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TYPE A QUIVER LOCI AND SCHUBERT VARIETIES
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Dedicated to the memory of Andrei Zelevinsky

ABSTRACT. We describe a closed immersion from each
representation space of a type A quiver with bipartite (i.e.,
alternating) orientation to a certain opposite Schubert cell
of a partial flag variety. This “bipartite Zelevinsky map”
restricts to an isomorphism from each orbit closure to
a Schubert variety intersected with the above-mentioned
opposite Schubert cell. For type A quivers of arbitrary
orientation, we give the same result up to some factors of
general linear groups.

These identifications allow us to recover results of
Bobinski and Zwara; namely, we see that orbit closures of
type A quivers are normal, Cohen-Macaulay and have ratio-
nal singularities. We also see that each representation space
of a type A quiver admits a Frobenius splitting for which all
of its orbit closures are compatibly Frobenius split.

1. Introduction.

1.1. Context and history. A quiver is a finite directed graph, and
a representation of a quiver is a choice of vector space for each vertex
and linear map for each arrow. When the underlying graph is a type A
Dynkin diagram, we say the quiver is of type A. Once the vector spaces
at each vertex are fixed, the collection of representations is an algebraic
variety. This “representation space” carries the action of a base change
group. A brief review of quiver representations is in Sections 2.1-2.3.

A type A quiver with all arrows in the same direction is called
equioriented, and the study of orbit closures (a.k.a. quiver loci) for
these quivers has a long and rich history. Here, a representation space
consists of all sequences of matrices (M, ..., M, ) where M; determines
a linear map from K%-1 to K%:

(1.1) Ko My ey May o My pedn
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In this case, a quiver locus is described by imposing conditions on the
ranks of all possible products of one or more of these matrices.

Specifying that each product of two consecutive matrices is zero
determines a union of quiver loci known as a Buchsbaum-FEisenbud
variety of complexes. Varieties of complexes were studied extensively
starting in the 1970s, and, when irreducible, they were shown to be
normal, Cohen-Macaulay, and have rational singularities [13, 20, 14,
28, 34]. Abeasis, del Fra and Kraft extended these results to all
equioriented type A quiver loci in characteristic 0 [1].

Soon after, a connection between equioriented type A quiver loci
and Schubert varieties in type A flag varieties started to be uncov-
ered: Musili and Seshadri noticed that Buchsbaum-Eisenbud varieties
of complexes could be realized as open sets of unions of Schubert va-
rieties. This allowed them to transport techniques such as standard
monomial theory to study varieties of complexes [30]. For arbitrary
rank conditions of equioriented type A quivers, Zelevinsky gave an ex-
plicit set-theoretic identification of quiver loci with open subsets of
Schubert varieties [35]; this is now called the (equioriented) Zelevinsky
map. Lakshmibai and Magyar later showed that the Zelevinsky map is
a scheme-theoretic isomorphism [25]. Knutson, Miller and Shimozono
made great use of Zelevinsky’s map to paint several beautiful combi-
natorial pictures of the torus equivariant cohomology of type A quiver
loci [24]. Their paper is the main inspiration for our work.

For type A quivers of arbitrary orientation, Bobiriski and Zwara
showed that orbit closures are normal and Cohen-Macaulay, with ra-
tional singularities [4], a result that is especially important for pro-
ducing K-theoretic formulas for quiver loci [10, 29, 11]. Bobirski
and Zwara’s technique is to use Auslander-Reiten theory to construct
Hom-controlled functors [36]. These functors ensure that any singular-
ity type appearing for an arbitrary orientation appears for a (typically
larger) equioriented quiver, and thus also for a Schubert variety (by the
Zelevinsky map). In fact, they later showed that the singularity types
appearing in type A quiver loci exactly coincide with singularity types
of Schubert varieties in type A flag varieties [5].

We end by remarking that quiver loci for Dynkin quivers are impor-
tant in the study of degeneracy locus formulas, a line of investigation
initiated by Buch and Fulton [12] to generalize the classical Thom-
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Porteous formula. They are also important in Lie theory, where they
lie at the foundation of Lusztig’s geometric realization of Ringel’s work
on quantum groups [26, 32].

1.2. Main results. In this paper we treat the bipartite orientation
(i.e., every vertex is either a source or a sink) as fundamental. This
is in contrast with previous approaches, which reduce problems for
arbitrary orientations to the equioriented setting.

K& Kdn—1
My M\ M, / M\ ------ Moy \{\4
Ko K Kda Kdn—2
A representation of a bipartite, type A quiver, with dimension vector d=(dop, ..., dy).

Our first main result is the construction of a Zelevinsky map in this
setting. The precise formulation is in Section 4.1; here, we summarize
its properties (see Theorem 4.12 for details).

Theorem 1.1. Let repg(d) be a space of representations of a bipartite
quiver of type A, having fixed dimension vector d. Then there exists
an opposite Schubert cell Y in a partial flag variety, and a closed
1mmersion

(1.2) ¢: repg(d) — Y

which scheme-theoretically identifies each orbit closure in repg(d) with
a Schubert variety intersected with Y .

This identification can be realized combinatorially by the association
of a “bipartite Zelevinsky permutation” to each orbit closure; this is the
permutation which indexes the Schubert variety involved in the above-
mentioned intersection.

Remark 1.2. In the course of proving the theorem, we obtain the
ideal in K[repg(d)] that scheme-theoretically defines a given orbit
closure. We learned after completing the first version of this article that
Riedtmann and Zwara have also found this ideal in their recent paper
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[31] using the method of Hom-controlled functors. See Remark 4.1 and
the discussion that precedes it for details.

Relating the geometry of quiver loci of arbitrarily oriented type A
quivers to those in the bipartite case is quite natural; this is our second
main result. The simplicity of our approach is in stark contrast to trying
to reduce the geometry of arbitrary orientations to the equioriented
case, which seems to be quite difficult. We paraphrase our result here,
with the detailed statement found in Theorem 5.3.

Theorem 1.3. Let rep, (d) be a representation space of an arbitrarily
oriented quiver of type A. Then there exists an open subset U of a
representation space of a certain bipartite quiver, along with a smooth,
GL(d)-equivariant projection 7: U — repg(d) that induces a contain-
ment preserving bijection on quiver loci.

From these two theorems, we recover one of Bobinski and Zwara’s
results. We also find a nice Frobenius splitting of each representation
space of a type A quiver (see Section 6 for the definition of Frobenius
splitting).

Corollary 1.4. Let Q be a type A quiver of arbitrary orientation, and
let d be a dimension vector for Q). Then the following hold:

(i) [4, Theorem 1.1]. All orbit closures in repg(d) are normal and
Cohen-Macaulay. When working over a field of characteristic 0,
they also have rational singularities.

(ii) Ower a perfect field of positive characteristic, there exists a Frobe-
nius splitting of repg(d) that simultaneously compatibly splits all
orbit closures.

As mentioned above, Bobiriski and Zwara obtain their results via
powerful representation-theoretic technology. Their approach allows
the expert in finite-dimensional algebras to quickly see that singularity
types are independent of orientation for type A and D quivers. In con-
trast, our methods are specific to type A quivers, but more explicit: we
show that each quiver locus is, up to a smooth factor, isomorphic to an
open subscheme of a Schubert variety. This identification follows from
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our two main theorems and the additional fact that the intersection
of a Schubert variety and an opposite Schubert cell is, up to an affine
space factor, isomorphic to an open neighborhood in a Schubert variety
(cf., [19, Proposition A.4] or [33, Lemma 3.2]). Consequently, local
properties of Schubert varieties are inherited by type A quiver loci. In
addition, our method is naturally suited to the use of combinatorics
in describing non-local properties of quiver loci such as their torus-
equivariant cohomology classes and orbit closure containment (i.e., de-
generation order).

Remark 1.5. This paper is meant to be self-contained and accessible
to both combinatorial algebraic geometers and representation theorists.
For this reason, some background and proofs have been included that
may seem overly detailed or trivial to experts in one field or the other.

2. Background. Let K be a field which will remain fixed through-
out the paper, thus usually omitted from the notation.

2.1. Quiver representations. A quiver () is a finite directed graph.
The set of vertices of @ is denoted by g, and the set of arrows is
denoted by Q1. The vertex at the tail (starting point) of an arrow
a € @1 is denoted by ta, and the vertex at the head (ending point) is
denoted by ha.

A representation V of a quiver @ is an assignment of a finite-
dimensional vector space V, to each vertex z € @y, and a linear map
Vo i@ Via — Vipe to each arrow a € @Qy. There is a natural notion
of morphism between two representations of the same quiver. The
collection of all representations of a fixed quiver ) is equivalent to
the category of finite-dimensional modules over the “path algebra” of
@, so all the standard operations on modules make sense for quiver
representations. See the text [2] for basics of quiver representations.

Let @ be a quiver of type A with bipartite orientation, so that every
vertex is either a source or a sink. We can always assume that () has an
odd number of vertices and that each endpoint has an incoming arrow.
To cover other quivers, we add vertices to get a quiver of the form (2.1)
and take dimension 0 at the added vertices. This convention allows us
to simplify the presentation. Maps to or from zero-dimensional vector



270 RYAN KINSER AND JENNA RAJCHGOT

spaces are represented by matrices with 0 rows or columns, respectively.
We label the vertices and arrows of @) as follows:

Tn—1

o1 ) AN B, N, o AN,
Y1 Y2

Yo Yn—1 Yn

We write J C @ to denote that J is an interval in @, that is, a
connected subquiver of Q. Then the indecomposable representations
of @ are in bijection with intervals in ). Explicitly, let I; be the
representation defined at each vertex z by

K zelJd
2.2 1), =
(22) 2 {O otherwise,

with the identity map for each arrow in .J, and the other maps zero.
These constitute a complete set of isomorphism classes of indecompos-
able representations of @ [16]. The Krull-Schmidt property of rep(Q)
implies that each V € rep(Q) has an essentially unique expression as

(2.3) Ve @Pssly, s5€ Lo,
JCQ

where s is the multiplicity of the summand I; in V.

2.2. Projective representations. To study quiver representations
from a geometric point of view, we want to encode the data of the
Krull-Schmidt decomposition (2.3) into rank conditions on certain
matrices. To do this, we will need to replace certain representations
with projective presentations, which we now explain (see [2, subsection
II1.2] for more detail).

The category of representations of a quiver is equivalent to the
category of finite-dimensional modules over a certain ring [2, Corol-
lary I11.1.7]. With this in mind, the terminology of modules over rings
can be applied to quiver representations. In particular, a projective
representation P is one whose associated module is projective, mean-
ing that Homg(P,?) is an exact functor.

The indecomposable projective representations of any quiver are
in bijection with its vertices, and we write P(z) for the projective
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associated to a vertex z. Concretely, the vector space which P(z)
associates to a vertex v has a basis which can be identified with the
set of paths from z to v. The map over an arrow a takes a path and
concatenates the arrow a to it. Given two vertices v, w, the set of paths
from w to v can be naturally identified with a basis of the vector space
Homg (P(v), P(w)). Therefore, a map between arbitrary projectives is
given by a matrix whose entries are linear combinations of paths in Q.

The projective P(z) represents the functor “restrict to the vertex
z.” That is, there is a functorial isomorphism Homg(P(2),V) = V..
Furthermore, when Homg(?,V) is applied to the morphism P(z) %
P(w) associated to an arrow w % 2z in Q, we get the following
commutative diagram of vector spaces.

Homg(a, V)
Homg (P(w),V) —————  Homg(P(z),V)
(2.4) ~ ~
Va
Ve Ve

An arbitrary map between projectives ®: P! — P9 is given by a matrix
whose entries are linear combinations of paths. Applying Homg(?, V)
replaces each entry of the matrix of ® with the corresponding linear
combination of maps appearing over arrows of @) in V.

2.3. Representation spaces of a quiver. A dimension wvector
d: Qo = Z>o for a quiver () is an assignment of a nonnegative integer
to each vertex of Q. For a fixed d, define the associated representation
space to be

(2.5) repg(d) = H Matg(ha),d(ta) (K),
a€Q1

where Mat,, ,(K) denotes the algebraic variety of matrices with m
rows, n columns, and entries in K. Each V' = (V4)4eq, in repg(d) gives
a representation of ), and so repg (d) parametrizes representations of
Q with vector space K9(?) at vertex z € Q.
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There is a base change group

(2.6) GL(d) := [] GLa)(K)

2€Qo

whose action at each vertex induces an action on rep, (d). Explicitly, if
9 = (92):eq, is an element of GL(d), and V = (V,)aecq, is an element
of repg(d), then

(2'7) g-V= (ghavagt_al)aEQl-

Two points V, W € repg(d) lie in the same orbit if and only if V' and
W are isomorphic as representations of Q).

Clearly, repg(d) is isomorphic to affine space of dimension

> d(ha) x d(ta),

a€Q1

and the coordinate ring K[repy(d)] is generated by the coordinates
that pick out the matrix entries. In the case of interest in this paper,
where @ is bipartite of type A, labeled as in (2.1), we write A; and B;
for matrices over «; and 3; with variable entries. That is, these matrices
have entries in K[rep,(d)] such that evaluating A; (respectively, B;)
at a point V' € repg(d) gives the matrix V,,, (respectively, Vjs,) over
the arrow «; (respectively, §;).

2.4. Schubert varieties. Here we present the basic facts about Schu-
bert varieties that we need, following our main reference [24, Section 1].
Throughout, @ denotes a bipartite quiver of type A, labeled as in (2.1).
We fix a dimension vector d, and let d, := . d(z;), dy := >, d(v;)
and d :=d, + dy.

Let G := GL4(K), and let P be the parabolic subgroup of
block lower triangular matrices where the diagonals have block sizes
d(yo),d(y1),--.,d(yn), d(zn), d(xn_1),...,d(z1). Let BT (respec-
tively, B™) denote the subgroup of upper (respectively, lower) triangu-
lar matrices in G. Schubert cells are BT -orbits in the partial flag variety
P\G for the BT-action by right multiplication, and Schubert varieties
are the closures of these orbits. Analogously, opposite Schubert cells
are B~ -orbits and opposite Schubert varieties are their closures.
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Let W := Sy, the symmetric group on d letters, and consider a
permutation v € W as a matrix with a 1 in position (i,v(7)), and
zeros elsewhere. Let Wp := Sq(y,) X - -+ X Sq(z,) (a standard parabolic
subgroup) be considered as a subgroup of W consisting of permutation
matrices down the block diagonal. For any v € W, the coset (Wp)v has
a unique element of minimal length [3, Corollary 2.4.5]. Recall that
the length [(v) of v € Sy is the number of pairs (i,5) € {1,...,d} x
{1,...,d} with the property that i < j but v(i) > v(j). Let WF
denote the set of these minimal length coset representatives. Schubert
(or opposite Schubert) cells are indexed by the elements in W7'; given
v € WP, let X2 denote the Schubert cell P\PvB*, and let X,
denote its closure. Similarly, let XY denote the opposite Schubert cell
P\PvB~, and let X" denote its closure.

Throughout this paper, we will be interested in the permutation:
_ (0 1g P
(2.8) W= <1dm 0 ) eWw-,

where 14, denotes a size d, identity matrix. The opposite Schubert
cell X = P\PwB~ is isomorphic to the space of matrices of the form

(2.9) (12 13)

where * denotes a block of arbitrary entries. We name the space of
these matrices Y)Y and note that the isomorphism from Y ¥ to XY is
the map which sends a matrix to its coset mod P.

Let Z be a matrix of the form shown in (2.9) that has indeterminates
in the block labeled x. Let v € W¥. From [15, Section 6] (see also
[33] and [24, subsection 1.3]), the intersection X, N X¥ is isomorphic
to a subvariety of Y obtained by imposing conditions on the ranks
of certain submatrices of Z. Following [33], we call an intersection of
a Schubert variety with an opposite Schubert cell a Kazhdan-Lusztig
variety. Let Z,y, denote the northwest submatrix of Z consisting of
the top p rows and left ¢ columns. Let

I, := (minors of size (1 + rankv,y,) in Zpxq | p,q € {1,...,d}).
Then, X, N XY is isomorphic to the subvariety
Y, := Spec K[Y¥]/IL,.
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Note that Y, is non-empty if and only if v < w in Bruhat order. When
Y, is non-empty, it has dimension I(w) —I(v) = dd, —l(v), where {(v)
denotes the length of the permutation v € W7r.

We end this section by recalling another useful result of Fulton; the
ideal I, has a much smaller generating set than the one given above.
To a permutation v € Sy, assign a d X d grid with a x placed in
position (i,v(i)). The set of locations (or boxes) in the grid that have
a X neither directly north nor directly west is the diagram of v. The
number of boxes in the diagram is the length of v. Fulton’s essential
set Ess(v) is the set of those (i,5) € {1,...,d} x {1,...,d} such that
neither (i + 1,7) nor (i, + 1) is in the diagram of v. By [15, Section
3], we have

I, = (minors of size (1 4 rank v,xq) in Zpxg | (p,q) € Ess(v)).

3. Describing orbits using rank conditions.

3.1. From orbits to ranks of matrices. In this section, we con-
struct a collection of matrices with the property that the ranks of these
matrices completely determine orbits in rep(d). These matrices nat-
urally arise from minimal projective resolutions of the (non-projective)
indecomposable representations of ().

Define Mg, to be the matrix with entries in K[repg (d)] built in block
form as

An anl

B,
with 0 entries in the unlabeled blocks. (Recall that in the last paragraph
of Section 2.3 we have associated to each arrow 7 of @) a matrix with
entries in K[repg(d)].) For an interval J = [, 0] C @ having leftmost
arrow v and rightmost arrow ¢ (for an interval {v} with no arrows, one
should take My, to have d(v) rows and 0 columns), let M; be the
submatrix of Mg whose upper right block is associated to v and whose
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lower left block is associated to J. For example, we have
(3.2)

A; B
Miag,p5) = As By and M[ﬂz,a4]_<A4 . 2).

Each M has entries in the coordinate ring K[rep(d)], and evaluating
at V' € repg(d) has the effect of replacing each Ay with V,, and By
with Vg, .

The rank of such a matrix is invariant under the action of the base
change group, so each interval J defines a function which is constant
on orbits.

(3.3) 7y repo(d) — Z>o, 74(V) =rank M;(V).

Proposition 3.1. Two representations V,W € rep (d) lie in the same
GL(d)-orbit if and only if r; (V) = r; (W) for all intervals J C Q.

Proof. We prove the proposition by showing that there is a bijection
[ of the set of intervals in @ with itself such that, for any V' € repg(d)
and interval J C @, we have
(3.4)
r7(V) + dim Homg(I¢(s),V) = a constant depending on d but not V.

Thus, knowing the dimensions of all Hom spaces from indecomposables
into a given V is equivalent to knowing the values r; (V) for all J. Given
this, the following result of Auslander then implies that knowing these
ranks is equivalent to knowing the orbit of a representation: V and W
lie in the same orbit if and only if dim Homg (X, V') = dim Homg (X, W)
for all indecomposable X € rep(Q) (cf., [6]).

Given an interval J, we replace all matrices A;, B; in M; with the
formal arrows ay, 3; to get a matrix ®;. Then, as reviewed in Sec-
tion 2.2, this defines morphism ®;: P' — P° between two projective
representations of ). An interval containing a single vertex v and no
arrows corresponds to the map 0 — P(v) with projective cokernel.
The explicit decomposition of P! and PP into indecomposables is easy
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but notationally cumbersome, as it depends on whether each of the
endpoints of J is of type x or y.

For example, the case that J is of the form J = [a;, §;] gives

Qg
ait1 B
a; Bi
(3-5) Pla, 8, = +2 i ]
aj Bj
Bj
which is a homomorphism
o borsy
(3.6) P'= P Pyr) — P° =P P(xx).
k=i—1 k=i

Then it is straightforward to see that coker @[, 5,1 =~ [5, o,7- In
essence, each row with two non-zero entries glues two projectives at
a y-type vertex, and the first and last row kill the vector spaces at the
interval endpoints, y;—1 = ha; and y; = hj;.

The bijection on intervals is given by setting f(J) = J' where
I ~ coker ®@;; for example, we have f([a;,3;]) = [8i, ;] from the
preceding paragraph. Since we only need to know that the bijection
exists, and f only appears in this proof, details of the other cases
are omitted. This bijection shows that the collection {®;} is a set of
projective resolutions of all indecomposables {I;}.

These allow us to compute all dimHomg(I;,V). Given V €
repg(d), apply the functor Homg(?, V) to the resolution

(3.7) 0= P" 2L P 51, — 0
to get the exact sequence
(3.8)

0 —» Homg (I, V) — Homg (PO, V) 22net®r V),

Homg (P, V).

Then (again from Section 2.2) we can naturally identify Homg(® s, V)
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with M ;(V') via the diagram

0 Homg(®;,V) )
Homg (P, V) Homg (P, V)

(3.9)

1%
Il

B Ve, MoAV) B0V

(where the precise collection of V; in the bottom row depends on the
interval type). Then this diagram along with (3.8) shows that
(3.10)

r;(V)+dim Homg (I (), V) = rank M (V)+dimker My (V) =~ d(xx),
k

which gives equation (3.4) of the proposition and completes the proof.
|

3.2. Quiver rank arrays. By Proposition 3.1, an orbit is completely
determined by an array of nonnegative integers. This array of numbers
is the focus of this section.

Definition 3.2. A quiver rank array is a function

(3.11) r: {intervals in Q} — Z>o

such that there exists V' € repg(d) with ry = r;(V) for all intervals J.
In this case we say that V satisfies the quiver rank array r.

For the remainder of the paper, we use the following notation.

Notation. Because orbits are in one-to-one correspondence with
quiver rank arrays, we let O, denote the orbit determined by the quiver
rank array r, and we let O, denote its closure.

Remark 3.3. Quiver rank arrays are partially ordered in the standard
way for functions, namely, r' < r when r/; <r; for all intervals J C Q).
At the end of the next section, we will see that @, is contained in O,
if and only if r’ < r (see Theorem 4.12).
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The remainder of this section is concerned with the question of when
a given function r: {intervals in Q} — Z>¢ is actually a quiver rank
array. To begin, we let I;; denote the indecomposable representation
supported on the interval J’, and we let #J’ denote the number of
arrows in the interval J’. Observe that

(3.12) ry(ly) = [#(J;J/W )

where we use [z] to denote the least integer that is greater than or
equal to . Therefore, if V' € rep(Q) is isomorphic to the direct sum of
indecomposables

Ve syl sy €ls,
J'eQ

we see that

(3.13) ) =Y s [#(‘];JW .

J'CQ

This is the bipartite analogue of the lace to rank formula (1.2) from
[24]. Inverting the relation (3.13) provides a way to check when a
function

r: {intervals in Q} — Zx>o

is actually a quiver rank array (i.e., when there is a V' € rep(d) that
satisfies r). To give this rank to lace formula, we introduce some ad
hoc notation (used only in Lemma 3.4): let J be an arbitrary interval
of Q, and let Jy, (respectively, Jr) denote the interval obtained by
shifting J one edge to the left (respectively, right). If shifting the
interval would take it outside of @), we simply truncate it to lie within
Q. (Alternatively, we can think of this as working with a longer quiver
with dimension vector 0 at the new vertices.)

Lemma 3.4. Let V € repg(d), let J be an interval with at least one
arrow and let s;(V') denote the multiplicity of the indecomposable 15 in
the Krull-Schmidt decomposition of V. Then, we have

(3'14) SJ(V) = (_1)#J(TJL (V) + TR (V) —TJLnJr (V) - TJLUJR(V))'

Proof. Notice that r;(Vy & Vo) = r; (V1) + r;(V2), for any repre-
sentations V1, V, € rep(Q). So, it suffices to check that the righthand
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side of (3.14) is 1 when V = I; and is 0 when V = I for J' # J.
Furthermore, it is enough to check the values of the righthand side of
(3.14) when V =1 for J’ a subinterval of Jy, UJg. To this end, divide
Jr, U Jg into five intervals:

Il ::JL—(JQJL), IQ I:J—(JQJR), I3 ::JLDJRv
Ii:=J—(JNnJy), Is .= Jgp — (J N Jg).

We must check that the righthand side of (3.14) takes the value 1 when
the leftmost arrow of J’ lies in interval I and the rightmost arrow lies
in interval I, and takes the value 0 in all the other cases. We do one
of these easy checks and leave the remainder to the reader.

Suppose that V' = I, so that the leftmost arrow of J is in I and
the rightmost arrow is in Iy. If #J is even (and is nonzero), then
Ty, (V) =15, (V) = 15,00, (V) = 75(V) and 75,05, (V) = ry(V) — 1.
If #J is odd, then r;, (V) = rj. (V) = rjpng, = r7(V) — 1 and
ry.utp(V) = r7(V). In either case, the right hand side of equation
(3.14) is 1. O

Remark 3.5. Using equation (3.14), we can recover the Krull-Schmidt
decomposition of V' € repg(d). Indeed, equation (3.14) gives the multi-
plicities of the indecomposables supported on the various intervals with
at least one arrow. The multiplicities of the remaining indecomposables
(i.e., those supported on a single vertex of ) can then be computed
because the dimension vector d is fixed.

The following corollary is now immediate.
Corollary 3.6. The function r: {intervals in Q} — Z>¢ is a quiver
rank array if and only if the quantity
(—1)#J(I‘(JL) + I'(JR) - I'(JL N JR) - I'(JL U JR))

is nonnegative for each interval J C Q.

4. A Zelevinsky map for bipartite type A quivers. Given a
quiver rank array r (see Definition 3.2), let I, denote the ideal in the
coordinate ring K[rep(d)] defined by

(4.1) I. := (minors of size (1+1r,) in M; | J C Q).
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Let 2, := Spec(K[repg(d)]/I) be the corresponding closed subscheme
of repg (d).

In this section, we show that the orbit closure O, is scheme-
theoretically isomorphic to £2,, and we show that both of these schemes
are isomorphic to a Kazhdan-Lusztig variety in an opposite Schubert
cell. This gives an identification of the poset of orbit closures with a
particular subset of a symmetric group under Bruhat order (see Theo-
rem 4.12).

Remark 4.1. As was mentioned in the introduction, Riedtmann and
Zwara have also recently proved that 2, & O, using the method of
Hom-controlled functors (cf., [31]).

This section is outlined as follows:

e In Section 4.1, we define a closed immersion from each quiver
representation space to an opposite Schubert cell of a partial
flag variety. We call this the Zelevinsky map in analogy with the
equioriented setting, since it also converts quiver rank arrays
to rank conditions on certain northwest submatrices of the cell
(cf., [24, subsection 1.3] for the equioriented case, and also
[35, 25]). More precisely, it identifies each Q. with a subscheme
NWhyy € YV defined by the vanishing of certain minors of
northwest submatrices.

e Section 4.2 is a combinatorial interlude; in analogy with the
equioriented setting [24, Definition 1.7], we define a Zelevinsky
permutation v(r) associated to a quiver rank array r.

e In Section 4.3, we show that the subscheme NWj, .y from Sec-
tion 4.1 is isomorphic to the Kazhdan-Lusztig variety X, ) N
XY. This gives our main result: we see that €, is reduced,
irreducible and isomorphic to O,. We also get a formula for its
dimension.

4.1. From quiver rank arrays to northwest block rank condi-
tions. Let Mg be the matrix defined in (3.1), so evaluating Mg at a
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Var | Yd(wo)
Vs Vﬂl ld(yl)

Van, Vﬁn—l

Vs, lagy,
(V)= o)

LETE
ld(wnfl)
0
La(a)

FIGURE 1. Image of the Zelevinsky map.

representation

Vi Ven_a Ve
B

AN v\‘gfa/ﬁ/\

|7
(4.2) V= Vo,V Ve
Vyl ‘/112 Yn—1 Vyn

Vyo

gives a “snake matrix” Mg (V') containing all the maps in V. Define
the Zelevinsky map ¢ by

. w MQ(V) 1dy
(4.3) (: repg(d) — YV, Vi— ( 1, 0 )
Expanding this out into block form is useful to see what the map
does (Figure 1). This map is the closed immersion given by the
homomorphism of K-algebras

(4.4) " K[YY] — Klrepg(d)]

with kernel Iy, the ideal generated by setting appropriate entries of
(2.9) to zero.

Notice that matrices in YV are naturally partitioned into 2n + 1
blocks of rows and columns. We label these blocks in the standard way
by 1,2,...,2n+ 1, from top to bottom and left to right. For a matrix
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Z €Y}, denote by Z;x; the northwest justified submatrix of Z whose
southeast corner is the block in block row ¢ and block column j.

Lemma 4.2. For any V € repg(d), the ranks of all ((V)ix; depend
only on the orbit of V.

Proof. Using Figure 1, we see how the GL(d)-action on repy(d) is
essentially translated into row and column operations within blocks of
Y Y. So it does not change the ranks of block submatrices. O

Definition 4.3. Let r be a quiver rank array and V € O,. The block
rank matriz associated to r is the (2n+1) x (2n+1) matrix b(r) defined
by

b(r);,; = rank (((V)ix;) -

The following proposition summarizes the content of Appendix 6.
Its proof is separated from the main body of the paper because it is
somewhat technical and uses different notation than the rest of this
section.

Proposition 4.4. The combinatorial data in a quiver rank array r
and northwest block rank matriz b(r) are equivalent, in the sense that
a matriv Z € YV satisfies

rank Z;x; = b(r);; foralli,j

if and only if Z = (V') for some V satisfying r.

The following example illustrates the essential features of how the
Zelevinsky map converts a quiver rank array to a northwest block rank
matrix.

Example 4.5. Let Q be the quiver

EEE SN NN
hn Y2 Y3

Yo
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and let d be a dimension vector. Then for any V' € repy(d), we have
that ¢(V') is a block matrix of the form

0 0 Va, La(yo) 0 0 0

0 Vs Vs, 0 Lagyn) 0 0

Vs V3, 0 0 0 Lacys) 0
Vi, 0 0 0 0 0 lagy,)

La(zs) 0 0 0 0 0 0

0 14(a,) 0 0 0 0 0

0 0 laz)) 0 0 0 0

Suppose that d = (1,2,3,2,3,2,1). Then this determines that b(r)
must have the form

7

8
10
12

14

WA ¥ ¥ OO
BB X [* ¥ x O
D ¥ XX ¥ X X
S I T L

QO ¥ | % ¥ I~
a:w*\)q.\»\

~
S

The values which are italicized come from Z being an element of the
cell YV (cf., “cell conditions” Lemma 6). The values which are bold
ensure zero blocks in the northwest quadrant so that Z is in the image
of ¢ (cf., “image conditions” Lemma 6). The entries labeled * are
determined by r, and this data is equivalent to specifying an orbit (cf.,
“orbit conditions” Lemma 6). For example, consider the orbit of the
representation V' with

0 1 0 1
Va,=(1 0), Va=|0 0],  va=|0 o},
10 0 0
1 0 0 0
Ve =(0 1), Va=[0 0], Ve, = (0 1)
0 0 0 0

Plugging this into the above, the associated block rank matrix is
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calculated to be

00 1|1 1 1 1
01 2|3 4 4 4
0 2 4|5 6 7 7
br)=| 1 3 5|6 7 8 &
2 4 6|7 8 9 10
2 4 6|7 8 11 12
2 4 6|7 10 13 14

The quiver rank array r can be recovered from the normal entries of
this matrix by the formulas of Lemma 6.

Any block rank matrix naturally determines a closed subscheme of
Y.

o

Definition 4.6. Let r be a quiver rank array and

o * 1dy
=i, )

a generic matrix of Y¥. Define the northwest block rank ideal to be
the ideal

Iy := (minors of size (b(r);; +1) in Zix; |1 <14,5 <2n+1).

Define the northwest block rank variety to be NWyy) := Spec(K Y]/
Ib(r))'

Proposition 4.7. Letr be a quiver rank array. The Zelevinsky map C
restricts to a scheme-theoretic isomorphism from Qp to NWyy (i.e.,

(€)™ Ie) = To))-

Proof. The proof proceeds essentially along the same lines as Ap-
pendix 6, but working with minors in matrices of variables instead of
ranks of matrices of scalars. It is seen there that the generators of Iy,
coming from a block rank matrix have 3 types.

Those coming from a “cell condition” entry of b(r) (see Lemma 6,
or italicized entries in Example 4.5) give minors of (2.9) which are
identically zero, because the sizes of these minors are larger than the
corresponding submatrix.
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The “image condition” type entries in b(r) (see Lemma 6, or bold
entries in Example 4.5) gives minors that cut NWy,) down to lie in
the scheme-theoretic image of (. This collection of minors generates
the kernel Iy of the induced map on coordinate rings.

Thus, working modulo I4, we may assume that all remaining gener-
ators of Iy,(;) are minors of:

(4.6)
A1 | Lagye)
Ay B Lagy,)
An Bn—l .
5 By, Lagy,)
1d($n)
1d(a:”,1)
0
La(ay)

where, as usual, there is a zero in every blank location.

The remaining generators come from the “orbit conditions” (see
Lemma 6, or normal entries in Example 4.5). For each block position
(i,4), the lemma associates a certain interval J C @, and all such J arise
this way. Then one checks using the same linear algebra discussed in
the proof of Lemma 6 that (* induces a bijection between the prescribed
size minors of Z; ; and the minors of another size in M;, which are
the generators of I,. This bijection, taken over all (i,7), gives that

() Ir) = I O

4.2. A Zelevinsky permutation for the bipartite setting. In
this section we follow ideas similar to those in [24] to construct the
permutation v(r) representing the Kazhdan-Lusztig variety with which
we ultimately identify §2,.

Proposition 4.8. Let r be a quiver rank array, and let b(r) be
the associated block rank matriz of Definition 4.3. Then there exists
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a unique d X d permutation matriz v(r) that satisfies the following
conditions:

(i) the number of ones in block (i,7) of v(r) is equal to
b(r)ij +b(r)i-1j-1 = b(r)ij-1 —b(r)i-1;

where b(r); ; = 0 if i or j is outside of the range [1,2n + 1];

(ii) the ones are arranged from mnorthwest to southeast across each
block row;

(iii) the ones are arranged from northwest to southeast down each block
column.

In analogy with the equioriented setting, we call the permutation
v(r) the Zelevinsky permutation associated to r. Before the proof, we
continue Example 4.5.

Example 4.9. One constructs v(r) from b(r) by working from the
northwest corner filling in each block, moving either down or across.
The Zelevinsky permutation associated to the r in Example 4.5 is below,
where the empty blocks contain all zeros.

1 0
10 0/0 0 O
0 0 110 0 O
0 0 01 0 O
0 1]0 O 0 00
0 0|0 1 0 00
0 0/]0 O 1 00
(4.7)v(r):10
0 1 0
0 0 1
0 10
0 01
010
0 01

Proof of Proposition 4.8. We must show that the number of 1s in a
given block row (respectively, block column) is equal to the height of
that block row (respectively, width of that block column). This is all
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that is needed to prove the proposition, since conditions (ii) and (iii)
determine a unique arrangement of the 1s within each block.

From condition (i), the number of ones in block row i is

2n+1
> )iy +Db(r)io1-1 = b(r)ij-1 = b(r)i1;) =

j=1
b(r);on+1 — b(r)i—1,2n+1 = height of block 1.

The computation for columns is completely analogous. O

We record some useful properties of the Zelevinsky permutation in
the following lemma.

Lemma 4.10. For any quiver rank array r, the following hold.

(i) The Zelevinsky permutation v(r) is the minimal length element in
its (Wp, Wp)-double coset.
(ii) Fwvery essential box in Ess(v(r)) occurs in the southeast corner of
a block.
(iii) The Zelevinsky permutation v(r) has length

2n+1 2n
> > (b(r)ic1mar — b(r)io1;) X
i=2 j=1
(b(r)i; +b(r)i—1,j—1 —b(r)ij—1 — b(r)i-1,)-

Proof. Parts (i) and (ii) follow immediately from the definition of
v(r), since these happen precisely when the ones in the corresponding
permutation matrix appear northwest to southeast in each block row
and column.

For (iii), observe that, given a permutation v € Sy, the length of v
can be read off from the associated permutation matrix. The length of
v is the number of pairs of ones with the property that one of the ones
appears northeast of the other. Thus, the length I(v(r)) is

2n+1 2n

> > (#1s strictly NE of block (i, 7)) (#1s in block (i, ),

i=2 j=1

which gives the stated formula. ]
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4.3. Identifying orbit closures with Kazhdan-Lusztig vari-
eties. Recall from Section 2.4 that v(r) defines a closed subscheme of
Yoy € YV, which is isomorphic to the Kazhdan-Lusztig variety
Xv(r) NXY in P\G

Proposition 4.11. For each quiver rank array r, the Zelevinsky map
restricts to an isomorphism from Qy to Y, ). Consequently, each §)y is
reduced and irreducible.

Proof. By Proposition 4.7, the Zelevinsky map restricts to an iso-
morphism from Q, to NWy) := Spec K[YV]/Iy (), the northwest
block rank variety (see Definition 4.6). So, to prove the proposition,
it suffices to show that Iy is equal to the ideal I, that scheme-
theoretically defines Y, y).

By construction, the rank of each northwest block submatrix v(r);x j
is equal to b(r); ;. Thus, Iy € Iyr). The reverse inclusion follows
from the fact that the essential boxes of v(r) lie in the southeast corner
of blocks (Lemma 4.10). This guarantees that the only minors needed
to generate I,y come from block rank conditions. Therefore, by [15,
Section 3], we have I,y C Ipr). So ( restricts to a scheme-theoretic
isomorphism

(4.8) Qe 5 Vi) ~ Xy N XY,

The last statement of the proposition now follows because Kazhdan-
Lusztig varieties are reduced and irreducible (cf. [33, Corollary 3.3]).
O

The following theorem is the main result of this section.

Theorem 4.12.

(i) The orbit closure O, is scheme-theoretically isomorphic to .,
so the Zelevinsky map identifies orbit closures in repQ(d) with
Kazhdan-Lusztig varieties in P\G.

(ii) For two quiver rank arrays r and r’, we have

Op COp <=1 <1t v(r)>v(r).

(iii) Let v(repg(d)) be the Zelevinsky permutation associated to the
mazimal quiver rank array (i.e., the dense orbit). Then, the poset
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of orbit closures in rep, (d), partially ordered by inclusion, is anti-
isomorphic with the subposet of the symmetric group Sq, under
Bruhat order, consisting of permutations w satisfying both (a)
w < 7 < v(repg(d)), and (b) 7 is a minimal length (Wp, Wp)-
double coset representative in Sy.

Proof. By definition, the GL(d)-invariant variety €, contains pre-
cisely those orbits Ops such that ' < r. Because each §, is reduced
(by Proposition 4.11), we see that €, is a subscheme of ), if and only
if ' < r. Furthermore, O, is the only orbit in €, that is not also
contained in some lower-dimensional subvariety (namely some other
Q). Thus, O, is dense in €, and O, = Q, (again, since , is re-
duced). This proves (i) and the leftmost equivalence in (ii). The rest
of (ii) follows from the Zelevinsky map identification of €, with Yy,
in Proposition 4.11.

To prove (iii), first notice that the poset of orbit closures can at least
be identified with a subposet of those 7 that satisfy both (i) and (ii).
Indeed, each Zelevinsky permutation v(r) satisfies (ii) by definition,
and satisfies condition (i) because Y, is a non-empty subvariety of
((repg(d)) (by Proposition 4.11). On the other hand, suppose that
m € Sy satisfies both conditions (i) and (ii). By (i), Y, is a non-
empty subvariety of ((repg(d)) and, by (ii), all essential boxes of 7
occur in the southeast corner of a block. Thus, Y, is the northwest
block rank variety NWi, .y for the quiver rank array r associated to
¢~ (M) € repy(d), for any M € Y (the choice of M doesn’t matter
by Proposition 4.4). Applying Proposition 4.7, item (i) then completes
the proof. |

This gives a formula for dimensions of an orbit closure in terms of
its block rank matrix.

Corollary 4.13. The orbit closure O, has dimension

2n+1 2n

dydy —Z Z(b(r)ifl,vrkl —b(r)i1,;)x

i=2 j=1

(b(r)i; +b(r)i—1,j—1 —b(r)ij—1 — b(r)i-1,)-
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Proof. Because O, is isomorphic to the Kazhdan-Lusztig variety
Xy N XY, it has dimension [(w) — I(v(r)). Applying Lemma 4.10

yields the desired result. O

5. Arbitrary orientations in type A. Let @ be a type A quiver
with arbitrary orientation. Choose one end of the quiver and go across
labeling the vertices zg, 21, ..., 2, and the arrows ~v1,72,...,v,. We
will define a bipartite, type A quiver @ which has orbit closures with
geometry closely connected to that of (). The approach we take is
that of “shrinking bijective arrows,” following Bongartz [7, subsection
5.2]. We present a representative example before giving the precise
definition.

Example 5.1. Let @ be the quiver:

Z0 Z4

\’y‘l /
74
21 z3
\’7(2 /
/3
Z9

Then é will contain two new vertices w1, w3, and two new arrows d1, ds3.
20 21 w3 5 24
71 it Y2 *. 03
(5.2) \ e \ / N / .
» 0 V3 4 Y4
w1 V) zZ3

In general, @ is defined by the following local insertions of vertices

. . Yi Yi+1
and arrows: for each intermediate vertex of the form z;,_1 — z; ——,

add an intermediate sink w; and arrow ¢; in the configuration

Zi—1 Zq

(5.3) 7\‘ | ’/&

. . i Yi+1
For each intermediate vertex of the form z,_; <= z <1 add an
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intermediate source w; and arrow J; in the configuration

(5.4) ”'/w\i

Zi—1 Z

For a dimension vector d for (), define d as the natural lifting
d(z) = d(z) and d(w;) == d(z).

Let G* = HGLH(W)(K) be the base change group at the added
vertices, so that

(5.5) GL(d) = G* x GL(d).

Throughout this section, we denote a typical element of repé(a) by
V = (V3,) x (V3,), and an element of GL(d) by § = (gw,) X (g=,)-

Proposition 5.2. Let Q) be a quiver of type A, and let Q be the

associated bipartite quiver defined above. Then there is a GL(d)-stable
open set U C repQ(d) and a morphism

(5.6) m: U — repg(d)

which is equivariant with respect to the natural projection of base change
groups

GL(d) — GL(d),
and also a principal G*-bundle.

Proof. Let U be the GL(&)—Stable open set where the map over
each d; is an isomorphism, so that U ~ G* x repy(d) is an algebraic
variety. Since the action of GL(d) = G* x GL(d) on U is not just
the factor-wise one, we have to incorporate a slight twist into 7 to get
equivariance.

ForV e U, define matrices X, = V,, when z;_; MEN 2; OF Z;_1 J Z;.
We set X,, = V'V, or X, = V,,V;! when ~; is involved in a
local configuration of type (5.3) or (5.4), respectively. Then define the
projection map by

(5.7) m: U — repg(d), Vi— (X,,),
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which we will check is equivariant with respect to the natural projection
GL(d) —» GL(d).

Let g € GL(d) and V € U. For arrows in Q of the form z;_; % Zi

or zi_1 <% z in Q, it is stralghtforward to see that the factor of g - 1%
indexed by ~; is either g, V,, 92! or g.._,V,,g2", which agrees with

that factor in (g.,) - m(V). The remaining arrows are involved in a
local configuration of type (5.3) or (5.4); we just write out the check
for the first type because the second follows mutatis mutandis. Over
Q, the action of § sends the pair (Vs,, V5,) t0 (gu, Vo955 9w Vsi95h)-
Then 7 collapses this pair to g, V(;:IV%. g7 ! in the factor indexed by

Zi—1
~i, which agrees with that factor in (g.,) - 7(V'). So 7 is equivariant.

The equivariance of 7 with respect to projection G* x GL(d) —
GL(d) implies that the factor G* acts on fibers of 7. So we just need
to see that the action is free and transitive on fibers to conclude that we
have a principal G*-bundle. But this is clear because each fiber of 7 can
be identified with G* with the action of the factor G* x {1} € GL(d)
by left multiplication. O

Theorem 5.3. The projection ™ from Proposition 5.2 gives a bijection
between orbits in U and orbits in repg(d); the same is true for orbit
closures. Consequently, each orbit closure O C repg (d) for an arbitrary
type A quiver is isomorphic to an open subvariety of an orbit closure of
repg (&) of a bipartite quiver, up to a smooth factor. Namely, we have

(5.8) T 10) ~ G* x O.

Proof. Equivariance gives that orbits go to orbits, and transitivity
of the G* C GL(d) action on fibers gives that there is only one GL(d)-
orbit mapping to each orbit in repy (d). This extends by continuity to a
bijection on orbit closures. The definition of 7w gives the decomposition
in the last statement. ]

6. Consequences for the geometry of orbit closures of type
A quivers. Let Q be a quiver of type A with arbitrary orientation, and
let d be a dimension vector for Q. In this section, we use our previous
work to recover the results of Bobinski and Zwara that orbit closures in
rep(d) are normal, Cohen-Macaulay, and have rational singularities
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(see [4, Theorem 1.1]). In addition, we show that orbit closures in a
fixed repg(d) are all simultaneously compatibly Frobenius split.

Let O C repg(d) be an orbit closure. By Theorems 4.12 and 5.3,
there is a product of general linear groups G* with the property that
O x G* is isomorphic to an open subvariety of a Kazhdan-Lusztig
variety. Furthermore, by [19, Proposition A.4] or [33, Lemma 3.2],
there is an affine space A" of appropriate size for which O x G* x A"
is isomorphic to an open neighborhood in a Schubert variety.

Proposition 6.1. (compare with [4, Theorem 1.1]). Orbit closures in
repy(d) are normal and Cohen-Macaulay.

Proof. Let O be an orbit closure, and let G* and n be as in the
discussion preceding the proposition. Because Schubert varieties are
normal and Cohen-Macaulay (cf., [8, Section 2]), O x G* x A™ is normal

and Cohen-Macaulay. Thus, O is normal and Cohen-Macaulay (cf., for
example, [27, Section 23] on flat morphisms). O

Recall that a variety X defined over a field of characteristic 0 has
rational singularities if it is normal, and if there exists a non-singular
variety Y along with a proper, birational morphism f : Y — X
satisfying

(6.1) R'f.0y = 0.

Note that if one resolution of singularities of X satisfies equation (6.1),
then all do. (See, for example, [22, page 50] for further information.)

Proposition 6.2. (compare with [4, Theorem 1.1]). If the ground field
K has characteristic 0, then orbit closures in repg(d) have rational
singularities.

Proof. Let X Crepg(d) be an orbit closure, and let f: Y — X be a
resolution of singularities. Since X is normal, we need only show that
Rif*Oy =0, foralli>D0.

Because X is affine, this is equivalent to showing that H*(Y,Oy) = 0
for all ¢ > 0 (see [18, II1.8.5]).
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Now, let G* be a product of general linear groups, chosen as in
Theorem 5.3, and let n be such that X x G* x A™ is isomorphic to an
open subset of a Schubert variety. Then

[xId:Y x (G"xA") — X x (G" x A")

is a resolution of singularities. Because Schubert varieties have rational
singularities (cf., [8, Section 2]), X x G* x A™ has rational singularities.
Therefore, since X x G* x A" is affine, we have

H (Y x G* x A", Oy K Ogeyan) =0, foralli> 0.

Applying the Kiinneth formula for sheaf cohomology (see [21, Propo-
sition 9.2.4]), we see that

6.2) @ H"(Y,0y)@H?(G* x A", Ogexan) =0, foralli>0.

i1+i2=1

Since G* x A" is affine, we have that H*(G* x A" Og«xan) = 0 for all
i >0, and so (6.2) becomes

HY(Y,0y) ® H*(G* x A", Og-xsn) =0, for all i > 0,
which ensures that H(Y,Oy) = 0 for all i > 0. O

For the remainder of the section, suppose that K is a perfect field
of characteristic p > 0. We now show that orbit closures in a fixed
repg(d) are all simultaneously compatibly Frobenius split.

Recall that a K-algebra R (or, equivalently, Spec R) is Frobenius
split if there exists an additive map ¢ : R — R, satisfying both
¢(aPb) = ap(b), for all a,b € R, and ¢(1) = 1. An ideal I C R
is compatibly split by ¢ : R — R if ¢(I) C I. Notice that if I is
compatibly split, then ¢ : R — R descends to a Frobenius splitting of
R/I. These definitions sheafify, and we may talk about Frobenius split
schemes, and their compatibly split subschemes. See [9, Chapter 1] for
the basics for Frobenius splitting.

Proposition 6.3. If the ground field K is perfect of characteristic
p > 0, then there exists a Frobenius splitting ¢ : repg(d) — repg(d)
that simultaneously compatibly splits all orbit closures.
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We thank Karen E. Smith for showing us how to go from the bipartite
case to the general case in the proof that follows.

Proof. There is a Frobenius splitting of P\G which compatibly splits
all Richardson varieties® (see [9, Chapter 2], also [23]). In particular,
the opposite Schubert variety XV, for w as in (2.8), has an induced
Frobenius splitting, and so the opposite Schubert cell X¥ does as well
(since it is an open subvariety of XW; see [9, Lemma 1.1.7]). Notice
that the Kazhdan-Lusztig varieties of the form X, N X¥, v € W and
I(v) < l(w), are a subset of all compatibly split subvarieties of XY.
Applying Theorem 4.12 then yields the desired result in the bipartite
type A setting.

Next suppose that @ is a type A quiver with arbitrary orientation.
Fix a dimension vector d, and let G* be the product of general linear
groups as in Theorem 5.3. Since each O x G* is isomorphic to an open
subset of a Kazhdan-Lusztig variety of the form X, N XY, there is a
Frobenius splitting

¢ : Krepg(d)] @k K[G"] — Klrepg(d)] @k K[G”]

for which all O x G* (among other subvarieties) are compatibly split.
We have:

Klrepo(d)] «—"+ Klrepy(d)] @ K[G*]

(6.3) ®

K[repg(d)] Krepg(d)] @k K[G"]

where ¢ denotes the map r — 7 ® lg(g+), and 7 denotes the map
r® s — s(go)r, for a fixed go € G*. An easy check shows that the
composition of the three maps in the diagram is a Frobenius splitting
of repg (d), and that this composition restricts to a Frobenius splitting
of each orbit closure O (since ¢ restricts to a Frobenius splitting of each
O x G*). O

Remark 6.4. The actual chronology of this work is in some sense the
opposite of the final presentation: it began with computing examples
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of Frobenius splittings of quiver loci, which revealed the form of our
bipartite Zelevinsky map.

Appendix.

A.1. Converting quiver ranks to northwest ranks. We retain
the notation of the main body of the article, with one exception: for
matrices in Y ¥, we label the block rows and columns by vertices of Qg
in the natural way suggested by the positions of the identity matrices.
Namely, the columns are labeled x,, ..., 21,0, Y1, .., Y from left to
right, while the rows are labeled vyq,...,yn,Zn,...,2x1 from top to
bottom. In this section, for two vertices v, v’ of @, we denote by Z, .
the northwest justified submatrix of Z whose southeast corner is the
block in block row v and block columns v'.

Lemma A.1 (Cell conditions). For any Z € YW, the following
northwest block submatrices automatically have maximal rank:

(i) for pairs 0 <i < j <n, rank Z;, «o, = ZZ:O d(yk)
(i) for pairs 1 <4 < j <mn, rank Zy,x,, = >_p_; d(zy)
)
)

(iii) for 0 < j <n, rank Z; x,, = ds + Zi:o d(yk);
(iv) for 1 <i <, rank Zy, xy, = dy, + >, _; d(xy).

Proof. This is clear from inspecting Figure 1. O

Lemma A.2 (Image conditions). A matrix Z € YV is in the image
of ¢ if and only if both of the following conditions hold:

(NW) for0<i<n—2andi+2<j<n,

rankaiXIJZO;

(SE) for2<i<mnandi—1<j<n-1,
J

rank Z;, xy, = Zd(xk) + Zd(yk)
k=i

k=0
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Layo)

Zoixy, = Jo
laga,) :

Laa,) :
FIGUuRrE 2. Condition (SE).

Proof. By definition, Z is in the image of { if and only if the
submatrix Z,, x, has the “snake” form Mg(V) seen in Figure 1.
Condition (NW) obviously corresponds to the zeros in the northwest of
Mg (V). To get the zero entries in the southeast, consider a northwest
justified submatrix Z, «,,, from condition (SE), as seen in Figure 2. By
clearing rows and columns, we see that this matrix has rank precisely
Sor; d(zr) + 37— d(yx) if and only if all entries is the region marked
& are zero. By varying i between 2 and n and j between i — 1 and
n —1, we get all of the blocks of zeros in the lower part of Mg (V). O

Finally, given that a matrix satisfies the cell and image conditions
of the previous two lemmas, we record how ( translates quiver rank
conditions to northwest block rank conditions.

Lemma A.3 (Orbit conditions). A representation V' € repg(d)
satisfies r if and only if (V') satisfies the conditions:

(I1) for2<i<nand 1 <j<i-—1,

n

rankC(V)mi Xx; — r[ozj,ﬁi_l] + Zd(xk)a
k=i
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and for 1 < j <n,

rank((v)ynxw‘i = r[ajsﬁn];
(12) for2<i<nand 0<j <i—2,

rankC(V)zi XYj = r[ﬁj+17ﬁi—1] + Zd(xk) + Zd(yk)a
k=1 k=0

and, for0<j<n-—1,
J
rankC(V)yn X j = r[/@j+1ﬁn] + Z d(yk);
k=0

(I3) for0<i<m—land 1<j<i+1,
rank (V) y,xz; = 1]

(T4) for1<i<n—-1land 0<j<i-—1,

aj,aiy1]s

J
rankC(V)yi XYj = r[5j+17041,+1] + Z d(yk)
k=0

Proof. Recall that “V satisfies r” means that rank M;(V) = r; for
all intervals J C Q. There are four types of intervals, depending on the
type of the first and last arrow, a or 8. In each case, we need to show
that rank M ; (V) = r; if and only if the corresponding rank condition
of type (I1)—(I4) on ¢(V) holds. Up to a shift, these correspond to each
of the four quadrants the southeast corner of a northwest block matrix
lies in.

First consider an interval of the form J = [a;,a;]. In this case,
M;(V) is already identical to the northwest submatrix of ((V)y,xz;,
up to some extra rows and columns of zeros. So it is clear that the
ranks agree. The same is true for intervals of the form [a, 5,].

Now consider an interval of the form J = [a;, 8i—1], where 2 <
i < n. To get the rank of M;(V) from ((V), we must take the
northwest submatrix ¢(V')s, x«, that includes some identity blocks from
the southwest. When computing ranks, these identity blocks clear the
columns above them, and add a constant to the rank of the submatrix
M (V) involved in the definition of quiver rank array.
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Voo | Lagye)
Vas, : Vﬂl ld(yl)
Van Vﬁ'n—l :
v, : 1
(64) Bn : d(yn)
Lae,) !
_____ ]_'(1(2717_1 ———— _:
0
La(ey)

Ficure 3. Condition (I1)

As a concrete example, consider the matrix in Figure 3. The dashed
line outlines the northwest block matrix ¢(V),, _, xx,, and for any V
the rank of this submatrix is

rank M., g, (V) +d(z,) + d(z,-1).

The correspondence for other types of intervals can be verified in the
same way. O

These three lemmas show that the collection of all northwest block
rank conditions is equivalent to the cell, image, and orbit conditions.
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