decomposition. For the group GG we can consider its
Bruhat decomposition (sometimes also called Ehresmann—Bruhat de-
composition):
G= || BuwB.
weW

The group G is presented as a disjoint union of double cosets of the
Borel subgroup; these cosets are indexed by the elements of the Weyl
group.

This decomposition gives us a decomposition of the full flag variety
G/ B into the union of orbits of B acting on G/B on the left:

G/B= | | BuB/B.
weW
Let w € W be a Weyl group element, and let /(w) € Z, denote its
length, i.e. the smallest number m such that w can be presented as
the product of m simple reflections. (In the case G = GL(n) the Weyl
group is the symmetric group: W = S, and the length of an element
is just the length of a permutation, i.e. the number of its inversions:
l(w) = #{(4,7) | i < j,w(i) > w(j)}.) It is not hard to see that each
B-orbit BwB/B is isomorphic to an affine space A“*) of dimension

¢(w) equal to the length of w. Thus we get a cellular decomposition of
the variety G/B.

Definition 2.4. The B-orbits on G/ B are called Schubert cells. Their
closures are called Schubert varieties; they will be denoted by X, =

BwB/B. The cellular decomposition of G/B obtained in this way is
called the Schubert decomposition.

The structure of the Schubert decomposition of G/B implies that
the cohomology classes [X,,| € H*(G/B,Q) which are Poincaré dual to
the fundamental classes of Schubert varieties generate the cohomology
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ring H*(G/B, Q) as a Q-vector space. This observation can be used for
solving many problems of enumerative geometry: these problems can
be restated in terms of computations in the ring H*(G/B,Q). This
approach is called Schubert calculus; historically it appeared as the
original motivation to introducing the Schubert decomposition of flag
varieties. More on Schubert calculus can be found in the preface to the
reprint of the original Schubert’s book [48]; see also [25], [24], and [54].

2.3. The Bruhat order. The Schubert decomposition is a cellular
decomposition, i.e. the closure of each cell is a union of cells. So the
inclusion relation on the Schubert cell closures induces a partial order
on the Weyl group. This order is called the Bruhat order.

Definition 2.5. We shall say that two Weyl group elements v, w € W
are comparable with respect to the Bruhat order: v < w, if X, C X,,.

The Bruhat order admits the following combinatorial description
(see, for instance, [23]):

Proposition 2.6. Two elements v and w are comparable with respect
to the Bruhat order: v < w, if and only if there exists a sequence
of reflections (not necessarily simple) s;,,...,s;, € W such that w =
Sip ... Syv and 0(s;, . ..s;,v) > U(s;,  ...8;,v) for each t <.

We also can define the weak Bruhat order:

Definition 2.7. The elements v and w are comparable with respect to
the weak Bruhat order: v <, w if and only if there exists a sequence
of simple reflections s;,,...,s;. € W such that w = s;, ...s;v, with
U(si,...850) > U(si, ,...s,v) for each t < r.

It is clear that the relation v <,, w implies that v < w; the converse
is in general not true. Below we give the Hasse graph of the usual and
weak Bruhat orders on the permutation group Ss (for G = GL(3)). We
use the one-line notation for permutations: so, for instance, 321 is the
permutation 1 — 3, 2 +— 2, 3 — 1.

/32 1\ y32 1&

231 >< 312 231 312
132 213 132 213

\123/ km%

The edges of the second graph are marked with simple transpositions:
two vertices w and v are joined by an edge with s; on it, if w = s;v. We
shall use the weak Bruhat order below for constructing Bott—Samelson
resolutions of Schubert varieties, see Subsection [£.4]
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2.4. Parabolic subgroups in Weyl groups. Let W be a Weyl group
with generators si,.. ., s, and relations s? = e, (s;5;)™7 = e. Consider
an arbitrary set of simple roots I C A and take the subgroup W, Cc W
generated by all s,, such that «; € I. (For example, if [ = &, then
W; = {e}). This subgroup itself is a group generated by reflections;
such subgroups are called standard parabolic subgroups in the Weyl
group W.

Proposition 2.8 (|23, Proposition 1.10]). Let R; be the intersection
of the root system R with the linear span Vi = (a;), a; € I.

e R; is a root system having I as its simple roots system. The
group Wy is the reflection group associated with this root system.

e The length function on Wi (as on the reflection group) coin-
cides with the restriction of the length function on W: namely,
lr(w) = L(w) for each w € Wy;

o Define W! = {w € W | l(ws,) > l(w) for eacha € Ar}.
Then each element w can be uniquely decomposed as the product
w = vu, with v € W, uw € Wy, such that £(v) + £(u) = l(w).
Moreover, v is a unique element of the minimal length in the
left coset wWi.

The standard parabolic subgroups W; C W bijectively correspond
to parabolic subgroups P; C G containing B. The set W/ parametrizes
the B-orbits (Schubert cells) in the flag variety G/ Pr:

G/P= | | BwP/P.
wew!
The embedding W/ < W induces on W' the strong and the weak
Bruhat orders; the strong order describes the inclusion order on the
closures of Schubert cells, while the weak order is given by the action
of minimal parabolic subgroups (see Subsection [4.3| below).

2.5. Borel-Weil theorem. This theorem states that all irreducible
finite-dimensional representations of a reductive group G can be real-
ized as the spaces of global sections of line bundles on G/B.

Let A be an integer weight. It defines the character y,: B — C* of
the Borel subgroup B, or, equivalently, a one-dimensional representa-
tion C, of the group B, with the action defined as follows: b.z = A(b)z.

We can consider a homogeneous line bundle G x? C, = £,; this is a
G-equivariant line bundle on G/B. All the G-equivariant line bundles
on GG/B can be obtained in such a way. Holomorphic global sections
L correspond to holomorphic maps

f:G—=Cy: f(gb) =xA(b)f(9) Vbe B, ge€@q.

They form a vector space H°(G/B, L,). This space carries a natural
structure of G-module:

g-f(h)y=f(g'h) Vg, hed.
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Theorem 2.9 (A. Borel, A. Weil). For a dominant weight \, the
space H°(G/B, L) is isomorphic (as a G-module) to the irreducible
G-module Vi« with the highest weight \*. Otherwise H*(G/B, L) = 0.

(The proof can be found, for instance, in [50] or [19]).

Note that the module Vi« can be viewed as the G-module induced
from the one-dimensional B-module Cjy-.

Similarly, the spaces of global sections of G-equivariant line bundles
over partial flag varieties H°(G/P, L)) can be viewed as irreducible
G-modules V. = IndIGD Cy+. We will use this geometric realization of
irreducible representations of GG in the next section.

The generalization of this theorem, usually called the Borel-Weil—-
Bott theorem, gives a description of higher cohomology spaces H'(G /B, L)
as G-modules; see, for instance, [16].

2.6. Spherical varieties. In the previous subsections we described
the Schubert decomposition for flag varieties G/P. It can be viewed
as a decomposition of the variety into the union of orbits of a Borel
subgroup B C . The number of these orbits is finite, so among them
there is an open orbit. The property of existence of an open orbit of a
Borel subgroup on a G-variety defines a class of G-varieties which are
called spherical varieties.

In this subsection we only give several definitions of a spherical va-
riety, which we shall need later. A detailed exposition of the theory
of spherical varieties can be found in many sources, in particular, in
Dmitry Timashev’s book [56] or in the recent survey [40] by Nicolas
Perrin.

Definition 2.10. Let X be a normal G-variety. The complezxity cq(X) =
¢(X) of X is the minimal codimension of a B-orbit in X. The variety
X is said to be spherical if ¢(X) = 0.

Let us give several equivalent definitions of a spherical variety.

Theorem 2.11 (see, for instance, [40, Thm 2.1.2]). The following are

equivalent:
(1) X is spherical;
(2) C(X)? =C;

(3) X consists of finitely many B-orbits.
For X quasiprojective these properties are equivalent to the fol-
lowing one:
(4) If L is a G-equivariant line bundle, the G-module H°(X, L) is
multiplicity-free (i.e. for any G-module W we have dim Homg (W, H°(X, L)) <
1).
Apart of flag varieties, there are other important classes of spherical
varieties, in particular, toric varieties (in this case G = B = T') and
symmetric spaces.
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3. MULTIPLE FLAG VARIETIES AND TENSOR PRODUCT
DECOMPOSITIONS

3.1. Double flag varieties of complexity 0 and 1. In this section
we give a classification of double flag varieties of complexity 0 and 1.
First note that we can restrict ourselves to the case when G is a simple
algebraic group. Indeed, each semisimple group can be decomposed
into an almost direct product of simple groups G = G;...G,, and
parabolic subgroups P, ) C G are decomposed into an almost direct
product of parabolic subgroups P;, Q); C GG;. Then the complexity of a
double flag variety G/P x G/Q equals

co(G/P x G/Q) = cc,(G)Py x G/Q1) + -+ cc.(Gy /Py x Gy Q).

So our question is reduced to the case of simple groups.

If G is a classical group, let us take B to be the subgroup of upper-
triangular matrices (in the orthogonal and symplectic cases we can
suppose that G preserves a bilinear form with an antidiagonal matrix).
Then the parabolic subgroups containing B have a block-diagonal form,
so they can be described by the sizes of the blocks on the diagonal. The
only exception is the group SO(n) for n even: not all of its parabolic
subgroups have such a form. The remaining subgroups can be brought
to this form by conjugating with a permutation of the two middle basis
vectors; such parabolic subgroups will be denoted by the prime sign.

For the exceptional groups we describe parabolic subgroups P; O B
by subsets of simple roots I C A, as in

In the cases of classical and exceptional groups, the following classi-
fication theorems hold.

Theorem 3.1 ([41, Theorem 1]). Let G be a classical group (i.e.
SL(n), SO(n), or Sp(n)). Then all double flag varieties of complexity
0 and 1 correspond to the pairs of parabolic subgroups (up to a permu-
tation, for SL(n) also up to a simultaneous transposition with respect
to the antidiagonal, and in the case of SO(2n) also up to the diagram

automorphism of G ), given in Tables @ @

Theorem 3.2 ([41, Theorem 2)). (1) For the groups of type Eg, Fy

and Gy there are no double flag varieties of complexity 0 and 1.

(2) For the group of type Eg double flag varieties of complezity 0
correspond to the following pairs of parabolic subgroups:

({on}, {aa}), {ea}, {ae}), {an}, {aa}), ({ar} {as}), {an} {as}), ({2}, {as}),
({aa}, {as}), {as}, {as)), {as}t {as}), {ai}, {a1, a5}), ({as}, {a1, as5});
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TABLE 1. Pairs of parabolic subgroups corresponding to
double flag varieties in the groups SL(n)

Number of blocks Complexity 0 Complexity 1
in P and @) P Q P Q
(27 2) (pl:pZ) (Q17Q2)
(2,3) (p1,p2) | (1, q1,2) (3,p2), P2 >3 (01,62, 43), q1, 92,93 > 2
(p17p2) (q17 1>CJ3) (p17p2)a D1, P2 Z 3 (2a 27Q3)7 q3 2 2
(2,p2) | (¢1,92,93) | (P1,p2), P1,P2 >3 (2,¢2,2), o > 2
(2,4) (2,p2) (a1, 42,43, q4)
(plap2)aplap2 Z 2 (LLLCM)
(p17p2)7p17p2 2 2 (1517QS71)
(278) (17p2) (qlv"' 7q8)
(373> (171,]73) (QLQQ,QS)
(1,p2, 1) (91, 92, g3)

TABLE 2. Pairs of parabolic subgroups corresponding to
double flag varieties in the groups SO(n)

Number of blocks Complexity 0 Complexity 1
in P and Q) P Q P Q
(2,2) (p,p) (p,p)
(2,2) (p,p) (p,p)
(2,3) (p,p) | (@1, q2.q1), @1 <3 (6,6) (4,4,4)
(p,p) (¢.2,9)
(2,4) (p,p) (1,q,4,1) (4,4) (2,2,2,2)
(p.p) (L,q,q,1) (5,5) (2,3,3,2)
(4,4) (2, 2,2, 2)’ (5, 5) (3, 2,2, 3)
(5, 5) (2,3,3, 2)’
(5,5) (3,2,2,3)
(2, 5) (4, 4) (2, 1,2, 1,2)
(2,6) (4,4) (1,1,2,2,1,1)
(2,6) (4,4) (1,1,2,2,1,1)
(373) (1>p71) (q17Q27q1> (27272) (27272)
(p,1,p) (p,1,p) (2,p,2),p>1 (¢.1,9)
(3’4) (Lpal) (Ql>Q2>QQaQI) (2>2>2> (1a272>1)
(3,5) (1,p,1) (@1, 92, 43, @2, 1)
(2,1,2) (1,1,1,1,1)
(3,6) (1,p,1) (91, G2, G3, 43, 42, @1 )
(4,4) (1,2,2, 1) (1,2,2, 1)
(1,2,2,1) (1,2,2,1)

varieties of complexity 0 correspond to the following pairs of
parabolic subgroups:

({al}a {alv aQ})7 ({011}, {ah aﬁ})v ({al}’ {(1/4, a5})’ ({al}a {a57 aG})?
({as}, {a1, a}), ({as}, {an, a6}), {as}, {au, a5}), ({as} {as, a});
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TABLE 3. Pairs of parabolic subgroups corresponding to
double flag varieties in the groups Sp(n)

Number of blocks Complexity 0 Complexity 1
in P and @) P Q P Q

(2,2) (p,p) (p,p)
(2,3) (p,p) | (L,g,1) | (p,p) (2,4,2)
(2,4) (2,2) (1,1,1,1)
(373) (17p7 1) <QIJQ27q1)
(374) (Lpal) (Q1’Q27Q2afh)
(375) (Lp?l) (Q1>Q2>CI37C]2,(]1)

(3) For the group of type E7 double flag varieties of complezity 0
correspond to the following pairs of parabolic subgroups:

({an}, {an}), ({aa}s {ae}), ({aa}, {ar});

variety of complexity 1 corresponds to the following pairs of
parabolic subgroups: ({aq},{az}).

3.2. Cox rings of double flag varieties. Let us give the definition
of the Cox ring for a projective variety X in the case when the Picard
group Pic(X) is a free abelian group of finite rank. Let Pic(X) be
freely generated by the classes of line bundles Ly, ..., Ls. Then each
line bundle over X is isomorphic to E’fl ®- QLY where ky,... ks € Z.

Definition 3.3. The Coz ring of X is the space
RX)=PH (XL} @ & L)

ki€Z

The multiplication on R(X) is given by the tensor product of sections.

Remark 3.4. The ring R(X) is multigraded by the group Pic(X). The
sections of line bundles are exactly the multihomogeneous elements of
R(X).

A more general definition of Cox rings can be found, for example, in
[2, Sec. 1.4]

Further we shall need the structure of Cox rings of flag varieties. It
will be convenient to present flag varieties as the quotient spaces G/P~,
where P~ is a parabolic subgroup containing the Borel subgroub B~
which is opposite to B; in other words, the tangent algebra p~ contains
all the root spaces corresponding to the negative roots.

Let I = {ay,,...,a;.} C A be a nonempty subset of the simple
root system, let P = P; be the corresponding parabolic subgroup, and
let P~ = P; be the opposite to P; parabolic subgroup. It is well
known (see, for example, [11]) that the Picard group Pic(G/P~) =
7" is freely generated by the classes of Schubert divisors, i.e. by the
classes of Schubert varieties of codimension one. These divisors form
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the set of all B-invariant prime divisors on G/P~; they have the form
D, = Bs; P~/P~, where o;, € I and s;_ is the simple reflection
corresponding to root a;, .

Let D =Y m; D, € Pic(G/P;), let A =) m;, w;, be the weight of
the canonical section of the bundle O(D). Then H*(G/P;,O(D)) =
Wy, if m;,,...,m; >0, and zero otherwise. Hence,

R(G/P7) ~ ay) V.
)\:milwil—ﬁ-...—ﬁ—mirwir
mil,...,miTZO

Now consider the double flag variety X = G/P~ x G/Q~, where
P = P], Q = PJ, I = {Oéil,...,OZZ'T}, J = {O[jl,...,Oth}. Its Picard
group is freely generated by the preimages of the Schubert divisors on
G/P~ and G/Q~ under the canonical projections X — G/P~ and
X — G/Q~ respectively. The Cox ring of the double flag variety X
can be presented as follows:

R(X)=R(G/P)®R(G/Q™) ~ ay) eV,
)\:milwil—i—...—i—mirwiT, My 5eeey My >0

H=nj Wi+ g, Wi, Ny, 20

It is multigraded with the multidegree given by an integer (r+t)-vector.

3.3. Decomposition of tensor products of irreducible represen-
tations. In this section we show how the algebras of U-invariants in
the Cox rings of double flag varieties allow us to decompose tensor
products of irreducible G-modules. We follow the exposition from the
papers [42] and [43].

Let a ring A be graded by an abelian group F; then by A, we denote
the homogeneous component of A corresponding to an element p € E.

Let X = G/Pi X G/Qi, with P=P;, Q =Py, I = {ail,...,air},
J ={aj,...,a;}. Let A =Y m;w,, p = njw,;. Then the sub-
module V) ® V,, C R(X) consists of the multihomogeneous elements
of multidegree (m;,,...,m; ,nj,...,n;) =: (Mm,n), so it coicides with
R(X) m,m)-

The multiplicity of occurence of V,, in V), ® V), is equal to the dimen-
sion of the space (V) ® Vu)g of U-invariants that have the weight v
with respect to the action of the torus T'. This space can be identified
with the subspace. So,

VA @V, ~ R(X) () ~ @ V24U,

)

14

where d(m, n,v) = dim R(X )z, 5 -

In the following cases the dimensions d(m,n,v) and d(m,v) occur-
ing in the tensor product decomposition rules can be easily computed.
Theorem below implies that these cases include the cases of com-

plexity 0 and 1.
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Theorem 3.5. Let X = G/P~ x G/Q~, where P =P;, Q = Py, I =
{avy, oo}, J = {aj, ..} Let A = > mywi, =Y. n;wj
and (m,n) == (Mg, ..., M4, Njy,y ..., NG,).
Suppose that the algebra R(X)Y is free, with elements of its minimal
system of generators of weights vy, . . ., vq and multidegrees (mq,71), . . ., (Mg, ig)-
Then the following decomposition holds:

V/\ & V, ~ @ Vk11/1+...+k’dl/d

ki(m1,n1)+..+kg(Mg,ng)=(m,n)

Proof. This is obviously implied by the statements above. U

Theorem 3.6. Let X, A\, pu, (m,n) be as in Theorem and the
algebra R(X)Y is a hypersurface (i.e. its generators satisfy a unique
relation), with the weights and the multidegrees of its minimal system of
homogeneous generators equal to vy, ...,vg and (Mmy, ), .., (Mg, Ng)
respectively, and let the defining relation be of the weight vy and the
multidegree (mo,ng). Then the following decomposition holds:

(31) V)\ ® V ~ @ Vk11/1+...+kdl/d

k1(m1,n1)+...+ka(ma,na)=(m,n)

- @ VV0+11V1+...+ldl/d

ll(T_rLl,17L1)+...+ld(md,ﬁd)=(m,ﬁ)—(mo,T_Lo)
By the “difference” of two representations we mean a representation
such that the multiplicity of the occurence of each irreducible V,, is equal
to the difference of the multiplicities of occurence of V, in these two
representations.

Proof. Consider the following exact sequence:
0— (F) B Clty,....tg B RX)Y =0,

where F7 is the defining relation, ¢, is a natural embedding, vo(t;) = f;.
We introduce the following Z"*+**+-grading on the polynomial algebra
Clt1,...,ta], where | = rkG: assign to each variable t; multidegree
(m;,n;) and weight v;. Then the maps ¢ and @9 preserve the grading,.
The multiplicity of occurence of V, in V) ® V,, equals dim R(X )?m,ﬁ),w
the multiplicity of its occurence in the first factor of the right-hand side
of the isomorphism (3.1)) equals dim C[ts, ..., tq](m,n),, While its mul-
tiplicity of occurence in its second factor equals dim (F}) ()

) ) dlm(c[tla B 7td](fn,ﬁ),l/_
. The theorem is proven. Il

Since the sequence is exact, we have dim R(X

(m,n),v
3.4. U-invariants in the Cox rings of double flag varieties.
Theorem 3.7 ([42], [43]). Let X = G/P~ x G/Q~ be of complez-

ity 0 or 1, with P~ and QQ~ parabolic subgroups of a simple group G,
containing the Borel subgroup B~ and opposite to P and Q). Let P
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and @ correspond to subsets I = {c,,...,a; }, J = {ay,,...,a;} of
simple roots. Then the algebra R(X)Y is generated by the elements of
weights and multidegrees listed in Tables [{] and [3 and by elements of
the corresponding fundamental weights w;,, ..., w; ,Wj, ... ,w; of mul-
tidegrees (1,0,...,0), (0,1,0,...,0), ..., (0,...,0,1) respectively. If
X is of complexity 0, these elements freely generate R(X)V. If X is of
complexity 1, in Table[J we list the number of relations on these ele-
ments (there is either one or none), the weight and the multidegree of
the relation. If the relation occurs, it is of the following form: the sum
of all monomials oft the given weight and multidegree in the generators
equals 0.

This classification theorem implies the following corollary

Corollary 3.8. (1) Let X be a spherical double flag variety. Then
the algebra R(X)Y is free.
(2) Let X be a double flag variety of complexity 1. Then R(X)Y is
either free or a hypersurface.

Remark 3.9. Some particular cases of this corollary were known ear-
lier: part (1) was obtained by Littelmann in [3I]). The algebra of
U-invariants of R(X) for X of complexity one, corresponding to the
product of two flag varieties for maximal parabolic subgroups, was
computed by Panyushev [38].

Table 4: Weights and multidegrees of generators for the
U-invariant subalgebra in the Cox ring for complexity 0

1 J degree weight
SL,
o a; (1,1) Wik +Wjitk, k=1,...,min{i,n — j}
i<J
o ay, o (1,1,0) Wit1
i< (1,0,1) Wik +Witk, K =1,...,min{i,n — j}
(1, 1, 1) Wi—k+1 + Witk
k=max{1,2—(j—1)},...,min{i — 1,n — j}
Q; anq, Oy (17 170) Wit1
i1>7 (1,0,1) Witk +wj—g, k=1,...,min{j,n — i}
(1,1,1) Witk + Wj—gt1, K =2,...,min{j — 1,n — i}
Q; Qj, Oy (1,1,0) wiJrk—l-UJj,k, k= 1,,m1n{j,n—z}
i=7+1 (1,0,1) Witk +Wj—g1, k=1,...,min{j + 1,n — i}
Qg Oy QO (1,1,0) W1 + Wit1, Wit2
> (1,0,1) W1 + Wjit1, Wjt2
Z,j—Z,n—j>2 (1,1,1) Wit1 +wj'+1
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(05] (0780 , O (1,1,0,0,...,0) Wi +1
(1,0,1,0,...,0) Wig1
(1,0,0,0, ,1) Wi +1
Sp217 (l 2 2)
(05} 4 (1, 1) Wi—1, Wi+1
i<l—1 (2,1) w; for i > 1
o oy (1,1) Wi—1
(2, 1) Wi
(6%} (0%} (1,1) 2wk,]€:0,...,l—1
SOqy, (I > 4)
(05} (07 (1, 1) Wi—1, Wi+1
i<l—3 (2,1) w; for i > 1
(6%} y_9 (1, 1) Wi—3, Wj—1 + wy
(2, 1) Wp—2
o o (1,1) Wy
Qg (0%} (1, 1) w1 + wi—1, Wy
(172) Wi—2
(0% (0%} (1, 1) w1 + wy, wa + Wi—1, Wi—1
[>6 (1,2) Wy + w2, Wi—3
(2,2) Wy + Wi—2
Q-1 Q (1,1) wi_ak—1, k=1,...,[5]
(6%} (07} (1,1) Wi—2k, k= 1,,[%]
(03] a;, O (1, 1, 0) Wi—1, Wi+1
i<l-3 (2,1,0) w; for i > 1
(1,0,1) Wi
(e7] ap_9, O (1, 1, 0) Wi—3, W1 + w;
(2,1,0) Wi
(1,0,1) Wi
o a1, Q (1,1,0) wy
(1,0,1) Wi
(1,1,1) Wi_a
oy ar, Qi (1,1,0) Wi—1
(1,0,1) w1 + wi_1, W
(2,0,1) Wi
o 1,01 (1,1,0) Wi—1
(1,0,1) wiok—1, k=1,...,[5]
(1,1,1) wiop, k=1,...,[52]
oy a0 (1,1,0) Wi—1
(1,0,1) Wiak k=1,...,[%
(1,171) Wi—2k+1, k:2,,[%_71]
(87] 1,0 (1, 1, 0) Wi—2k—1, k= 1, ceey [ﬂ]
(1,0,1) [

wl—?kukzla"'a
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SOg
Oy Q9,03 (1,170) w1 +W37 Wy
(2,1,0) Wo
(17 07 1) w1
SOy
(0%} (0% (1, 1) w1 + Wy, Wa + Wyq, Wy
(1,2) w1 + ws, W
SOa141, ([ = 3)
aq a; (]_, 1) Wi—1, wiH
1 <1—2 (2,1) w; for i >1
o o1 (1,1) Wi_2, 2wy
(2, 1) Wwi—1
o oy (1,1) wy
(17 2) Wi—1
(8% (07} (1,1) wk,k:zo,...,l—l
Es
(05} aq (]_7 1) Wa, Ws
(6%} (6%) (1, 1) w1 + W5, W3, We
(2,1) Wy + Ws, Wy
(6%} Oy (1, 1) W2, W5, Ws + We
(27 1) w3, We
aq (071 (1, 1) 0, We
a % (1,1) Wi, Wa
(27 1) W
o] aq, Qs (1,1,0) Wa, Ws
(1,0,1) 0, weg
(17 17 1) W4
E7
Qg (071 (1, 1) 0, W2, We
o g (1,1) Wi, Wy
(2, 1) [03)))
aq a7 (17 1) W2, Ws, We
(2,1) w3, wr
(2, 2) W4q
Table 5: Weights and multidegrees of generators for the
U-invariant subalgebra in the Cox ring for complexity 1
I J | degree | weight | relations

SL,,
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ay oy, Qj, Q| (1,1,0,0) | wog + witk, kK =max{1,3 —i},...,2 (2,1,1,1)
1< j<m (1, 0,1, 0) w1+ W1, Wita w1 + Wip1 + Wi+
(1,0,0,1) | wo—g + Wik, k=1,...,min{2,n —m} FWmi1
(1,1,1,0) Wit1 +wjpq for j —i>1 1 relation
(1, 1, O, 1) Wi+1 + Wm+1
(1,0,1,1) Wjt1 + Wyt form — 7 >1
(07 1,009,003 (1, 1,0, 0) Wit1 (2, 1,1,1)
in—1i>3 (1,0,1,0) W1 + Wit1, Wiso w1 + wy + w1+
(1, 0, 0, 1) w1 + Wi12, W2 + Wi4+1, Wi+3 —H,OH_Q
(1,1,0,1) Wo + Wit2 1 relation
(7] aq1,02,00n,—1 (17 1, O, 0) Wil (2, 1, 1, 1)
@',n—i 23 (1,0,1,0) w1+w,;+1, Wit2 w1 —|—wi+wi+1
(1,0,0,1) Wi_1 1 relation
(1,1,0,1) w;
(1,0,1,1) W1 + Wi, Wit1
a3 Q;, O (1,1,0) | ws_k + Wik, k =max{1,4—14},...,3 (3,2,2)
i,j —Z,’I’L—j 2 2 (1,0,1) w3—k+wj+k w1 —I—w2+wi+1+
k= 1, Ce ,min{S,j — Z} +wi+2 + Wit1 + Wij49
(1,1,1) w1 + Wit + Wik, Witk + Wjts—k 1 relation

k=1,..., min{2,5 —i— 1}

(2,1,1) W2 + Wits + Wit
o Q9,004 (1,1,0) W1 + Wit1, Wiso (3,2,2)
i,n—z’ 24 (1,0,1) w1+wi+3, w2+wl'+2, W3+wi+1, Wi+4 w1 + Wo + W+
(1,1,1) w1 + w3 + Wit2, W3 + Wits Fwit1 + Witz + Wits
(2, 1, 1) wo + Wit1 + Wit3 1 relation
Q; Q2,0p 2 (1,1,0) W1 + Wit1, Wit2 (3,2,2)
i, n-—1 = 4 (1, O, 1) Wi—1 + Wp—1, W;i—2 W1 + Wi—1 + W+
(1,1,1) w1+ w1, w1 + Wi + Wi Fwit1 + wWp1
Wit1 + Wn_1, Wi 1 relation
(2, ]., ].) Wi—1 + Wi+1
Q,00 1,00 (1,0,1,0) Wil (1,1,1,1)
(1,0,0,1) Wa—k + Witk, k::max{l,S—i},...,Q w1 + Wig1 + Wit
(0,1,1,0) Wit 1 relation
(0,1,0,1) Wo_k + Witk

k=1,..., min{2,n—j}

(1,1,0,1) Wit1 + Wit fOI'j—?:> 1

a;,0 1,00, 1 (170,1,0) Wi+1 (1,1,171)
(1,0,0,1) Wi—1 UJZ'+(,U]‘
(0,1,1,0) Wit for j —i>1
(0,1,0,1) Wj—1 no relations;
(1,0,1,1) w; fori > 1 forj—i=1
(0,1,1,1) w;jforn—j>1 1 relation

Sp217 (l > 2)
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o s (1,1) w1+ Wi—1, W2 (3,4)
>4 (1,2) w1 + wi—1, 2wy + wy, Wy 2wy + 2wi—1 + wy
(2,2) 2wy_4 1 relation
aq oy, O (1, 1, O) Wi—1, Wi+1 (2, 1, 1)
(2,1,0) w; fori > 1 w; +w;
(1,0,1) Wi—1 forl—i>1
(2,0,1) wy no relations;
forl—i=1
1 relation
Qaq i, O (1,1,0) Wi—1, Wit1 (2,1,1)
i<j<l (2,1,0) w; for i >1 w; + wj
(1,0, ].) Wj—1, Wjt1 forj—i>1
(2,0,1) w; no relations;
forj—i1=1
1 relation
Spa
(&%) aq (1,1,0) w1 (2,1,1)
(1,2,0) W9 2&)1 + wo
(1,0,1) 0, 2wy 1 relation
Spe
Qg (&%) (1, 1) Wi, W1 + Wwa (3, 4)
(1,2) 2w1 + ws, ws 2&.)1 +2w2+w3
(2,2) 2wy 1 relation
SOg, (I > 4)
aq Qg ,0 (1, 1, O) Wi—1, Wi+1 (2, ]_, 1)
1<y<l—2 (2,1,0) w; for i >1 w; + w;
(1,0, 1) Wj—1, Wjt+1 for j —1>1
(2,0,1) W, no relations;
forj—i=1
1 relation
ay Q, Q2 (1,1,0) Wi—1, Wit1 (2,1,1)
1<1—2 (2,1,0) w; for i > 1 Wi + w9
(1,0,1) W3, Wi 1-tw for | —2—i>1
(2,0,1) W2 no relations;
forl—2—i=1
1 relation
(071 Q0,0 (1, 1, O, 0) Wi—1, Wit1 (2, 1, 1, 0)
i<j<l—2 (2,1,0,0) w; fori>1 w; + wj
(170, 1, 0) Wji—1, Wjt1 for jg—i>1
(2,0,1,0) w; no relations;
(1,0,0,1) wi_1 for j—i=1
1 relation
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o oop_,0p | (1,1,0,0) Wi_1, Witl (2,1,1,0)
1<1l—2 (2,1,0,0) w; for i > 1 Wi + w9
(1,0,1,0) Wi_3, Wi_1+w; forl —2—i>1
(2,0,1,0) Wi_2 no relations;
(1,0,0,1) Wit forl—2—i=1
1 relation
o oo, | (1,1,0,0) Wi_1, Wit1 (2,1,1,1)
1<l—1 (2,1,0,0) w; for i >1 w; + w1 +w;
(1,0,1,0) wy forl—1—i>1
(1,0,0,1) wWi—1 no relations;
(1,0,1,1) Wi—2 foril—1—-i=1
1 relation
SOg
oy Q9,004 (1,1,0) w1 + ws, Wy (2,1,1)
(27 17()) w2 %) +W4
(1,0,1) 0, wo 1 relation
o ag,ag,0q4 | (1,1,0,0) W3 (2,1,1,1)
(1,0,1,0) w1 w1 + W3 + wy
(1,0,0,1) 0, wo no relations
(1,1,1,0) Wo
Qy Qg,03,04 (171707 O) w1 +w37 Wy (2717071)
(2,1,0,0) Wy Wy + wy
(1,0,1,0) Wy 1 relation
(1,0,0,1) 0, wsy
oy ag,a0,04 | (1,1,0,0) W3 (2,0,1,1)
(1,0,1,0) w1 + w3, Wy Wy + Wy
(2,0,1,0) Wy 1 relation
(1,0,0,1) 0, wy
[87) 1,009,003 (1,1,0, 0) Ws (2,1,1,1)
(1,0,1,0) W1+W37 Wy CU1+CU2+CU3
(2,0,1,0) Wy 1 relation
(1,0,0, ]_) w1
(1,1,0,1) Wo
SO0
o g, 05 (1,1,0) Wi + wy, Ws (2,1,1)
(2, 1,0) w3 w3 + Ws
(1,0,1) W1, Ws 1 relation
(1, ]., ].) Ws
(2, 1,1) Wo + wy
(675 Q9,0 (1,1,0) w1 +w4, Ws (2,1,1)
(2, ].,O) w3 W9 +w5
(1,0,1) 0, woy no relations
(1, 1, ].) w1 + w3
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w1 + Ws, Wo + Wq, Wy
w1 + W3, Wa
Wi, W3

(2,1,1)
w1 + w3 + ws
1 relation

w1 + Ws, Wo + Wq, Wy
w1 +(J.13, Wo
0, W2

(2,1,1)
Wo + Wy
1 relation

SOz

(0% +w5, W9 +w6, w3 +w5, We
w1 + w3, W2, Wy + Wy, Wq

(2,3)
Wy + Wy + Wwg
1 relation

SOg2111, (I 2 3)

W1+WZ, Wi
w1twi—1, Wi—2, Wi—1
W1 +wp_1

(2,3)
w1 + w1 + wy
1 relation

Wi—1, Wit+1

w; for i >1

Wj—1, Wit+1
Wi

(2,1,1)
wj + Wy
for j—i>1
no relations;
forj—i=1
1 relation

Wi—1, Wit1
w; for 1 > 1
Wi—2, 2w
Wi—1

(2,1,1)

w; +wi_q
foril—1—i>1
no relations;
foril—1—i=1
1 relation

Wi—1, Wi41
w; for i >1
wi
Wi—1

(2,1,2)
w; + 2w
forl—7>1
no relations;
forl—1=1
1 relation

SO~

w1+w3, w3
W1+WQ7 Wi, Wa

(2,3)
w1 + Wo + ws
1 relation

E¢

Wa, Ws
w1 + ws, W3, We
W9 +OJ5, Wy

(2,1,1)
w1 + wa + ws
1 relation

(67 Q3,05
(67 Q3,0
0y Qg
(%) (87
[ >4
(6%} Q;,0
1<y<l—1
a1 Q01
1< —1
(@51 73187)
%) a3
(651 ay, O
(651 a1, Qg

Wa, Ws
Wi, Wy
)

(2,1,1)
w1 + wa
no relations
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(2,1,1) w3
o ay, Qs (1,1,0) Wo, Ws, Wy + W (2,1,1)
(2, 1, O) w3, We Ws + We
(1,0,1) 0, we 1 relation
aq a5, Qg (1,1,0) 0, We (2,1,1)
(1,0,1) Wi, Wy w1 + We
(2,0,1) W no relations
(1, 1, 1) w3
E7
(65} (6%)) (1, 1) Wi, Wy + wg, Ws, Wy (3, 2)
(2,1) Wao, Wa + Wg, Ws, W w1 + wo + wg
1 relation

4. ORBITS OF A BOREL SUBGROUP ON A MULTIPLE FLAG VARIETY

As we discussed earlier in Subsection [2.1] the orbits of a Borel sub-
group B on a flag variety G/P are nothing but Schubert cells. They
are indexed by the cosets in the Weyl group W/W?; one Schubert cell
lies in the closure of another one if and only if the corresponding Weyl
group elements are comparable with respect to the Bruhat order. More-
over, the closures of these orbits (they are called Schubert varieties) are
normal, Cohen—Macaulay and have rational singularities.

Now consider the set of B-orbits on an arbitrary spherical multiple
flag variety. One can ask similar questions: how to describe this set
combinatorially? When does one orbit belong to the closure of another
orbit? What can be said about the geometry of these closures, in
particular, on their singular loci?

The answers for these questions are known only for several spherical
multiple flag varieties. We present these results in this section.

4.1. The direct product of two Grassmannians. Let the group
G = GL(n) act on the direct product of two Grassmannians X =
Gr(k,n) x Gr(l,n). We already know that the variety X is spherical
(see Theorem . Our next goal is to get a combinatorial description
of B-orbits on X.

The group G is diagonally embedded into the direct product G x G,
with each copy of G acting on the corresponding Grassmannian. The
orbits of a Borel subgroup Bx B C G'xG are easy to describe: each such
orbit is the direct product of two Schubert cells C,, x C5 C Gr(k,n) x
Gr(l,n), where (a, 3) is a pair of Young diagrams dominated by the
rectangles of size k x n — k and [ X n — [, respectively.

Further we will describe how is a (B x B)-orbit C,, x Cz decomposed
into B-orbits.

Let a = (o, ...,q) be a Young diagram, withn —k > oy > -+ >
ay > 0. It corresponds to a “bit string”: a sequence of zeroes and ones
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a= (ay,...,a,) in the following way:

o — 1, i=ap+1l,ap1+ap+2,...,00+ -4+ ap+k,
‘ 0 otherwise.

This sequence can be interpreted in the following way: the (lower)
boundary of a Young diagram located inside a rectangle of size k xn—k
is a broken line going from the lower-left into the upper-right corner of
the rectangle. The i-th segment of this broken line is vertical if a; = 1
and horizontal otherwise. So the bit string consists of k£ ones and n —k
Zeroes.

Similarly we can consider the bit string b = (b, ..., b,) correspond-
ing to the diagram § C | x n —[. It consists of [ ones and m — [
Zeroes.

Definition 4.1. Let a, b be two bit strings of length n. We shall say
that an involutive permutation w € S,, w? = Id, is consistent with the
pair (a, b) if for each ¢ < n such that w(i) > ¢ we have a; = b; = 0 and
Auw(i) = buw@) = 1.

Theorem 4.2 ([52], cf. also [34]). There is a bijection between the B-
orbits O C C, x Cg and involutive permutations w € S, consistent
with the pair (a,b).

Let us introduce the notion of the common part of the pair (a,b).
It is a bit string c(a,b) = (a;,,...,a; ), such that iy,...,i, are the
indices corresponding to the equal entries of the sequences a and b:
a;, =b;,...,a; =0b; . The length of ¢ can be arbitrary, not exceeding
n (in particular, ¢ can be empty).

Definition 4.3. The common diagram for the Young diagrams « and
B corresponding to bit strings a and b is the diagram c(\, x) which
corresponds to the bit string c(a, b).

Example 4.4. Let n =9, k =4, [ = 3. Consider o = (5,3,3,2), =
(6,3,1). Then a = (0,0,1,0,1,1,0,0,1), b = (0,1,0,0,1,0,0,0,1).
The bit strings a and b coincide in the positions 1,2,4,5,7,8,9; hence
c(a,b) =(0,0,1,0,0,1) and ¢(a, B) = (4,2).

Let w = (i1, 1) - . - (is, js) be an involutive permutation presented as
the product of independent transpositions, with ¢; < j;, and consistent
with the pair (a,b). The latter condition means that a;, = b;, = -+ =
a; :bis :0, 4, :bj == ay, :bjs =1.

Involutive permutations that are consistent with a given pair (a,b)
can be represented in the following way. Let us put marks (say, dots)
into the boxes of the common Young diagram ¢(«, ) which correspond
to the pairs (i1,71), ..., (is, js). It turns out that no two marked boxes
appear in the same row or in the same column. So we get a rook
placement: each marked box of the Young diagram can be interpreted

S
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as a chess field occupied by a rook in such a way that no two rooks
attack each other.

Example 4.5. The figure shows the Young diagrams «, § from Exam-
ple and their common diagram c(c«, §) with marked boxes corre-
sponding to the permutation w = (2,4)(7,9).

4.2. Order on B-orbits in a given (B x B)-orbit. Let (a,b) be a
pair of bit strings. It defines a (B x B)-orbit in Gr(k, V) x Gr(l,V),
i.e. the product of two Schubert cells C, x Cg. This (B x B)-orbit
is decomposed into B-orbits; these are indexed by the involutive per-
mutations consistent with the pair (a,b). Let w,v € S,, be two such
permutations, and let O,,, O, C C, xCj3 be the corresponding B-orbits.
We give a criterion of inclusion of their closures: O, C O,.

Consider the set of involutive permutations from S,, (not necessarily
consistent with (a, b). To each such permutation w € S,, we can assign
its rank matriv R(w) = (r;;(w)). This is a strictly upper-triangular
(n x n)-matrix with nonnegative integer entries defined by the following
rule:

o) B <0 <k <G} i<
" R otherwise.

The identity permutation corresponds to the zero rank matrix.

Example 4.6. Let w = (13)(26)(47) € S7; then
0 1 2

SO OO o oo
SO OO OO -
SO OO OO -
OO DO =N W

OO OO OO
OO OO OO
N eleloNol S

0

Let us introduce a partial order < on the involutive permutation
(this order has nothing to do with the Bruhat order) by the following
rule: w < v if and only if r;;(w) < r;;(v) for each 1 <i < j < n. This
order has a unique minimal element, namely, the identity permutation;
for n < 3 there is more than one maximal element.

Theorem 4.7. [53] Let O,, O, be two B-orbits belonging to the same
(B x B)-orbit in the product of two Grassmannians. Then O, C O, if
and only if w < v.
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The same order on involutive permutations appears in the works by
Anna Melnikov on nilpotent upper-triangular matrices with the zero
square. Namely, let X = {z € n C g[,(C) | 22 = 0} be the variety
of such matrices. Then the group of upper-triangular matrices B, C
GL,(C) acts on X by conjugations. This action has finitely many
orbits. As it is shown in [36], [37], these orbits are indexed by the
involutive permutations in S,. The inclusion order on these orbits is
the same: one orbit lies in the closure of another one if and only if the
corresponding permutations are comparable with respect to the order
=<. An equivalent description of this order was obtained independently
by Allen Knutson and Paul Zinn-Justin, see [27, Sec. 2].

4.3. Weak order on B-orbit closures. Our next goal is to construct
resolutions of singularities for B-orbit closures in double Grassmanni-
ans. For this we shall use our explicit combinatorial description of these
orbits.

First let us state some general facts on spherical varieties. Let X
be a spherical G-variety, let Y be a B-orbit closure. Take a simple
root @ € A and consider the corresponding minimal parabolic group
P, = BU Bs,B. The codimension of B in P, is equal to 1, and
P,/B = P'. We distinguish between the two cases: either P,Y =Y or
P,Y =Y’ where dimY’ = dimY + 1. Suppose the second alternative
holds. In this case we shall say that the simple root a raises the orbit
closure Y to the orbit closure Y’. This relation can be extended to a
partial order relation on the set of B-orbit closures (or, equivalently,
B-orbits) on X. We will refer to this order as to the weak order.

Definition 4.8. We shall say that an orbit closure Y is less than or
equal to Y in the sense of the weak order (notation: Y < Y”), if there

exists a sequence of minimal parabolic subgroups P,,, ..., P,, such that
Y'=P, ...P.,Y.

Remark 4.9. If X = G/B is a full flag variety, the weak order on X
coincides with the weak order on the Weyl group W, defined in Sub-

section 2.3} if w = s;v, then for the corresponding Schubert varieties
Xy = P, X,.

It is clear that Y < Y’ implies Y C Y’. The converse is false: for
example, if two B-orbit closures are compatible with respect to the
weak order, the corresponding B-orbits must belong to the same G-
orbit, while for the usual inclusion (or degeneration) order this is not
necessarily true. This explains the term “weak order”.

4.4. Parabolic induction and Bott—Samelson resolutions. Take
two B-orbit closures Y and Y’ such that Y’ = P,Y, i.e. Y raises to
Y’ by minimal parabolic subgroup P,. Consider a B-equivariant fiber

bundle
Py xPY ={(p,y) |p € P,y €Y}/(p,y) ~ (pb",by), beB.



26 Evgeny Smirnov

This is a fiber bundle over P! with the fiber Y’; the projection to the
base map is just the projection onto the first factor: (p,z) — pB.
Further, there is a map from P, x?Y to Y

Tay: PoxPY =Y/, (p,y) — py.

Obviously,this map is a B-equivariant morphism of algebraic varieties.
The following statement is a standard fact from the theory of spher-
ical varieties (see [46], [20, Lemma 3.2], [9]).

Theorem 4.10. The map oy : P, xBY — Y is either birational or
generically two-to-one (the preimage of a general point consists of two
points).

It turns out that for certain classes of spherical varieties the map
Tay is always birational. Sometimes it allows us to construct reso-
lutions of singularities for the orbit closures. First this approach was
applied to Schubert varieties in flag varieties in the paper [6] by Raoul
Bott and Hans Samelson; an algebraic reformulation is due to Michel
Demazure [15] and H. C. Hansen [22]. Namely, the following statement
holds.

Proposition 4.11 (see, for example, [12][Sec. 2.1]). Let X = G/P be
a flag variety. Then
(1) Yiin = eP C G/P is a unique minimal orbit for the weak order
on X;
(2) For each two Schubert varieties Y,Y' satisfying Y' = P,Y the
map may 1S birational.

This proposition allows us to construct resolutions of singularities
for all orbit closures. Namely, let Y C X be a B-orbit closure. Since
Yiin =< Y (the minimal orbit is unique, so it is less than any other
orbit), there exists a sequence of minimal parabolic subgroups such
that Y = P, ... Py, Ymin. According to the second part of the previous
proposition the following map from the iterated P*-bundle, denoted by
Z, into Y:

Togon: Z = Po, xB Py xB oo xB P, xBY i — Y,

is birational. But Y, consists of one point, so, in particular, it is a
smooth variety. So the iterated P!-bundle Z is smooth as well. We get
the following result.

Theorem 4.12. The map 7o, . . Z — Y is a resolution of singular-
ities.

Remark 4.13. Generally speaking, the sequence of parabolic subgroups
raising Y, to Y can be chosen in more than one way; so in such a
way we can get different resolutions of singularities. Moreover, we can

proceed in a more economic way by constructing fiber bundles having a
Grassmannian instead of P! as their base. As it was shown by Andrei



Multiple flag varieties 27

Zelevinsky, if X = Gr(k,n), among these resolutions we can always
find so-called small resolutions of singularities. This allowed him to
give a geometric description of the Kazhdan—Lusztig polynomials, in
particular, to show their positivity. Details can be found in [58].

4.5. Double cominuscule flag varieties.

Definition 4.14. The minimal parabolic subgroup P, associated to
the root a € A is said to be cominuscule if the root o appears in the
decomposition of the highest root with multiplicity 1. The fundamental
weight w dual to « is called a cominuscule weight. In this case the flag
variety G/ P, is also said to be a cominuscule flag variety.

Here is the list of cominuscule weights and the corresponding flag
varieties for the simple algebraic groups:

Ap: All fundamental weights are cominuscule; G/ P, = Gr(k,n + 1).
B,: wy; the variety G/P; = Q*! is an odd-dimensional quadric;
Ch: wy; the variety G/P, = LGr(n) is a Lagrangian Grassman-
nian;
D, wy,wy,_1,wy; the corresponding varieties are an even-dimensional
quadric G/ P, = @*~2 and orthogonal Grassmannians G/ P, =
G/ P, = OGr(n).
Fg: wq,ws; the corresponding variety is the Cayley (octonionic)
projective plane QP?;
FE7: wr; the variety is G/Pr = G, (0%, 0°) (see [45], [29]).
For the groups of type FEg, Fy, and G5 there are no cominuscule
weights.
Cominuscule flag varieties are remarkable due to several algebraic
and geometric properties. In particular:

e The unipotent radical of the subgroup P, is abelian;
e The Bruhat order on the B-orbits on G/P, is a distributive
lattice;
e The Levi subgroup in P, acts in the tangent space to G/P, at
the point eP, with finitely many orbits.
The classification theorem due to Peter Littelmann [31] (see also
Section |3| above) implies the following theorem.

Theorem 4.15. Each double cominuscule flag variety (i.e., the direct
product of two cominuscule flag varieties) is spherical with respect to
the diagonal action of G.

The paper [I] by Piotr Achinger and Nicolas Perrin is devoted to the
study of the geometry of B-orbit closures on double cominuscule flag
varieties. The main result of this paper is the following theorem.

Theorem 4.16 ([1, Theorem 1]). Let G be a simply laced reductive
algebraic group (i.e., with the prime factors of types A, D, or E). Let
P .Q C G be two cominuscule parabolic subgroups containing a fived
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Borel subgroup B C G, and X = G/P x G/Q. Then the closures
of B-orbits in X are normal Cohen—Macaulay varieties with rational
singularities.

If the group G has type A, a double cominuscule flag variety is the
direct product of two Grassmannians. In this case normality and ratio-
nality of singularities for its B-orbit closures was proven by Grzegorz
Bobinski and Grzegorz Zwara [3] by methods of the representation the-
ory of quivers.

To prove this result in the general case the authors study in detail the
structure of B-orbits on double cominuscule flag varieties and observe
the following two facts, which are of independent interest. For double
Grassmannians (of type A) they were observed in [52].

Proposition 4.17. The B-orbits on X that are minimal with respect to
the weak order are (B x B)-invariant, i.e., they are products of Schubert

varieties in G/P and G/Q.

Proposition 4.18. Let G be simply laced, i.e., let it have only the
prime factors of type A, D, E. LetY and Y’ be two B-orbit closures
in X = G/P x G/Q, comparable with respect to the weak order, with
dimY’ =dimY + 1 (i.e. Y = B,Y for a minimal parabolic subgroup
P, ). Then the map P xPY — Y is birational.

This proposition allows us to construct a resolution of singularities
for the B-orbit closures on X that is similar to the Bott—Samelson
resolution (Theorem [£.12)).

Namely, let Y be the closure of some B-orbit. Consider the orbit
closure Y, that is minimal with respect to the weak order, such that
Ynin = Y. In other words, there exists a sequence of minimal parabolic
subgroups such that Y = P, ... P, Y. According to the previous
proposition, the map

. B
Tan,ar s o, X7 Py

is birational.

The difference with the case of flag varieties is as follows. First,
a minimal orbit that precedes a given one with respect to the weak
order, is not necessarily unique; second, the orbit closure Y, may
be singular. However, according to Proposition [£.17], all the minimal
B-orbit closures Yy, are (B x B)-invariant, i.e., they are products
of Schubert varieties in G/P and G/Q. Taking the direct product
of Bott-Samelson resolutions for these varieties, we get a birational
isomorphism iy Zmin — Ymin With Z;, smooth. So the composition
map

xB...xPP xBY =Y

r—1

Id X Tmin

B B B B
P, x7 P, X7 X7 Py X7 Zyin

Id X Tmin Toy,..ns ar
S p, xPP,  xP o oxPB P, xXP Y TETY

1
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is a birational isomorphism of a smooth variety and Y, i.e., a resolution
of singularities.

The construction of this resolution of singularities is a key step for the
proof of Theorem [4.16] The proof of normality, Cohen—Macaulayness
and rationality of singularities for the B-orbit closures is based on the
facts on spherical varieties given in the papers [9] and [10] and in general
is similar to the original proof of normality of the Schubert varieties in
G/ P due to Seshadri (see [51] or, for instance, [12]).

The requirement for G to be simply laced is essential for Theo-
rem [4.16, Let G = Sp(3) act in the standard way on the space C°
with a nondegenerate skew-symmetric bilinear form, and let P be the
stabilizer of a maximal (three-dimensional) isotropic subspace in C°.
Then the variety G/ P is a Lagrangian Grassmannian LGr(3,6). In [T
Prop. 5.1] the authors give an example of a B-orbit in G/P x G/ P with
a nonnormal closure. For this variety Proposition [4.1§is also violated:
some of the maps P x®Y — Y’ have a two-point generic fibes, hence
they are not birational.

5. G-ORBITS ON MULTIPLE FLAG VARIETIES

5.1. Multiple flag varieties with finitely many G-orbits. In the
previous sections we were considering orbits of a Borel subgroup B C G
acting diagonally on the direct product of two flag varieties X =
G/P, x G/P,. These orbits bijectively correspond to the orbits of
the group G acting diagonally on the direct product of three flag vari-
eties G/ P, x G/ Py x G/ B; this correspondence preserves the inclusion
relation between the orbit closures. In other words, the variety X is
spherical if and only if the group G acts on X x G/B with finitely
many orbits.

This situation can be generalized: we can consider an arbitrary set of
flag varieties G/ P; instead of X x G/B. We get the following question:

Problem 5.1. For which tuples of parabolic subgroups (Py, ..., P,) does
the group G act on G/ Py X --- X G/ P, with finitely many orbits? How
to describe the orbits of this action in combinatorial terms?

The answer to this question was given for the groups GL(n) and
Sp(2n) by P. Magyar, J. Weyman, and A. Zelevinsky in [34], [35].
For an arbitrary reductive group, in particular for orthogonal groups,
classification of such tuples of parabolic subgroups is yet unknown.

The criterion of finiteness for the number of orbits on a multiple flag
variety of type A provided by Magyar, Weyman, and Zelevinsky uses
ideas and results from the quiver theory; this result is very similar to
the description of finite-type quivers due to P. Gabriel [21]. Let us
state it.

Definition 5.2. Denote by a composition of a nonnegative integer
n an ordered collection of nonnegative integers a = (ay,...,a,) such
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that their sum is equal to n. These numbers are called the parts of
the composition a. The smallest number of ay,...,a, is called the
minimum of a and denoted by min(a).

To each composition a corresponds a partial flag variety Fl, of GL(n),
consisting of flags V4 C --- C V,, 2 C" such that dimV;/V,_1 = a;. We
shall say that a tuple of compositions (ay,...,ax) of a given number n
is of finite type if the group GL(n) acts diagonally on Fl,, x --- x Fl,,
with finitely many orbits. Moreover, we shall refer to a one-component
composition as to a trivial one; it corresponds to a one-point flag vari-
ety. So we can suppose that all the compositions in a given tuple are
nontrivial.

Theorem 5.3. If a tuple of nontrivial compositions (ai,...,ax) is of
finite type, then k < 3.

Sketch of the proof. Let us show that a quadruple of nontrivial com-
positions cannot have finite type. We shall do this for “the smallest”
quadruple, i.e., for four compositions (1,1) of the number 2. In this
case the corresponding multiple flag variety is the product of four pro-
jective lines P!. Quadruples of points on P! up to the action of GL(2)
are indexed by their cross-ratio, and it takes infinitely many values. [J

So each finite-type tuple of compositions consists of at most three
components. Adding, if necessary, trivial ones, we can suppose that
there are exactly three of them. Denote them by (a,b,c). Let p, g,
r denote the number of parts in these compositions; without loss of
generality suppose that p < g <r.

Theorem 5.4. A triple of compositions (a, b, c) is of finite type if and
only if it belongs to one of the following classes:

Apaq: (pv%r) = (Lq’ T); 1< q <ry
DT+2: (p’ q, T) = (2727T); 2<r;

EG: (p>q77n) (273a 3))
E7: (p>q77n) = (27374>;
ES: (p7 q, T) = (2 37 5);

Eﬁ%: (p,q,7) =(2,3,7r), 3 <7, min(a) = 2,
E®.: (p,q,r) = (2,3,7), 3<r, min(b) = 1;
Sp,q: (p7 q, T) - (27Q7T)7 2 S q S r, min(a) - 1
5.2. Description of orbits. In this subsection we give a combinato-

rial description of the set of GL(V')-orbits on F1,(V') x Fl, (V') x Fl.(V)
for each finite-type triple of compositions. For a compoition a =

(ay,...,ap) (possibly with zero parts) let us write
Al =atta, P =ai et

The number of parts p will be called the length of a composition and
denoted by ¢(a).
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For a given triple (p,q,r) denote by A,,, an additive subgroup
formed by all triples of compositions (a, b, c), such that |a] = |b| =
lc| = n, (¢(a),£(b),4(c)) = (p,q,7). Denote the Tits quadratic form by

Q(a,b,c) = dim GL(V) — dim Flo(V) — dim Fly (V) — dim Fl(V),

where dim V' = |a| = |b| = |c| = n. A simple computation shows that
1
Q(a,b,c) = S(l[all* + [[bI* + [le[* = n*).

Denote the set of “simple roots” IL,, . as the set of d = (a, b, ¢) satis-
fying Q(d) = 1.

The following theorem allows us to reduce the description of orbits
to a purely combinatorial problem.

Theorem 5.5. Let (a,b,c) € A,,, be a finite-type triple of compo-
sitions. Then GL(V')-orbits in Flo(V) x Flp(V) x Fl.(V) bijectively
correspond to tuples of nonnegative integers (ma), such thatd € 11, , .,
satisfying the following identity in the semigroup A, .-

(a,b,c) = Z mad.

The set 11, ,» also has an explicit description. Let a be a composi-
tion. Denote by a* the composition obtained from a by removing its
zero parts and rearranging the remaining parts in the decreasing order.
Denote (a,...,a) = (a).

—

p times

Theorem 5.6. A triple (a,b,c) € A, . belongs to 11, ,, if and only
if the triple (a*,b*, c"), considered up to a reordering, belongs to the
following list:

m, 1), (12T m > 2;
m, 1), (1™}, m > 2;

Bijection in Theorem has the following combinatorial interpre-
tation. Condider the following additive category F, ... Its objects are
families (V; A, B,C), where V is a vector space, (A, B,C) is a triple
of flags in V' belonging to the multiple flag variety Fl,(V') x Fl, (V) x
Fl.(V) for a certain (a,b,c) € A, .. The collection (a,b,c) is called
the dimension vector of the corresponding object. A morphism from
(V; A B,C) to (V'; A, B, C") is a linear map f: V — V' such that
f(A;) C AL, f(B;) C Bl, f(C;) C C! for each i; direct sums are defined
componentwise.

The category F,,, can be considered as a subcategory in the cat-
egory of representations of a quiver (), ,,. This is a quiver with p +
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q + r — 2 vertices formed into three branches of length p, ¢ and r, with
all arrows oriented towards the central vertex. This category is defined
by the following condition: all the “arrows”, i.e., linear maps between
spaces in the vertices of the quiver, are embeddings. This is an additive
subcategory, closed under taking extensions, but not quotients (so it
is not abelian): if I,J € F,,, are two objects with I C J, then the
quotient J/I does not necessarily belong to F, ;.

Isomorphism classes of objects from F,,, with a given dimension
vector (a, b, ¢) coincide with the orbits of the GL(V')-action on Fl, (V) x
Flp (V) x Fl.(V). Hence the finiteness of the number of orbits is equiv-
alent to the finiteness of the isomorphism classes of objects with a
given dimension vector from F,,,. Each object in this category can
be presented as a direct sum of indecomposable objects; according to
Krull-Remak—-Schmidt theorem, such a decomposition is unique up to
an isomorphism of (V; A, B, C'). Thus each isomorphism class of an ob-
ject is given by the multiplicities of indecomposable objects occuring
as its direct summands. Moreover, it turns out that an indecompos-
able object is uniquely determined by its dimension vector. So if we
know the list of indecomposable objects for a given category, then the
problem of clsasification of GL(V')-orbits on Fla (V') x Fly, (V') x Fl.(V)
is reduced to a purely combinatorial problem of presentation of the
dimension vector (a, b, c) as a nonnegative integer linear combination
of the dimension vectors of indecomposable objects. Also note that if
the quiver @), ,, is of finite type (i.e., its graph is a Dynkin diagram
of type A, D, or E), this automatically implies the finiteness of the
number of orbits; these are the first five cases in Theorem [5.4]

Theorem 5.7. For each d € 11, ,, there exists a unique isomorphism
class 1q € F, q,r with the dimension vector d. For each finite-type triple
(a,b,c) € A, each object with the dimension vector (a,b,c) can be
uniquely decomposed into the direct sum of objects of the form Igq.

Moreover, this method allows us not only to classify the GL(V)-
orbits on a multiple flag variety, but also to indicate an explicit repre-
sentative in each orbit; see [34, Theorem 2.9].

Example 5.8. Consider a variety of type A, ,, i.e. the direct product of
two flag varieties Flp (V) x Flo(V). Let b = (by,...,b,), c=c1,..., ¢
A pair of flags (B,C) corresponds to an object (V; A, B,C) in the
category JFi 4., where A is a trivial flag: 0 = Ay C Ay = V. Ac-
cording to Theorem [5.5] the indecomposable objects in this category
have the reduced dimension vector (1,1,1), i.e. they are of the form
L = (VI A, B',C") with i < ¢, j < r; this means that dimV’ = 1,
B=0=By=---=B_,CB=---=B,=V,C=(0=C} =
=07, CCj=-=C, =V (ie the dimension jumps in each
flag are unique and occur on i-th and j-th places respectively).
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This means that the GL(V)-orbits in Fl, (V) xFl. (V') are parametrized
by matrices (m;;) of size ¢ x r with integer nonnegative entries. The
sum of elements in each row of such a matrix is equal to by, ..., by,
and the column sums equal cq,...,c.. Such an orbit corresponds to
the direct sum of indecomposable objects @w m;;l;;. In particular,
if b = c = (1"), we are dealing with the direct product of two com-
plete flags, with GL(V')-orbits given by permutations (they bijectively
correspond to Schubert cells in G/B).

5.3. Orbit closures on multiple flag varieties. Another natural
question is to give the description of the generalized Bruhat order on
a multiple flag variety: what are the conditions for one G-orbit on
X =Fla(V) x Flp(V) x Flc(V') to be inside the closure of another one?
This question also can be answered in terms of the category F, ;.
Let QF and Qg be two G-orbits on X corresponding to the isomor-
phism classes of objects M and M’ in the category F, . (in terms of

deg —
Theorem . We shall say that F* < F’ if Qp C Q. This partial
order will be called degeneration order.
The following result is due to Christine Riedtmann [47].

de
Proposition 5.9. If F < F', then for each indecomposable object 14,
where d € 11, , ., we have the following inequality:

dim Hom(Iq, F') > dim Hom(Ig4, F").

One can ask whether this necessary condition is also sufficient, i.e., do
these inequalities (for each indecomposable object) imply the inclusion
of the orbit closures. The results of Klaus Bongartz [4, §2], [5, §4]
imply that this is true if the graph of the quiver @, ,, is a simply-
laced Dynkin diagram, i.e. has the type A,, D,, Es, F7, Es. In
the cases of A, and D, this can also be checked directly (see [53]).
Moreover, Peter Magyar [33] showed that these inequalities imply the
degeneration order on orbits for the quiver of type S, 4.

5.4. The case S, ,. This is an interesting “non-Dynkin” case corre-
sponds to GL(V)-varieties of the form G/P; x G/P, x P(V'). In other
words, the group GL(V') acts with finitely many orbits on triples con-
sisting of a two flags of a given type and a line in V. In particular,
setting P, = B, P, = P, we get that the variety G/P x P(V') is spher-
ical. To the best of our knowledge, this was first observed by Michel
Brion in [g].

In [33] Magyar gives a description of G-orbits on G/B x G/B xP(V)
(they are given by “decorated” permutations, i.e. permutations from
Sp, with n = dim V| with a certain distinguished subset in {1,...,n})
and proves a simple criterion, stated in linear-algebraic terms. It allows
to find out whether one G-orbit is inside the closure of another one.
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He also describes the covering relations, i.e. pairs of orbits such that
the first one is contained inside the second one and has codimension 1.

This spherical variety also plays an important role in the description
of the mirabolic Robinson—Schensted—Knuth correspondence, see [57],
[18].

5.5. Symplectic multiple flag varieties of finite type. In the pa-
per [35] Problem was solved for the group G' = Sp,,,. Moreover,
similarly to the case of G = GL(V') the authors reduced the problem
of combinatorial description of orbits on a multiple flag variety to a
purely combinatorial one and indicated a representative in each orbit.

The main tool for this is the following (rather unexpected) observa-
tion: two multiple flags in a symplectic 2n-dimensional space V' belong
to the same Sp,,-orbit if and only if they belong to the same GLy,-
orbit. Thus the problem is essentially reduced to the case of GL(V').

Let us give a classification of multiple flag varieties of finite type for
the group Sp,,,. Let V be a 2n-dimensional symplectic vector space
with a nondegenerate skew-symmetric bilinear form (, ). The group of
automorphisms of V' preserving this form is Sp(V') = Sp,,,. A subspace
U C V is called isotropic if (U,U) = 0.

Let a = (ay,...,a,) be a symmetric composition of the number 2n,
i.e. let a; = ap_;+1 for each i. Consider the space of flags 0 = Ay C
Ay C Ay C -+ C A, =V satistying the condition dim A4;/A;—; = a;.
Such a flag is called usotropic if it is formed by isotropic subspaces and
their orthogonals; the space of isotropic flags will be denoted by Sp Fl,:

SpFla ={A € FL,(V) | (Ai, A,—;) =0 for each i}.

We have obtained a realization of a partial flag manifold Sp,,, /P. The
variety of complete symplectic flags Sp,,, /B corresponds to the dimen-
sion vector (127).

A tuple of symmetric compositions (ay, ..., ay) is called a Sp,,-finite
type tuple if the group Sp,,, acts on Sp Fl,, x --- x Sp Fl,, with finitely
many orbits.

Similarly to the case GL(V) we get an analogue of Theorem [5.3} a
k-tuple is of finite type only if £k < 3. Here we list all the triples of
compositions (a, b, c) of Sp,,,-finite type. We suppose that the compo-
sitions do not contain zeroes and the number of nonzero parts is equal
to (p, q,r) respectively, with p < g <.

Theorem 5.10. A triple of compositions (a, b, c) is of Sp,,-finite type
if and only if it belongs to one of the following classes:

SpAI%q: (pv q, T) = (1,(],7"), 1< q <r;
SpD?"-‘r2: (p7Qar) = (2,2,7“), 2 S ry

Sp E(i: (pa(Lr) (27373);
Sp E7: (p7 q, 7") = (27 37 4);
SpEB: (pa(Lr) = (2?375)

)
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Sp Eﬁl_’gg,: (p,q,7) = (2,3,1), 3 < r, the nonzero parts of b equal
(1,2n — 2,1);

SpYriat (p,q,7r) = (3,3,1), 3 <r, the nonzero parts of one of the
compositions equal (1,2n — 2, 1).

6. MULTIPLE FLAG VARIETIES WITH AN OPEN (G-ORBIT

As we mentioned in Subsection [2.6] finiteness of the number of B-
orbits on a G-variety X is equivalent to the existence of an open B-orbit
on X. This, in turn, is equivalent to the existence of an open G-orbit
on X x G/B. Note that for an arbitrary parabolic subgroup P this is
not true in general: the existence of an open P-orbit on X does not
imply the finiteness of the number of P-orbits.

So we can ask the following question:

Problem 6.1. For which multiple flag varieties X = G/Pyx---xG /P,
there is an open G-orbit for the diagonal action of G on X ?

6.1. Locally n-transitive actions on flag varieties. Vladimir Popov [44]
obtained an answer for this question in the following important partic-
ular case:

Question 6.2. Let G be a connected simple linear algebraic group, let
P be its mazimal parabolic subgroup. For which pairs (G, P) does the
group G act on G/P x G/P x G/P with an open orbit?

This question motivates the following definition.

Definition 6.3. Let n be a positive integer, and let G be an algebraic
group acting algebraically on an irreducible variety X. Denote this
action by a: G x X — X. We shall say that « is locally n-transitive if
the diagonal action a™: G ~ X" is locally transitive, i.e. has an open
orbit. (If the initial action itself is not locally transitive, we shall say
that it is locally 0-transitive).

Informally, local n-transitivity means that “almost any” n-tuple of
points of X can be taken by the group action into “almost any other”
n-tuple. It is clear that local n-transitivity of an action implies its local
m-transitivity for each 0 < m < n. An upper estimate is also obvious:
a cannot be locally n-transitive for ndim X > dim G.

Definition 6.4. The local transitivity degree of an action « is the num-
ber
gtd(a) := supn,

where the supremum is being taken over all n such that « is locally n-
transitive. Maximal transitivity degree of a connected algebraic group
is the number

gtd(G) = sup gtd(«),
where the supremum is being taken over all nontrivial actions « of G
on all possible irreducible varieties.
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In the paper [44] the following results on the maximal transitivity
degree of connected algebraic groups were obtained.

Theorem 6.5. Let G be a nontrivial connected algebraic group. Then,
(1) if G is solvable, gtd(G) < 2;
(2) if G is nilpotent, gtd(G) = 1;
(3) if G is a reductive group and G — G is an isogeny, then
gtd(G) = gtd(G);
(4) if G = Z x Sy X -++ X Sy, where Z is an algebraic torus and
S1,...,8q are connected simple algebraic groups, then

gtd(G) = max gtd(S;);

(5) mazximal transitivity degree of simple groups G is given in the
following table:
typleGH Al ‘Bl‘Cl‘Dl‘Eﬁ‘E7‘Eg‘F4‘G2
otd(G) |1+2|3 |3 |3 ]4[3]2]2]2

We get a natural question: on which varieties does a simple algebraic
group (or, more generally, a reductive group) act in “the most transitive
way”, i.e. for which G-varieties the given maximum is attained? It
turns out that among these varieties there always is a flag manifold
corresponding to a certain maximal parabolic subgroup.

Theorem 6.6. Let G be a connected nonabelian reductive group. Then
there exists a maximal parabolic subgroup P C G such that the local
transitivity degree of the standard action of G on G/P equals the maz-
imal transitivity degree gtd(G) of the group G.

The following theorem lists the local transitivity degrees of G acting
on all G/P with P maximal parabolic. It is clear that the G-action on
G/P is always 2-transitive. For certain parabolic groups listed in the
table below this transitivity degree is larger.

Theorem 6.7. Let G be an arbitrary group, d > 3, let P; be a mazximal

parabolic subgroup in G corresponding to the root ;. Then the diagonal

action of G on the multiple flag variety (G/P;)™ has an open orbit if

and only if n < 2 or the triple (G,n,i) appears in the following table:
Type of G | (n,1)

(1+1)2
A N < {5

B,l>3| n=3i=11

C,l>2| n=3i=11

D,l>4 |n=3i=11-1,1
B n=234i=16
E; n=23,i=1

It is interesting that the action of the group SL;,; on Grassmannians
is “the most transitive”: its local transitivity degree can be greater than
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or equal to 5, while for all the remaining groups it can only be equal
to two, three, and (only in the case Es) four. Namely:

Corollary 6.8. Let G be a connected simple algebraic group of type
A;. Then

=3, if2i=10141;
>4  otherwise.

gtd(G : G/F) {

This provides the answer for Question [6.2}

Corollary 6.9. Let G be a connected simple linear algebraic group, P
its mazimal parabolic subgroup. G acts on (G/P)? with an open orbit
if and only if P 1s conjugate to a standard minuscule or cominuscule
parabolic subgroup.

6.2. The case of non-maximal parabolic subgroups. Popov’s re-
sults were generalized by Rostislav Devyatov [17] for the case of vari-
eties G/P where G is a simple algebraic group not locally isomorphic
to SL; and P is an arbitrary (not necessarily maximal) parabolic sub-
group.

Denote the intersection of several standard maximal parabolic sub-
groups by F;, . i, = F;, N---NPF;,. Then the following result holds.

Theorem 6.10 ([I7]). Let G be a simple algebraic group of type differ-
ent from A;, and let P = P, ;. be a non-maximal standard parabolic
subgroup in G. The local transitivity degree of the standard action of
G on G/P is equal to 3 for the cases listed in the following table and
to 2 otherwise.
Type of G ‘ P
Dl, ) Z 5 odd Pl,l—l? Pl,l
Dy, 1 >4 even | Py, Py, Py

Moreover, Devyatov shows directly that for these varieties the num-
ber of G-orbits on (G//P)? is infinite. Thus we get the following result.

Theorem 6.11. Let G be a simple algebraic group, let P C G be a
parabolic subgroup, n > 3. The following are equivalent:

o G acts on (G/P)" with finitely many orbits;

e n =3, P is maximal, and (G/P)" has an open G-orbit;

e n=23and G/P x G/P is spherical.

6.3. Products of Grassmannians with an open GL(n)-orbit.
Popov and Devyatov consider the action of a group G on the prod-
uct of several copies of the same flag manifold G/P. Izzet Coskun,
Majid Hadian, and Dmitry Zakharov in [I3] consider the group GL(n)
acting on the product of several not necessarily isomorphic Grassman-
nians X = Gr(dy,n) x -+ x Gr(dg,n) and give a partial answer to the
following question, which is a particular case of Problem [6.1]
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Question 6.12. For which tuples of dimensions (dy,...,dx;n) does
the group GL(n) act on Gr(dy,n) x -+ x Gr(dg,n) with an open orbit?
(Such a dimension vector is said to be dense).

Dimension reasons allow us to formulate the following immediate
necessary condition on the existence of such an orbit:

Zdi(n—di) <n®-1. (%)

The summand —1 in the right-hand side appears due to the fact that
the center of GL(n) acts on X trivially. So we will further speak about
the action of PGL(n) rather than GL(n).

The following example shows that this necessary condition is not
sufficient.

Example 6.13. Consider the dimension vector (1,1,2,2;3). For this
vector X = P? x P? x P?* x P?*, dim X = 8 = dim PGL(3), so the
necessary condition holds.

An element of X can be treated as a configuration (p1,pa, {1, (2)
of two points and two lines in P?. Let us show that the action of
PGL(3) does not have an open orbit. Let ¢ be a line containing both
p1 and po, and let ¢; and ¢o be the intersection points of ¢ with ¢; and
0y, respectively. Then the cross-ratio of pi,ps,q1, g on ¢ is PGL(3)-
invariant; moreover, if we fix p; and ps and vary ¢; and {5, we can get

an arbitrary value of this cross-ratio. This means that the codimension
of PGL(3)-orbits on X is at least 1.

The same example can be generalized for the case of arbitrary di-
mension. Consider the following dimension vector: (1,1,n—1,n—1;n),
where n > 3. In this case dim X = 4(n — 1) < n? — 1; the elements
of X correspond to quadruples (py, pe, Hy, Hs) consisting of two points
and two hyperplanes in P"~!. Such quadruples also have a continuous
invariant: let ¢ = (p1,p2), ¢; = £ N H;, i = 1,2. Then the cross-ratio of
the four points p1, p2, q1, g2 on £ is preserved by the action of PGL(n).

In both examples we were able to find a smaller configuration of
subspaces, obtained from the initial one by taking sums and intersec-
tions, such that for this configuration the inequality (%) does not hold
anymore. Indeed, four points on a line (p1, p2, 1, ¢2) define an element
of the 4-dimensional variety (P')?, so that the three-dimensional group
PGL(2) acting on this variety cannot have an open orbit. Conjecturally,
for each product of Grassmannians such that the action of PGL(n) on
it does not have an open orbit, we can point out an “obstruction” to
its existence: a configuration of subspaces obtained from the initial one
by sums and intersections of subspaces, such that for this configuration
the inequality (%) is not satisfied.

The question of density or nondensity of certain dimension vectors
often can be reduced to the question of density or nondensity of vectors
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in a smaller space. The following obvious statement is often used as
the “induction base”:

Lemma 6.14. A dimension vector (dy,...,dy;n) is dense if

k
i=1

Further Coskun, Hadian, and Zakharov classify all the dimension
vectors with a small number of components. As we have already seen,
the group GL(n) always acts on the direct product of at most three
Grassmannians with an open orbit (in fact, even with finitely many
of them, see Subsection . It turns out that for the four components
“almost all” dimension vectors are dense.

Theorem 6.15. Let d be a dimension vector of length k < 4. It is not
dense if and only if k =4 and d = (a, b, c,d;n) with a+b+c+d = 2n.

Proof. Let us give the proof of the “if” statement. First, if a = b =
¢ = d = n/2, there is no open orbit because of the dimension reasons:
4(n/2)(n —n/2) =n*>n?— 1= dim PGL(n).

If not all a, b, c,d are equal, let us prove the statement by induction
over a + b+ c+ d = 2n. We will need the following lemma.

Lemma 6.16 ([13, Lemma 4.2]). Let d = (a1,...,a,,b1,...,bs;n) be
a dimension vector such that 3, a;=n—k <n and )7, (n—b;) <
n —k. Then d is dense if and only if the vector d' = (aq,...,a,,b; —
k,...,bs —k;n — k) is dense.

Without loss of generality (by changing the order of subspaces and,
if necessary, taking their duals) we can suppose that a + b < n. Now
apply the previous lemma. Let (Vi, Vs, V3, Vy; V) be a configuration of
vector spaces corresponding to the vector (a,b,c,d;n). Consider the
subspace W := V} + V5; it has dimension a +b. Then the configuration
of subspaces (V1, Vo, W N V3, WNVy; W) has the dimension vector d’ =
(a,b,a+b+c—n,a+b+d—n;a+b). The sum of its components is
equal to 2(a 4+ b) < 2n. Hence d’ is nondense by induction hypothesis.
So d is also nondense. O

Reasoning in a similar way, we can give an algorithm that allows
to get a full list of dense dimension vectors such that their maximal
component max d; does not exceed a given number [. Let us give the
answer for [ < 3. Introduce the following notation: if a component a
occurs d times, denote it by a®.

Let I = 1. This case is trivial: the vector (1";n) is dense for r < n-+1
and nondense otherwise (the group PGL(n) acts transitively on tuples
of at most n + 1 points in general position).

Further, consider the case [ = 2, d = (1%,2%n) (i.e. configurations
of a points and b lines in P"1).
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Theorem 6.17. All the dense vectors with the mazimal component not
exceeding 2 are listed below.
o (19,25 n), where a +2b <n+1;
o (19,25 n), where a+2b=n+2 and a < 3;
o Finitely many “exceptional” vectors with a+2b > n+3: (23;3),
(1,2%3), (243), (1,2%4), and (2%5).

Theorem 6.18. All the dense vectors with the maximal component not

exceeding 3 are listed below.

o (1%,2° 3%n), where a +2b+3c < n+ 1;

o (1%,2° 3%n), where a +2b+3c=n+2 and a < 3;
(14,2°.3%n), where a+2b+3c=n+3, a+b <4 and (a,b) #
(2,2);

o Finitely many “exceptional” vectors with a + 2b + 3¢ > n +
4: (2,3%4), (23,3,4), (1,2,3%4), (3%4), (1,3%4), (2,3%4),
(34; 4); (17 34; 4): (237 3; 5): (17 2, 32; 5); (33; 5)7 (17 33; 5)7 (27 33; 5)7
(3%:5), (1,3%6), (22,3%6), (2,3%6), (2,3%7), (3%8), (2,3%9),
and (3% 11).

Further the situation is similar: for the vector d = (1¢1,2¢2 ... k®;n)
with e; + 269+ -+ ke, =n+ 1+ 1, [ < k the criterion of its density
can be written down explicitly: it is reduced to the density of a vector
in a smaller ambient space and with a smaller maximal component.
Namely, the following theorem holds.

Theorem 6.19. (1) Let d = (1°,2°2, ... k®;n) with e; + 2es +
oo+ ker=n+1+1andl < k. Then d is dense if and only if
the vector (14,22 ... 1°: 14+ 1) is dense.

(2) For a given k the number of dense vectors with e; 4+ 2eq+ - -+ +
ke > n+k+1 is finite.

REFERENCES

[1] Piotr Achinger and Nicolas Perrin. Spherical multiple flags. arXiv preprint
arXww:1307.7236, 2013.

[2] Ivan Arzhantsev, Ulrich Derenthal, Jirgen Hausen, and Antonio Laface. Coz
rings, volume 144 of Cambridge Studies in Advanced Mathematics. Cambridge
University Press, Cambridge, 2015.

[3] Grzegorz Bobinski and Grzegorz Zwara. Schubert varieties and representations
of Dynkin quivers. Collog. Math., 94(2):285-309, 2002.

[4] Klaus Bongartz. Degenerations for representations of tame quivers. Ann. Sci.
Ecole Norm. Sup. (4), 28(5):647-668, 1995.

[5] Klaus Bongartz. On degenerations and extensions of finite-dimensional mod-
ules. Adv. Math., 121(2):245-287, 1996.

[6] Raoul Bott and Hans Samelson. Applications of the theory of Morse to sym-
metric spaces. Amer. J. Math., 80:964-1029, 1958.

[7] Nicolas Bourbaki. Lie groups and Lie algebras. Chapters 4—6. Elements of
Mathematics (Berlin). Springer-Verlag, Berlin, 2002. Translated from the 1968
French original by Andrew Pressley.



8]
[9]

[10]

[11]

Multiple flag varieties 41

Michel Brion. Groupe de Picard et nombres caractéristiques des variétés
sphériques. Duke Math. J., 58(2):397-424, 1989.

Michel Brion. On orbit closures of spherical subgroups in flag varieties. Com-
ment. Math. Helv., 76(2):263-299, 2001.

Michel Brion. Multiplicity-free subvarieties of flag varieties. In Commutative
algebra (Grenoble/Lyon, 2001), volume 331 of Contemp. Math., pages 13-23.
Amer. Math. Soc., Providence, RI, 2003.

Michel Brion. Lectures on the geometry of flag varieties. In Topics in cohomo-
logical studies of algebraic varieties, Trends Math., pages 33-85. Birkhé&user,
Basel, 2005.

Michel Brion and Shrawan Kumar. Frobenius splitting methods in geometry
and representation theory, volume 231 of Progress in Mathematics. Birkhduser
Boston, Inc., Boston, MA, 2005.

Izzet Coskun, Majid Hadian, and Dmitry Zakharov. Dense PG L-orbits in prod-
ucts of Grassmannians. J. Algebra, 429:75-102, 2015.

V. L. Danilov and G. A. Koshevoi. Massifs and the combinatorics of Young
tableaux. Uspekhi Mat. Nauk, 60(2(362)):79-142, 2005.

Michel Demazure. Désingularisation des variétés de Schubert généralisées.
Ann. Sci. Ecole Norm. Sup. (4), 7:53-88, 1974. Collection of articles dedi-
cated to Henri Cartan on the occasion of his 70th birthday, I.

Michel Demazure. A very simple proof of Bott’s theorem. Invent. Maith.,
33(3):271-272, 1976.

Rostislav Devyatov. Generically transitive actions on multiple flag varieties.
Int. Math. Res. Not. IMRN, (11):2972-2989, 2014.

Michael Finkelberg, Victor Ginzburg, and Roman Travkin. Mirabolic affine
Grassmannian and character sheaves. Selecta Math. (N.S.), 14(3-4):607-628,
20009.

William Fulton. Young tableauz, volume 35 of London Mathematical Society
Student Texts. Cambridge University Press, Cambridge, 1997. With applica-
tions to representation theory and geometry.

William Fulton and Joe Harris. Representation theory, volume 129 of Grad-
uate Texts in Mathematics. Springer-Verlag, New York, 1991. A first course,
Readings in Mathematics.

Peter Gabriel. Unzerlegbare Darstellungen. I. Manuscripta Math., 6:71-103;
correction, ibid. 6 (1972), 309, 1972.

H. C. Hansen. On cycles in flag manifolds. Math. Scand., 33:269-274 (1974),
1973.

James E. Humphreys. Reflection groups and Cozeter groups, volume 29 of
Cambridge Studies in Advanced Mathematics. Cambridge University Press,
Cambridge, 1990.

S. L. Kleiman and Dan Laksov. Schubert calculus. Amer. Math. Monthly,
79:1061-1082, 1972.

Steven L. Kleiman. The transversality of a general translate. Compositio Math.,
28:287-297, 1974.

Friedrich Knop. On the set of orbits for a Borel subgroup. Comment. Math.
Helv., 70(2):285-309, 1995.

A. Knutson and P. Zinn-Justin. The Brauer loop scheme and orbital varieties.
J. Geom. Phys., 78:80-110, 2014.

Allen Knutson, Terence Tao, and Christopher Woodward. The honeycomb
model of GL,(C) tensor products. II. Puzzles determine facets of the
Littlewood-Richardson cone. J. Amer. Math. Soc., 17(1):19-48, 2004.



42
[29]

[30]

[33]
[34]
[35]
[36]
[37]
[38]

[39]

[45]
[46]
[47]

[48]

[49]

[50]

Evgeny Smirnov

Joseph M. Landsberg and Laurent Manivel. On the projective geometry of
rational homogeneous varieties. Comment. Math. Helv., 78(1):65-100, 2003.
Peter Littelmann. A Littlewood-Richardson rule for symmetrizable Kac-
Moody algebras. Invent. Math., 116(1-3):329-346, 1994.

Peter Littelmann. On spherical double cones. J. Algebra, 166(1):142-157, 1994.
Dudley E Littlewood and Archibald R Richardson. Group characters and al-
gebra. Philosophical Transactions of the Royal Society of London. Series A,
Containing Papers of a Mathematical or Physical Character, pages 99-141,
1934.

Peter Magyar. Bruhat order for two flags and a line. J. Algebraic Combin.,
21(1):71-101, 2005.

Peter Magyar, Jerzy Weyman, and Andrei Zelevinsky. Multiple flag varieties
of finite type. Adv. Math., 141(1):97-118, 1999.

Peter Magyar, Jerzy Weyman, and Andrei Zelevinsky. Symplectic multiple flag
varieties of finite type. J. Algebra, 230(1):245-265, 2000.

Anna Melnikov. B-orbits in solutions to the equation X2 = 0 in triangular
matrices. J. Algebra, 223(1):101-108, 2000.

Anna Melnikov. The combinatorics of orbital varieties closures of nilpotent
order 2 in sl,. Electron. J. Combin., 12:Research Paper 21, 20, 2005.

D. I. Panyushev. Complexity and rank of double cones and tensor product
decompositions. Comment. Math. Helv., 68(3):455-468, 1993.

K. R. Parthasarathy, R. Ranga Rao, and V. S. Varadarajan. Representations of
complex semi-simple Lie groups and Lie algebras. Ann. of Math. (2), 85:383~
429, 1967.

Nicolas Perrin. On the geometry of spherical varieties. Transform. Groups,
19(1):171-223, 2014.

E. V. Ponomareva. Classification of double flag varieties of complexity 0 and
1. Izv. Ross. Akad. Nauk Ser. Mat., 77(no. 5):155-178, 2013.

E. V. Ponomareva. Invariants of the Cox rings of low-complexity double flag
varieties for classical groups. Trans. Moscow Math. Soc., pages 71-133, 2015.
E. V. Ponomareva. Invariants of Cox rings of double flag varieties of small
complexity for special groups. Mat. Sb., 208(5):129-166, 2017.

Vladimir L. Popov. Generically multiple transitive algebraic group actions. In
Algebraic groups and homogeneous spaces, volume 19 of Tata Inst. Fund. Res.
Stud. Math., pages 481-523. Tata Inst. Fund. Res., Mumbai, 2007.

Kevin Purbhoo and Frank Sottile. The recursive nature of cominuscule Schu-
bert calculus. Adv. Math., 217(5):1962-2004, 2008.

R. W. Richardson and T. A. Springer. The Bruhat order on symmetric vari-
eties. Geom. Dedicata, 35(1-3):389-436, 1990.

Christine Riedtmann. Degenerations for representations of quivers with rela-
tions. Ann. Sci. Ecole Norm. Sup. (4), 19(2):275-301, 1986.

Hermann Schubert. Kalkil der abzdhlenden Geometrie. Springer-Verlag,
Berlin-New York, 1979. Reprint of the 1879 original, With an introduction
by Steven L. Kleiman.

M.-P. Schiitzenberger. La correspondance de Robinson. In Combinatoire et
représentation du groupe symétrique (Actes Table Ronde CNRS, Univ. Louis-
Pasteur Strasbourg, Strasbourg, 1976), pages 59-113. Lecture Notes in Math.,
Vol. 579. Springer, Berlin, 1977.

Jean-Pierre Serre. Représentations linéaires et espaces homogenes kéhlériens
des groupes de Lie compacts (d’aprées Armand Borel et André Weil). In
Séminaire Bourbaki, Vol. 2, pages Exp. No. 100, 447-454. Soc. Math. France,
Paris, 1995.



[51]

[52]
[53]

[54]

[57]

[58]

Multiple flag varieties 43

C. S. Seshadri. Geometry of G/P. I. Theory of standard monomials for minus-
cule representations. In C. P. Ramanujam—a tribute, volume 8 of Tata Inst.
Fund. Res. Studies in Math., pages 207-239. Springer, Berlin-New York, 1978.
E. Yu. Smirnov. Resolutions of singularities for Schubert varieties in double
Grassmannians. Funktsional. Anal. i Prilozhen., 42(no. 2):56-67, 96, 2008.
Evgeny Smirnov. Orbites d’un sous-groupe de Borel dans le produit de deux
grassmanniennes. PhD thesis, Université Joseph-Fourier-Grenoble I, 2007.
Evgeny Smirnov. Grassmannians, flag varieties, and Gelfand-Zetlin polytopes.
In Recent Developments in Representation Theory. Proceedings of Maurice
Auslander Distinguished Lectures and International Conference, volume 673
of Contemp. Math., pages 179-226. Amer. Math. Soc., Providence, RI, 2016.
John R. Stembridge. Multiplicity-free products and restrictions of Weyl char-
acters. Represent. Theory, 7:404-439, 2003.

Dmitry A. Timashev. Homogeneous spaces and equivariant embeddings, volume
138 of Encyclopaedia of Mathematical Sciences. Springer, Heidelberg, 2011.
Invariant Theory and Algebraic Transformation Groups, 8.

Roman Travkin. Mirabolic Robinson-Schensted-Knuth correspondence. Selecta
Math. (N.S.), 14(3-4):727-758, 20009.

A. V. Zelevinskii. Small resolutions of singularities of Schubert varieties. Funk-
tsional. Anal. i Prilozhen., 17(2):75-77, 1983.

NATIONAL RESEARCH UNIVERSITY HIGHER SCHOOL OF EcoNOMICS, FAC-
ULTY OF MATHEMATICS AND LABORATORY OF ALGEBRAIC GEOMETRY AND ITS
APPLICATIONS, USACHEVA 6, 119048 Moscow, Russia

INDEPENDENT UNIVERSITY OF Moscow, BOLSHOI VLASSIEVSKII PER., 11,
119002 Moscow, Russia
E-mail address: esmirnov@hse.ru



	1. Introduction
	1.1. Multiple flag varieties
	1.2. Double flag varieties, unipotent invariants of Cox rings, and representation theory
	1.3. Geometry of B-orbits on spherical double flag varieties
	1.4. Multiple flag varieties with finitely many G-orbits
	1.5. Multiple flag varieties with an open orbit
	Notation and conventions
	Structure of the paper

	2. Preliminaries
	2.1. Flag varieties
	2.2. Schubert decomposition
	2.3. The Bruhat order
	2.4. Parabolic subgroups in Weyl groups
	2.5. Borel–Weil theorem
	2.6. Spherical varieties

	3. Multiple flag varieties and tensor product decompositions
	3.1. Double flag varieties of complexity 0 and 1
	3.2. Cox rings of double flag varieties
	3.3. Decomposition of tensor products of irreducible representations
	3.4. U-invariants in the Cox rings of double flag varieties

	4. Orbits of a Borel subgroup on a multiple flag variety
	4.1. The direct product of two Grassmannians
	4.2. Order on B-orbits in a given (BB)-orbit
	4.3. Weak order on B-orbit closures
	4.4. Parabolic induction and Bott–Samelson resolutions
	4.5. Double cominuscule flag varieties

	5. G-orbits on multiple flag varieties
	5.1. Multiple flag varieties with finitely many G-orbits
	5.2. Description of orbits
	5.3. Orbit closures on multiple flag varieties
	5.4. The case Sp,q.
	5.5. Symplectic multiple flag varieties of finite type

	6. Multiple flag varieties with an open G-orbit
	6.1. Locally n-transitive actions on flag varieties
	6.2. The case of non-maximal parabolic subgroups
	6.3. Products of Grassmannians with an open `39`42`"613A``45`47`"603AGL(n)-orbit

	References

